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Abstract

Les Houches returned to an in-person format in 2023 and the bi-yearly tradition of updat-
ing the standard model precision wishlist has continued. In this work we review recent progress
(since Les Houches 2021) in fixed-order computations for LHC applications. In addition, nec-
essary ingredients for such calculations such as parton distribution functions, amplitudes, and
subtraction methods are discussed. Finally, we indicate processes and missing higher-order
corrections that are required to reach the theoretical accuracy that matches the anticipated
experimental precision.
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1 Introduction

The advancement of our understanding of fundamental physics at high energies necessarily relies
on a detailed comparison between experimental measurements and theoretical predictions based
on first-principles quantum field theory. At the Large Hadron Collider (LHC), this approach
has consistently demonstrated its utility and efficiency over the years. It is therefore essential to
recognize that advancements in fundamental physics at the LHC can only be achieved through
the simultaneous improvement of experimental measurements and the development of precision
computations. For the latter, it has proven particularly beneficial to systematically monitor the
level of precision required to fully exploit the available experimental data. In this context, the
so-called Les Houches wishlist, motivated by the bi-annual workshops at Les Houches on physics
at TeV colliders, has been invaluable over the years.

In the first part of the document, some selected topics related to fixed-order techniques
and calculations as well as related phenomenological studies are briefly highlighted. This is
followed by what constitutes the main part of the document, the precision wishlist of Standard
Model calculations. The present edition builds on the previous ones and in particular the one
of the 2021 edition [1]. For each process, the state of the art as of Ref. [1] is briefly summarised,
followed by an overview of the progress that has been made since then. Given the rapid and
continuous progress in the field of precision calculations, this summary is bound to be incomplete
and we apologize for any omissions." While the whishlist has served as a useful resource for
both theorists and experimentalists as a summary of the current stat-of-the-art calculations, it
does not constitute a comprehensive review on the topic of precision calculations. We instead
refer to dedicated reviews [2—6] for in-depths discussions.

2 Higher-order techniques

While the years before the Les Houches 2021 report [1] had been marked by significant progress in
the production of NNLO results in an almost industrial manner with most useful 2 — 2 processes
having been calculated, the last two years have seen a saturation due to the unavailability of
2-loop amplitudes beyond 2 — 2 scattering. However, remarkable progress was achieved in
this direction by several groups and approaches culminating in the first 2 — 3 calculations of a
hadron collider process. Closely related is the huge progress in the calculation of 2-loop 5-point
amplitudes, as well as 2-loop amplitudes for 2 — 2 processes involving internal masses. For a
review of some recent developments see also Ref. [3].

However, it is not only the amplitude community that has seen impressive development.
There have also been significant steps forward on the side of subtraction schemes, and there are
in the meanwhile several subtraction and slicing methods available to deal (in principle) with
higher-multiplicity processes at NNLO (see below).

On the parton shower side, NLO QCD matched results and matrix element improved multi-
jet merging techniques have become a standard level of theoretical precision. The automation of
full SM corrections including NLO electroweak predictions has also seen major improvements.

Another challenge is to make the NNLO 2 — 2 predictions or complex NLO predictions
publicly available to experimental analyses, and there has been major progress to achieve this
goal. ROOT NTUPLES have been a useful tool for complicated final states at NLO and allow for
very flexible re-weighting and analysis. More recently a similar approach was put forward at
NNLO dubbed HighTEA [7]. The cost for these approaches is the large disk space required to
store the event information.

Finally, the application of APPLgrid [8], fastNLO [9], and PineAPPL [10] interpolation

"The knowledge cutoff for this wishlist is 31°* December 2024, we also remind the reader of the Les Houches
Disclaimer: never attribute to malice that which is adequately explained by incompetence.



libraries to higher-order calculations offers a convenient method to distribute precision pre-
dictions. To this end, the ploughshare plroject2 provides a central location to distribute such
grids. Although the number of publicly available grids is still limited, steady progress is being
made with interfaces to various parton-level Monte Carlo tools being implemented to make the
production of such grids accessible to the general public.

Below, we discuss some aspects of higher-order computations.

2.1 Parton distribution functions

One of the key elements in improving the accuracy of theoretical predictions at the LHC lies
in the determination of parton distribution functions (PDFs). PDFs are most commonly deter-
mined by global fits to experimental data, taking into account the experimental errors in the
data. The standard now is for the PDFs to be determined at NNLO QCD, although fits at
NLO QCD and LO are still available. It is encouraged to use NLO QCD (or even NNLO QCD)
PDFs where possible, even for computation of lower perturbative accuracy. The results of the
global fits are central values for each flavor PDF, along with an estimate of the PDF uncertainty,
dominated by the input experimental errors for the data included in the fit. The formalism used
in the fit can either be Hessian [11,12] or based on Monte Carlo replicas [13]. The number of
data points included in the global PDF fits is typically of the order of 4000-5000 from a wide
range of processes. Diagnostic tools, such as the L, sensitivity [14], have been developed to
allow a detailed examination of how the interplay between the different data sets used in global
PDF fits determine both the PDFs and their uncertainties. Lattice gauge theory has reached a
level of precision where information from such calculations has provided useful input for PDF
determination, especially at large x [15]. This will continue to improve.

In 2021-22, a benchmarking exercise was conducted using the CT18, MSHT20, NNPDF3.1/4.0
PDFs, and a combination (PDF4LHC21 [16]) was formed, using Monte Carlo replicas generated
from each of the three PDF sets. As the benchmarking exercise continued over the transition
from NNPDF3.1 to NNPDF4.0, an updated version of 3.1 was used which utilized some of the
key new data sets added to 4.0 (and already present in CT18 and MSHT20). PDF4LHC21
PDF sets are available either in a 40 member Hessian format, or a 100 member Monte Carlo
replica format. The PDF4LHC21 PDFs show a reduction in uncertainty from the combined
PDFs determined in 2015, but perhaps not to the extent that may have been expected through
the introduction of a variety of new LHC data. This is partially due to the central values of the
three input PDFs not coinciding exactly, and partlally because the tensions between the data
sets that limit the resultant possible uncertalnty The PDF4LHC21 PDF sets are appropriate
for use in general predictions for state-of-the-art calculations, and indeed the prior PDF4ALHC15
PDFs have been used in just that way.

More recently, the ABMP PDFs were updated, with a emphasis on the impact of LHC
top quark data [19].

Many differential cross section measurements from the LHC have been included in the
PDF determination. This was made possible by the NNLOgcp calculations of the relevant
2 — 2 matrix elements that have been discussed in past iterations of the wishlist. For use
in calculations at N3LO, several of which are discussed here, nominally N?LO PDFs would be
needed. As they are not yet available, NNLO PDFs are used in their stead with an unknown
uncertainty introduced into the predictions as a result, as for example in the Higgs Cross Section
Working Group. (See the discussion on approximate N°LO PDFs below.) This has a non-

2https ://ploughshare.web.cern.ch

®Ref. [17] points out one problem that PDF fits may face is the bias that results from improper sampling in
very large data spaces. The bias can not only result in an underestimate of the true uncertainty, but also an
incorrect central PDF. An alternative perspective is provided by Ref. [18]
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negligible impact on the Higgs cross section at N°LO through gluon—gluon fusion, for example.
Indeed, this mis-match in order leads to a notable contribution to the uncertainty for predictions
for gluon—gluon fusion Higgs boson production. There are efforts to estimate the theoretical
uncertainties due to (missing) higher order terms. These would be in addition to the (dominant)
experimental uncertainties from the data included in the PDF fits. One method to estimate the
theory uncertainties would be by variations of the renormalization and factorization scales that
are used to evaluate the matrix elements at NNLO. Considering separate scales of each type
for each data-set calculation would add too many degrees of freedom and remove much of the
constraining power of the PDF fit. Connecting the renormalization or factorization scales,
even for similar processes, may be treating those scales as more physical than they deserve.
Perhaps there is more justification for treating the factorization scale in this manner than the
renormalization scale. There is also the issue of whether introducing additional uncertainties
in the PDFs through scale variations, and then in addition, performing scale variations in the
predictions in the nominal manner, may lead to an over-counting of the uncertainty. Ref. [20]
used a physical basis (for example structure functions or similar observables) rather than the
PDFs themselves to demonstrate that performing factorization scale variations in cross sections
results in double-counting of uncertainties. Considering correlated factorization scale variations
in the PDF fit, and not in the resultant predictions, may not be ideal but an acceptable solution
for certain specific physical quantities. See also Refs. [21,22] for further discussion.

Ref. [13] proposes taking into account the missing higher order uncertainties in the cross
sections included in the PDF fits by adding a theory uncertainty to the experimental covariance
matrix. Since the theory uncertainties are uncorrelated with the experimental ones, the two
uncertainties can be added in quadrature in the covariance matrix. The global fit processes are
divided into five separate types (DIS NC, DIS CC, Drell-Yan, jets and top), with a hypothesis
that calculations within a given type will be likely to have similar structures of higher-order
corrections. An assumption is made that the renormalization scale is only correlated within
a single type of process, while the factorization scale is fully correlated across all processes.
Resultant fits to the NNPDF4.0 data set do not substantially change the PDF uncertainties,
but may have a non-negligible effect on PDF central values. One drawback to this method is
the need to impose a higher value of Q2 cut on the data, in order to be able to perform a scale
uncertainty variation both above and below the central value. This has the impact of removing
some of the low-x HERA data commonly used in the PDF fits.

MSHT [23] has carried out an exercise of parametrising the higher order effects with
nuisance parameters based on a prior probability distribution (using the information currently
available regarding N°LO matrix elements and the approximate splitting functions). Where
not explicitly available, the N°LO /NNLO K-factors are parametrised as a superposition of both
NLO and NNLO K-factors, allowing the fit to determine the combination of shapes and an
overall magnitude. The result is a reduction in X2 for the global fit greater than that expected
by the extra degrees of freedom.

In order to fully determine PDFs at N3LO, a number of contributing items have to be
known:

parton splitting functions at 4 loops to evolve the PDFs in = and Q2

— transition matrix elements at 3 loops to change the number of PDF flavors at heavy quark
mass thresholds

— coefficient functions for DIS at 3 loops

— hadronic cross sections at N°LO



Recently, additional moments have been calculated allowing a better determination of
the necessary 4-loop splitting functions (see the benchmarking exercise and references therein
in Ref. [24]; or more recent updates, see Ref. [25]). Full information is known for the 3-loop
transition matrix elements, and the 3-loop light flavor coefficient functions are known for DIS,
with approximations for the heavy flavor coefficient functions related to the transition matrix
elements (although there has been recent progress on this front [26]). There is limited infor-
mation, however, at N3LO for the hadronic cross sections that enter into the PDF fits, hence
the need for the nuisance parameters described above. Most of the discrimination power for the
global PDF fits arises from differential data from processes such as DIS, DY, inclusive jet and tt
production. Their full use in N°LO PDF fits requires the availability of differential predictions
at that level. Such predictions exist for Drell-Yan but are very CPU-intensive (see the discus-
sion in the Drell-Yan section of the wishlist) and thus not yet at a stage to enable their use in
global PDF analyses. It will be some time before such differential predictions are available at
N3LO for inclusive jet and tt production, and even then the computing resources needed may
be prohibitive.

Using information from this list, there have been two approximate N*LO PDF fits, first
by MSHT [23] and second by NNPDF [27]. The Higgs Cross Section Working group has allotted
a theory uncertainty for the use of NNLO PDFs with NLO matrix elements of the order of
one percent. Nominally, the determination of PDFs at this (approximate) order would allow the
retirement of the uncertainty for those cross sections known to N*LO due to the use of NNLO
PDFs; however, as mentioned earlier, very little information is known about the relevant hadronic
cross sections at that order *. In addition, the differences between the gluon distributions for
the two approximate N3LO PDFs may result in an uncertainty for the ggF Higgs boson cross
section larger than that observed at the previous order (and much larger than observed for the
similar ¢¢ PDF luminosity comparison), primarily due to differing impacts from the NNLO to
approximate N3LO transition.

A combination of the two N*LO PDFs has been carried out, named MSHT20xNNPDF40 [25].

In Figure 1, the gg PDF luminosity (left) and the ¢g PDF luminosity (right) at 13.6 TeV is shown
for MSHT20 and NNPDF4.0 and MSHT20xNNPDF40 for approximate N°LO. There are size-
able differences in the gg PDF luminosity not observed in the ¢¢ PDF luminosity. Some of
the differences in the gg PDF luminosities may build upon existing variations in analysis and
technique already existing at NNLO. This can be tested by taking the ratio of the approximate
N3LO gg and gg PDF luminosities to the corresponding NNLO PDF luminosities, separately
for MSHT20 and NNPDF4.0, and then to take the ratio of the two ratios, as shown in Figure 2.
This examines differences arising from the inclusion/treatment of the approximate N3LO infor-
mation. At the Higgs boson mass, there is a deviation from unity of the ratio of ratios of slightly
more than 3%; the ratio of ratios for the ¢gq luminosities is of the order of a percent or less.
The benchmarking exercise referred to earlier [24], demonstrated that, when using a common
toy PDF, both the MSHT and NNPDF approaches produce similar evolution results, indicating
that the evolution at N°LO does not seem to be the cause of the observed differences.

It will be some time before the N°LO information for the other processes becomes avail-
able, as discussed above, but this may indicate the need for some additional understand-
ing/benchmarking, as was done for PDF4LHC21 (and before that PDF4ALHC15). QED effects
have been included in global PDF fits for some time [29-33], and the impact is non-negligible
for the level of precision demanded at the LHC. The differences between the QED versions of
the aN®LO PDFs is somewhat smaller than for the pure QCD case [32]. However, this presents
another puzzle in understanding as to why the QED corrections are different, given that the

“It is not surprising that the gluon changes from NNLO to N°LO, as there are large new logs that appear in
the splitting functions at the latter order (there were accidental zeros at NLO and NNLO.)
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Fig. 1: A comparison of the aN3LO PDF luminosities for MSHT20 and NNPDF4.0 to their
combination (MSHT20xNNPDF40) for gg (left) and ¢q (right).
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Fig. 2: A comparison of the ratio of the aN3LO PDF luminosities to the NNLO PDF luminosities
for MSHT20 and NNPDF4.0 and for their combination (MSHT20xNNPDF40) for gg (left) and

qq (right).

underlying base of the determination is the same. This again suggests a needed benchmarking
to further understand. This is currently in progress by the PDF4LHC working group. It may
be necessary to include a fraction of the differences observed between NNLO and aN 5LO PDFs
as an additional source of uncertainty.

The impact of NLL small-x resummation corrections on the PDFs, especially those of the
gluon, may notably alter the low-z behaviour in kinematic regions where N3LO effects may also
be important (and may contain contributions that may overlap with N3LOQCD, but go beyond
them).

2.2 Development in amplitude and loop integral techniques

Computing fixed-order amplitudes for scattering processes remains a key obstacle to producing
precise predictions for the LHC and HL-LHC. For ease of presentation, we divide the computa-
tion of multi-loop amplitudes into two broad categories:

1. Obtaining the amplitudes and simplifying (reducing) them,

2. Calculating the integrals which appear in the amplitudes.

In the previous wishlist [1], to which we refer the interested reader, we described the state of
the art of each of these categories in some detail. Here we only briefly highlight a selection of



the most interesting recent advances in this area since the last wishlist. Thorough reviews of
formal developments in the calculation of scattering amplitudes can be found in Ref. [34]. A
modern introduction to techniques for computing multi-loop Feynman integrals can be found
in Ref. [35]. Further details on recent developments can be found in the SAGEX review [36,37]
and Snowmass White Paper [38].

The use of integration-by-parts (IBP) identities [39-41], Lorenz invariance (LI) [12], and
dimension shift relations [413,44] remains a critically important technique in modern loop cal-
culations, but also presents a major bottleneck. Several efficient codes exist to facilitate their
use, including: AIR [15], FIRE [16—19] (recently updated in Ref. [50]), LITERED [51,52], RE-
DUZE [53,54], and KIrA [55-57]. The BLADE reduction package [58] aims to reduce the total
time to obtain a reduction by generating block-triangular IBP systems, which can be orders
of magnitude smaller than traditional tools. The NEATIBP tool [59] uses syzygy and module
intersection techniques to provide IBP systems in which the propagator degrees are limited. The
use of finite field techniques, as implemented in FIREFLY [60,61], FINITEFLOW [62] and various
private codes [63], has widely been adopted to accelerate the reduction to master integrals. The
RATRACER package [64] can be used to further speed up the use of finite fields by separating the
construction of expressions, tracing, and their subsequent evaluation during rational reconstruc-
tion, replaying the existing trace with different inputs. Recent algorithmic improvements in the
reconstruction of rational functions are presented in Refs. [65,66]. In principle, the need for IBP
reduction can be side-stepped using techniques from intersection theory, for an introduction see
Ref. [67], several advances in this direction were presented in Refs. [68-72]. Significant devel-
opments in the methods and tools used for simplifying the resulting reduced expressions have
also been achieved. The FUEL package provides routines for the manipulation of rational func-
tions, a tool for partial fractioning such expressions was described in Ref. [73]. In Refs. [74,75],
advances in techniques for directly obtaining simplified expressions using p-adic numbers were
presented.

The methods used to calculate Feynman integrals continue to evolve. Several new ideas
and methods have been presented in the literature and existing techniques have been refined
and applied in new contexts. The use of canonical differential equations, for an introduction see
Refs. [76,77], remains an essential technique. Previously, all integrals required for 2 — 3 massless
scattering had been computed and expressed in terms of (analytic) pentagon functions [78-84].
Recently, the master integrals required for five-point one-mass scattering have also been obtained
analytically [85,86] using the differential equations method. In Ref. [87], a family of planar two-
loop massless six-point master integrals relevant for 2 — 4 scattering were obtained using the
technique. As the number of loops, scattered particles and internal/external masses increases,
it is increasingly common to encounter functions beyond multiple polylogarithms (MPLs), for a
review of the various developments see Ref. [38]. Very significant advances have occurred in this
area in recent years, stemming from joint research by both the phenomenology and amplitude
communities. These advances have helped to clarify the analytic properties of integrals beyond
MPLs and is enabling their numeric evaluation, see e.g., Refs. [39-104]. When a fully analytic
solution of the differential equations cannot be obtained, the use of generalised series expansions
as implemented in DIFFEXP [105] and the recent SEASYDE package [106] remain indispensable.
The method of Auxiliary Mass Flow [107-109], as implemented in AMFLow [110], is also used
in many cutting-edge calculations either to directly evaluate the relevant master integrals or for
obtaining high-precision numerical boundary values for differential equations.

Methods to evaluate integrals directly in parameter space, either analytically as imple-
mented in e.g.,HYPERINT [I11], or numerically as implemented in FIESTA [112,113] or PY-
SECDEC [114-117], continue to be developed and used in modern calculations. A procedure to
efficiently evaluate parameter integrals based on tropical Monte Carlo quadrature [118] has been



implemented in the public tool FEYNTROP [119] and applied also to integrals in the Minkowski
regime. The analytic and numeric computation of Feynman integrals via their Mellin-Barnes
representation provides another avenue of research, for a recent introducion and review see
Ref. [120]. Feynman integrals satisfy a Gelfand-Kapranov-Zelevinsky (GKZ) system of partial
differential equations, an automated package, FEYNGKZ, to derive the associated GKZ system
and solve it in terms of hypergeometric functions was presented in Ref. [121]. Various new
approaches have also been developed in the last few years. In Ref. [122], A method of evalu-
ating Euclidean integrals via positivity constraints was derived. In Ref. [123], a procedure for
reformulating Feynman integrals as integrals over a small set of parameters was proposed.

Loop—Tree Duality provides a framework for treating real and virtual corrections simul-
taneously, this can help to avoid having to separately treat the IR divergences arising in and
then cancelling between the amplitudes. Progress continues to be made in this direction, some
recent advances were presented in e.g., [124-130]. We also point the reader to the reviews of
Refs. [131,132].

A regularly updated review of the various applications of machine learning in high-energy
physics including for the computation, simplification and approximation of scattering amplitudes
and Feynman integrals can be found in Ref. [133], we refrain from reviewing this very active
area.

2.3 Infrared subtraction methods for differential cross sections

Fully differential higher-order calculations must retain the complete information on the final-
state kinematics, which includes regions of the real-emission phase space that are associated with
soft and/or collinear configurations and thus where the Matrix Elements can develop singular-
ities. While such infrared (IR) singularities must cancel with the explicit poles in the virtual
amplitudes for any IR-safe observable, this entails some level of integration of the unresolved
emission to expose the singularity. IR subtraction methods facilitate the explicit cancellation of
singularities to obtain finite cross sections,

oy, N"LO = TRy, (A5, ASTh e, AY i) s (1)

where the function IR, represents an infrared subtraction technique that leaves the kinematic
information for each particle multiplicity intact, and AS _,n denotes the amplitude for a 2 — N
particle process with k loops.

While full automation of NLO subtractions has been achieved, this is not yet the case
at NNLO. Nonetheless, tremendous progress has been made in differential NNLO calculations,
essentially completing all relevant 2 — 1 and 2 — 2 processes as well as several important
2 — 3 processes. Nevertheless, the substantial computing times required for these results have
motivated the re-appraisal of subtraction schemes at NNLO, with the aims of streamlining them,
making them applicable to broader class of processes, and/or including previously ignored sub-
leading effects. At the same time, there are ongoing efforts to revisit prior approximations
that could potentially limit the interpretation of theory—data comparisons (e.g., combination of
production and decay subprocesses, flavoured jet definition, photon-jet separation and hadron
fragmentation, on-shell vs. off-shell, etc.). Lastly, we have observed remarkable progress in
the area of differential N°LO calculations with results being available for 2 — 1 benchmark
processes.

— Antenna subtraction [134, 135]:
Applicable to processes with hadronic initial and final states with analytically integrated
counterterms. An almost completely local subtraction up to angular correlations that
are removed through the averaging over azimuthal angles. Applied to processes in e’ e,



deep-inelastic scattering (DIS), and hadron-hadron collisions: e"e™ — 35 [136,137], (di-
)jets in DIS [138,139], pp — (di)-jets [140, 141], pp — v [142], pp — v + j/X [143],
pp — V +j [144=146], pp — H +j [147], pp — V H(+jet) [148-150], and Higgs production
in VBF [151]. Extensions to cope with identified jet flavours [148, 152—154], the photon
fragmentation function [155,156] and hadron fragmentation [157, 158].

Recent refinements have focused on streamlining the construction of antenna functions by
reducing the number of spurious divergences [159-162] as well as the formulation of the
method in color space [163,164] allowing high-multiplicity processes to be computed beyond
the leading-color approximation in a semi-automated manner. Extensions to accommodate
fragmentation functions for identified hadrons have also been considered [157].

Sector-improved residue subtraction [165-167]:

Capable of treating hadronic initial and final states through a fully local subtraction that
incorporates ideas of the FKS approach at NLO [168,169] and a sector decomposition [170)]
approach for real radiation singularities [171-173]. Counterterms obtained numerically
with improvements using a four-dimensional formulation [174]. Applied to top-quark pro-
cesses [175—180], to pp — H + j [181,182], inclusive jet production [183], pp — 37 [184],
pp — 2y + 7 [185], pp — v + 25 [186], pp — W + j [187], and pp — 35 [188], the latter
being the most complicated process from the point of view of infrared divergences that has
been computed to date. Extensions to deal with flavoured jets [189, 190] and B-hadron
production [191-193].

gr-subtraction [194]:

A slicing approach for processes with a colourless final state and/or a pair of massive
coloured particles. Applied to H [194,195], V [196,197] and V'V’ production processes [198—
208], which are available in the MATRIX program [209]. Predictions at NNLOqcp for H,
V,VH, Vv, vy, and VV' available in the MCFM program [210]. Further applications at
NNLOqep include VH [211-213], HH [214,215], VHH [216,217]. Extended to cope with
a pair of massive coloured particles [218,219] and applied to top-pair production [220,221]
and bb production [222]; more recently extended to processes beyond the Born back-to-back
configuration and applied to ttH [223,224] and ttW [225]. The same developments allowed
the mixed QCD-EW corrections to Drell-Yan with massive leptons to be tackled [226-228].
Method extended to NSLOQCD [229-232] with applications to Higgs production [233,234]
and Drell-Yan production [235-240].

Adding sub-leading power corrections, computed to a given logarithmic accuracy, can im-
prove the numerical accuracy of gr subtraction. These have been studied in Refs. [241,242].
At NLO accuracy, a method to compute all-order power corrections was recently presented,
and used to compute next-to-next-to-leading power corrections to Higgs production [243].
Lastly, special types of linear power corrections arise from fiducial cuts [242, 244, 245],
which can be eliminated from the g7 slicing calculation through a simple recoil prescrip-
tion [246,247] or alternatively through the adjustment of cuts [248].

N-jettiness [249-251]:

A slicing approach based on the resolution variable 7 (IN-jettiness) that is suited for
processes beyond the scope of the gr method, i.e. involving final-state jets. Explicitly
worked out at NNLOgcp for hadron-collider processes with up to one jet. Applied to
V(+y5) [250,252-259] and H + j [260]. Colourless final state production available in the
MCFM program [261,262]. Same technique also used in the calculation of top decay [263]
and t-channel single top production [264]. Important progress towards the extension for
N3LOQCD calculations have been made [265-277] with all ingredients now known for zero-

jettiness slicing at N°LO.
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Including sub-leading power corrections, computed to a given logarithmic accuracy, can
improve the numerical performance of the N-jettiness method. The LL corrections are
known for color singlet production to N3LO, computed in Soft—Collinear Effective The-
ory (SCET) [278] and to NLL accuracy for color singlet production to NLO, both using
SCET [279] and direct QCD [280]. The LL corrections to V + j productions at NLO were
computed in Ref. [281]. The impact of fiducial and isolation cuts on power corrections in
both the N-jettiness and gp subtractions was analyzed in Ref. [242]. Recently, a proce-
dure to improve both the N-jettiness slicing method using projection-to-Born correction
factors was proposed, and exhibits an improved numerical behavior for Higgs, Drell-Yan
and diphoton production [278,282].

— ColorFul subtraction [283]:
Fully local subtraction extending the ideas of the Catani—Seymour dipole method at
NLO [284]. Analytically integrated counter-terms for the infrared poles, numerical in-
tegration for finite parts. Fully worked out for processes with hadronic final states and
applied to H — bb [283] and eTe™ — 3 jets [285-287]. Extended to the case of colourless
final states in hadron collisions [288] with a public implementation for H production in
the code NNLOCAL [289)].

— Nested soft—collinear subtraction [290-292]:

Fully local subtraction with analytic results for integrated subtraction counterterms. Worked
out for processes with hadronic initial and final states [293-295]. Applied to compute
NNLOgep corrections to VH [296] and VBF [297], as well as mixed QCD-EW correc-
tions to the Drell-Yan process [298-300]. The first step towards a generalization of this
method was taken in Ref. [301], where the analytical cancellation of IR singularities in the
production of arbitrarily many gluons in quark—antiquark annihilation was demonstrated.
Further development for additional partonic channels is underway.

— Local analytic sector subtraction [302-304]:
Local subtraction with analytic integration of the counterterms aiming to combine the
respective advantages from two NLO approaches of FKS subtraction [168,169] and dipole
subtraction [284]. First proof-of-principle results for e”e™ — 2jets were presented in [302].

The analytic pole cancellation in fully differential observables in the production of arbi-
trarily many massless partons in e e collisions was demonstrated in Ref. [305]. Progress
towards hadronic initial states is underway [306]. The first steps towards an extension to
N3LOQCD were taken in Ref. [307], where the architecture of infrared subtraction in full
generality and the organisation of relevant counterterms was presented.

— Projection to Born [308]:
Requires the knowledge of inclusive calculations that retain the full differential information
with respect to Born kinematics. With the necessary ingredients in place, generalisable to
any order. Applied at NNLOqcp to VBF [308], Higgs-pair production [309], and ¢-channel
single top production [264,310]. Fully differential N3LOQCD predictions obtained for jet
production in DIS [311,312], H — bb [313], and Higgs production in gluon fusion [314].

3 Update on the precision Standard Model wish list

This section is divided in four parts which comprise: Higgs-boson associated processes, jet final
states, vector-boson associated processes, and top-quark associated processes.

The terms of the expansion are defined with respect to the Born contribution and expanded
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in the QCD and electroweak couplings as:

k k (k1)
ON"LO SNLO ON LO
doxy =do’° |1+ ) afdosy, TP 4 > aFdoly O > afaldo’y QEPEEW 1 (2)
k=1 k=1 k=1

Note that Eq. (2) only applies to cases where the leading-order process is uniquely defined
through the powers of the respective couplings. In the following, the notation NLOg); is used
to denote NLO calculations that include the full Standard Model corrections, i.e., all QCD and
EW corrections to all leading-order contributions.

Given that the fields of resummation and parton showers have seen tremendous progress in
the past years, we feel that it warrants a specific document.” The interested reader may consult
Ref. [315] for an overview. Nonetheless, where relevant, we provide the recent developments in
parton shower and resummation that are relevant for the given process.

Below, an overview of the current status of fixed-order calculations within the Standard
Model is provided. The references mainly focus on the state of the art at the time of writing.
In particular, superseded computations can be found in the respective process categories of
prior wishlists. In detail, we provide a short overview of the status of theory predictions as
documented in the previous wishlist (LH21), followed by a description of the progress since
then. Before moving to the actual wishlist, several aspects and highlights of the recent years of
fixed-order calculations are discussed.

Electroweak corrections

Given the present and anticipated experimental precision from run III of the LHC and its future
HL-LHC upgrade, EW radiative corrections have become essential to be included in the analysis
of many SM processes alongside higher-order QCD corrections. The increase in experimental
precision further demands the inclusion of mixed QCD-EW corrections for some key processes
such as the Drell-Yan like production of electroweak gauge bosons.

Generally, EW corrections can receive sizeable enhancements in two scenarios: First, in the
vicinity of resonances and shoulders where photon emission (in QED) induce large corrections
that can further be enhanced in the case of non-collinear safe observable (such as bare-lepton
observables). Second, in the high-energy limit where Sudakov logarithms (in the weak theory)
can become large. These effects have been studied for a plethora of processes and are well
understood; the interested reader can consult the comprehensive review article [316] for further
details. Nonetheless, in contrast to QCD predictions where the scale variation offers a convenient
approach to estimate the impact of missing higher orders, this is typically not the case of EW
corrections as they are renormalised at physical points. The issue of assessing the uncertainties
on EW corrections is thus more subtle with first steps in this direction taken in Ref. [317] and
continued in [318].

One-loop Matrix Elements for EW corrections are readily available from a plethora of one-
loop providers: OPENLOOPS [319,320], GOSAM [321-323], RECOLA [324-326], MADLOOP [327,
328], and NLOX [329] are publicly available and incorporated in various public and private Monte
Carlo programs capable of performing NLO calculations. The highest multiplicity achieved at
NLOgw so far is for a 2 — 8 scattering process, the associated-top production [330,331] (off-shell
ttW and tt2).

Electroweak Sudakov logarithms have received renewed interest in the recent years with
their incorporation into different automated tools [332-335] based on the original work of
Ref. [336]. Isolating the enhanced Sudakov corrections allows to incorporate dominant effects in

® A wish of the Les Houches wishlist.
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certain phase-space regions while avoiding the additional complexity that a full EW calculation
entails, in particular from IR singularities induced by QED corrections. Moreover, they serve as
a convenient starting point for QCD parton shower matching [337-341] and the resummation of
Sudakov logarithms [342]. Lastly, their impact in the context of new physics has been studied
in the context of Effective Field Theories [343].

On-shell and off-shell descriptions

The resonance of intermediate unstable particles admits various approximations that allow to
reduce the complexity of the calculation. Among the most common are the Narrow-Width Ap-
proximation (NWA) and the Pole Approximation (PA). The NWA is valid for narrow resonances
in which case the intermediate particle can be approximately treated as stable, effectively replac-
ing the internal propagator by an on-shell delta distribution and thus only retaining resonant
diagrams. The PA instead performs a consistent expansion around the resonance, retaining
all leading terms in which the resonant propagators are kept intact while their residues are
evaluated on-shell. This approximation includes resonant diagrams as well as non-factorizable
contributions that arise from soft gauge-boson exchange.

In order to describe non-resonant effects of a process, a full off-shell calculation is required.
In this case, the complete final state after the decay of the unstable particle must be considered,
including all contributions that may or may not include the resonant state. This however comes
at an additional cost in the complexity of the calculation (larger number of Feynman diagrams
with more complex expressions) that in turn reflects in an increase in computing time. The
current frontier calculations have achieved a multiplicity of 2 — 8 scattering at NLO, while the
multiplicity frontier at NNLOqcp is currently at 2 — 3 processes.

When reviewing the status of the calculations for the wishlist below, off-shell effects are
assumed to be included. For QCD corrections to processes featuring a purely EW decay, the
different treatments of the resonances does not give rise to additional complications. This is for
instance not the case for EW corrections and processes featuring top quarks. In the latter case
of top quarks, we explicitly indicate if off-shell effects are included in a calculation.

Jet algorithms, identified final states, and fragmentation

NNLO predictions are necessary to achieve the highest precision for 2 — 2 (and 2 — 3) processes
at the LHC. The presence of one or more jets in the final state requires the application of a
jet algorithm, almost universally the anti-k, algorithm as they give rise to geometrically regular
jets. However, there can be accidental cancellations that can result in artificially small scale
uncertainties, especially close to jet radii of R = 0.4. A more realistic estimate of the uncertainty
can be obtained by the use of a larger radius jet (R = 0.6-0.7), or by alternate estimates for
uncertainties from missing higher orders [344-346].

Increasingly, many of the precision LHC measurements involve the presence of heavy
quarks in the final state, e.g. V4c/b (see later discussion in the vector boson section). If the
heavy quark is treated as massless, any calculation at NNLO requires the application of an
IR-collinear safe jet algorithm, to reduce the sensitivity to log-enhanced terms (proportional
to ag log™(my/p;), such as with the flavour-k; algorithm [347]. The experimental approach is
to first reconstruct the jet using the anti-k; jet algorithm, and then afterwards to look for the
presence of heavy flavour tag within that jet. The transverse momentum requirement for the
heavy flavour tag is typically much less than the transverse momentum of the jet itself. This
can lead to many jets being tagged as heavy-flavour due to gluon splittings into a (relatively
soft) quark—antiquark pair, an indication of the log-enhancement described above for the theory
calculation.
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The mis-match between experimental and theoretical algorithms can result in an error
of the order of 10%, potentially larger than the other sources of uncertainty in the measure-
ment/prediction. A computation based on massive heavy quarks (see e.g. Ref. [348] for a
comparison against flavour-k; in W H production), or with the inclusion of the fragmentation
contribution at NNLO (see e.g. Ref. [191] for NNLOqgep predictions for B-hadron production

in tt) can reduce the theory uncertainty. Alternatively, new jet-tagging algorithms compatible
with the anti-k; definition [349-353] can be used for the same purpose.

The flavour-tagging algorithms referenced above require a complete knowledge of the heavy
flavour content of the event, something that is difficult to obtain in any experimental measure-
ment, especially if it involves the tagging of charm quarks. It is currently not well known (1) the
efficiency with which LHC experiments can reconstruct gluon splitting into heavy quark pairs
and (2) how well the parton shower Monte Carlos estimate the rate of this splitting. The latter
was a well-known problem at the Fermilab Tevatron [354]. A recent workshop® discussed these
issues, and will lead to experimental studies which hopefully provide a better understanding of
the situation, such that the NNLO predictions can be used to their fullest extent.

A similar issue with a mismatch between experiment and theory arises in the case of
identified photons that require an isolation procedure to distinguish the prompt production
from the overwhelming background. Differences in a fixed-cone isolation versus a smooth-cone
isolation [355,356] have been the subject of many studies which assessed the impact to be at
the few-percent level [207,357-360]. Precision phenomenology based on processes with external
photons thus demands for an extension of the fragmentation contribution to NNLO that has

been achieved recently [155, 156].

Polarised predictions for gauge-boson production

The increased experimental precision not only enables a detailed study of the gauge-boson
production processes through cross sections and differential distributions, but also the access
to the polarization states of the gauge bosons. To this end, the longitudinal polarization is of
particular interest due to its intimate connection to the mechanism of electroweak symmetry
breaking and how weak gauge bosons acquire their masses. As such, the study of the longitudinal
component of massive gauge bosons not only allows to scrutinize the Standard Model at a deeper
level, but also may reveal hints for new physics that lies beyond.

In this context, the past few years has seen great progresses in polarized predictions for a
plethora of LHC processes. While most work has focused on NLOgcp corrections for di-boson
production [361,362], significant progress on the respective NLOgyy corrections have been made
recently [363-367]. Electroweak corrections entail significant complications due to the need for
a consistent isolation of the resonant (on-shell) parts only for which polarizations are properly
defined. Such calculations thus rely on pole approximations with power corrections that can
e.g. be induced by the details of the mappings to project onto on-shell states. These efforts
at NLO accuracy recently culminated with the NLOgcp +NLOgw corrections to vector-boson
scattering in the same-sign WW channel [3658]. NNLOgqcp corrections are so far limited to a
handful of processes: diboson production [369] and W + j [370]. More recently, also NLOgcp
corrections matched to a parton shower have became available for all di-boson processes [371].

Finally, while these calculations have been exclusively obtained with private Monte Carlo
codes, there have been efforts in enabling such calculations within general-purpose Monte Carlo
programs. Progress was made at LO including parton-shower corrections within the MAD-
Graru5_ AMC@NLO framework [372] as well as within the SHERPA framework, where also
approximate NLOgqcp corrections can be incorporated consistently with the shower [373].

6ht‘cps ://conference.ippp.dur.ac.uk/event/1301/
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3.1 Higgs boson associated processes

An overview of the status of Higgs boson associated processes is given in Table 2. In the
following, the acronym Heavy Top limit (HTL) is used to denote the effective field theory in
the m, — oo limit. In this limit, the Higgs bosons couple directly to gluons via the following
effective Lagrangian

2 3
1 H H ) | 3)

H
‘Ceff = —4GZVG'3V (CHU — CHHT’UQ +CHHH§ +...

whose matching coefficients known up to fourth order in o [374-381]. The HTL results are often
used to correct complete QCD results available at a lower perturbative order. We will generically
indicate this combination of HTL and QCD results using the notation N*LOyrr, ® NYLOgcp.
One strategy used for this combination is to compute a multiplicative K-factor in the HTL that
is then applied to the complete QCD result. Alternatively, the HTL K-factor can be used to
correct only unknown parts of the QCD results, for example the virtual part of a calculation,
which are then combined with exact real corrections. The latter procedure is generally preferred,
especially where a differential description is required.

3.1.1 Decays

Partial Width known
N*LOgr, ® NNLOgep

bb/ce NLOgyy
NLOqcp
WW/ZZ Lo

T NLOgw
N*LOyrr, ® NNLOgep

99

NLOpw

N’LOyrr, ® NNLOgcp
R NLOgw

NLOQCD
2 NLOpw

Table 1: Available theory results for Higgs boson decay, adapted from Refs. [382,383].

In Table 1, we list the Standard Model Higgs boson decays, as well as the available theory
precision for each channel. Below we briefly summarise the key theoretical works contributing
to the known precision; for more detailed reviews we refer the reader to Refs. [0, 382-384].

The H — bband H — c€ partial widths are known at NNLOqcp [385-389] including quark
mass effects. The N3LOQCD correction for the y; induced contribution, including the mass of the
bottom quark, was recently computed [390]. In the heavy top limit and neglecting the bottom
quark mass, results are known to order N*LOgry, [391] and fully differentially at N*LOgrr, [313].
The NLOgw and O(aa,) mixed QCD-EW corrections were obtained in Refs. [392-397] (with
two-loop master integrals in Ref. [398]), these calculations also represent the state of the art for
H— 777 and H — u+u_ decays.

The H — WW and H — ZZ widths are known at NLOgcp [399-401] and NLOgyy [402-
406].  Recently, also O(aay) mixed QCD-EW corrections have been calculated [107]. The
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H — gg decay is known at NNLOqcp [408,409] including quark mass effects. The correc-
tions in the heavy top limit are known at N4LOHTL [391,410]. The NLOgw corrections were
computed in Refs. [411-416]. The H — ~y decay is known at NNLOqcp including the exact
mass dependence [417,418] and at N3LOHTL in the large mass approximation [419] the NLOgw
corrections are also known [392,416,420,421].

The H — Z~ decay is measured as part of the Dalitz decays H — ff~, which receive
contributions from H — v*y — ffvy, H — Z*~v — ff~ and direct/non-resonant H — ff~. The
relevance of each channel depends on the experimental cuts and reconstruction strategy. For the
loop-induced H — Z~ decay, NLOqcp results are known [422-424], the NLOgyy corrections were
obtained very recently [125,426] and found to be small, and unable to explain the discrepancy
between theory predictions and experimental measurements. For direct H — ff~ results are
known at NLOgcp and NLOgy accuracy [427-432].

Significant effort has recently been invested in the description of hadronic Higgs decays
through both the H — bb and H — gg channels. In Ref. [133] results at N3LOHTL were
presented. Four jet event shapes have been studied at the NLOgcp level [434] and three jet
event shapes at NLOgcp with NLL resummation for hadronic Higgs decays are known [435,436].
A study of flavour-sensitive observables at NLOgcp for up to three jet hadronic Higgs decays
was presented in Ref. [437].

Many of the dominant QCD and EW corrections for the major Higgs boson decay modes
are available in the Prophecy4f [105,4006,438], HDECAY [439, 440] and Hto4L [441] programs,
which are widely used.

3.1.2 Production
3.1.3 H

LH21 status: Results at NNLOgr, known for two decades [194,195,442—144]. Inclusive N*LOgr,
results computed in [145-447] and available exactly in the programs 1Hixs 2 [448] and in
an expansion around the Higgs production threshold in SusHI [449]. Differential results at
N3LOHTL were presented in Ref. [233,314,450-452] and the transverse momentum spectrum of
the Higgs boson has been studied at NNLO + N°LL’ [153-155] and at N*LOyrr, + N°LL’ [234].
NNLO +NNLL predictions for gg — H(— 77) are publicly available through HTURBO [156].
The my-dependence is known at 3-loops for the virtual piece [4108,409,457] and at 4-loops
in a large-m, expansion [458]. Complete NLOqcp corrections are known for arbitrary quark
masses [378,459-465], while the top mass dependence is known at NNLOgcp [466]. The top-
quark mass renormalisation scheme uncertainty for offshell Higgs production has been studied at
the same order [167]. Bottom quark effects have been studied for intermediate Higgs transverse
momentum my, < pr < my at NLO + NNLL [468]. Power-suppressed logarithms of the form

quqag 1n2"_1(%), where y, is the Yukawa coupling, arise for small virtual quark masses in
q

99 — H. These have been resummed for next-to-leading power O(mg) corrections at N“LL ccu-
racy [169-472] for next-to-next-to-leading power at double-logarithmic accuracy [173]. Mixed
QCD-EW corrections, N(I’I)LO((QHCTDL%EW, are known in the limit of small electroweak gauge bo-
son mass [474,475], and the dominant light-quark contribution to the NLO mixed QCD-EW

corrections have been computed including the exact EW-boson mass dependence [476].

Inclusive results to N°LOgry, are now available in the public program N3LOXS [477]. In
Ref. [478], jet-veto resummation was implemented to NNLOqcp matched to N®LL’ in the public
code MCFM, and theoretical predictions at this order were compared with ATLAS and CMS
data. A substantial reduction of theoretical uncertainties relative to the NNLL accuracy was
observed.
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process known desired
N*LOyr,
NNLOZ XD
pp — H (1 1) Q (HTL) N4LOHTL (IHCI)
N LOgepgew
NLOqcp
NNLOHTL NNLOHTL & NLOQCD + NLOEW
pp— H+j NLOgcp N*LOgrr,
N(LI)LOQCD@EW NNLOQCD
NLOHTL & LOQCD NNLOHTL & NLOQCD + NLOEW
pp—> H 42 (VBF") (VBF)
NLO(E\G\?F) NLOgqcep
~ NLOyqy, NLOqep + NLOgw
pp = H+3] (VBF) (VBF")
NLOgcp NNLOqcp
N*LOqep (incl.)+ NLOgw ~ N°LOgep
pp— VH (t(?b) (1,1) Q
NLO ¢ riz N LOgepgEW
NNLO
pp— VH+j Qep
NLOgep + NLOgw
N*LOgtr, ® NLOoep
pp — HH “ NNLOqcp
NLOgw
N*LOGa ) (incl.)
; (VBF™)
(VBF)
NLOpyw
pp — HHH NNLOgr, NLOqcp
_ NLOgqep + NLOgw
pp — H + @ NNLOqcp
NNLOqcp (approx.)
pp— H+1t/t  NLOqcp + NLOgw NNLOqcp
(VBF™)

Table 2: Precision wish list: Higgs boson final states. NQSLOQCD means a calculation using
the structure function approximation. V =W, Z.

There has been important recent progress on the impact of virtual quark masses. Inter-
ference effects between amplitudes with top and bottom loops were studied in Ref. [479] with
NNLOgcp accuracy, where the bottom and top quark masses are renormalized onshell. The
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perturbative convergence is observed to be quite bad, with the O(a?) and O(aj) being almost
identical numerically. Using the MS renormalization scheme for both the bottom mass and
the bottom Yukawa improves the convergence dramatically [480]. This reference also presents
comparisons between results computed using the 4FS and 5FS. The calculation of Ref. [166] was

matched to parton showers using the MiNNLOPS formalism in Ref. [181].

There has also been recent progress in advancing the precision of predictions for Higgs-
interference processes. The interference between amplitudes for Higgs-mediated signal and
prompt background processes in the diboson decay channel (99 — H — VV and gg — V'V,
respectively) are known to be significant for offshell Higgs production, which comprises around
10% of the events in this channel [182], and can be used to place a stringent bound on the Higgs
width [483-485]. For many years, the computation of the exact NLOgcp corrections was ham-
pered by the difficulty in computing two-loop gg — V'V amplitudes with a massive quark loop.
Approximate NLOqcp corrections were computed using the heavy-top expansion [486—488], the
high-energy expansion [489], and a combination of these two approximations and the threshold
approximation was presented in Ref. [4190,491]. NLOgqcp corrections are also available with
a reweighting procedure for the massive two-loop gg — V'V amplitudes [192,493]. NLOqcp
corrections matched to parton showers in the POWHEG approach were presented in Ref. [194].
The two-loop amplitudes for gg — V'V processes with massive quark loops were computed
in Refs. [195-497]. Recently, the amplitudes of Ref. [195] were used to compute the exact
NLOqcp corrections to gg — V'V, including the signal and background processes and their
interference [198]. It is found that the reweighting approach provides an extremely accurate
approximation to the full two-loop amplitudes.

The interference between the Higgs-mediated gg — H — 7 process and the prompt
background gg — 77y process results in a shift in the Higgs peak in the diphoton invariant mass
distribution, which can be used to constrain the Higgs width [199]. Although it is expected that
such bounds are about 5-30 times the Standard Model Higgs width value, and therefore less
constraining than measurements in using off-shell Higgs production, they do not suffer from the
same model dependence, and in that sense are complementary. The LO analysis of Ref. [199] was
refined to include all partonic channels [500] and the emission of one [501] and two [502] hard
jets. NLOqcp corrections, first presented in Ref. [503] and later confirmed in Ref. [504], reduce
the shift of the mass peak by around 40%. Small p; resummation was performed in Ref. [505].
Recently, the NNLOqcp corrections in the soft-virtual limit (i.e. neglecting hard emissions) were
presented [506], using three-loop helicity amplitudes for gg — v+ [507] and two-loop amplitudes
for 7 production [508,509]. These corrections reduce the mass shift by a further 30%.

Interference effects between the Higgs-mediated process gg — H — Z~ and the prompt
background gg — Z~ have been computed in Ref. [510] to NLOgcp, employing the soft-virtual
approximation. It was found that the interference effects amount to around —3% of the signal
99 — H — Zv cross section, and that the NLOgcp corrections are small, below the current
experimental accuracy.

The experimental uncertainty on the total Higgs boson cross section is currently of the
order of 8% [511] based on a data sample of 139 fbfl, and is expected to reduce to the order of
3% or less with a data sample of 3000 fh? [512]. Most Higgs boson couplings will be known to 2-
5% [513]. To achieve the desired theoretical uncertainty, it may be necessary to also consider the
finite-mass effects at NNLOqcp from b and ¢ quarks, combined with fully differential N3LOHTL
corrections.

Sometimes the form of experimental cuts can affect the perturbative stability of the theo-
retical prediction through linear fiducial power corrections. This is the case, for example, for the
traditional cuts applied to the decay photons in Higgs boson diphoton events. The traditional
cuts require that each of the two photons have a transverse momentum greater than a given
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fraction of the Higgs boson mass (typically 0.35 for the leading and 0.25 for the sub-leading
photon). This leads to an instability of the perturbative convergence of the prediction and in-
creased scale uncertainties, most noticeable at N3LO. This issue can be avoided by a re-design
of the cuts [248] and is currently being investigated by the LHC experiments. A brief summary
of the issues associated with fiducial cuts was given in the 2021 document [1].

8.1.4 H+j

LH21 status: Known at NNLOyry, [147,181,182,252,260,514] and at NLOgcp including both
top-quark and bottom-quark mass effects [515-520]; top—bottom interference effects are also
known [521,522]. Fiducial cross sections for the four-lepton decay mode were calculated in
Ref. [523]. The Higgs pr spectrum with finite quark mass effects is known beyond LO us-
ing high-energy resummation techniques at LL accuracy [524] and in the "High-energy jets"
framework [525-530]; parton shower predictions including finite mass effects available in various
approximations [531-534]. The transverse momentum spectrum has also been studied at NLO
+NNLL in the case a jet veto, p] < pl'”, is applied [535,536]. The leading EW effects for the qg
and ¢q channels were computed some time ago [537,538] and amplitudes for the leading mixed
QCD-EW corrections are known [539-542]. The bb — H + j process is known differentially at
NNLOQCD [543], H + ¢ is known at NLOQCD [544].

Efforts to compute H + j production at N?’LOHTL are ongoing, with results for many of
the relevant Feynman integrals (including all required for the leading colour approximation) now
known [545,546]. In Ref. [517], the two-loop (NNLOyy,) helicity amplitudes amplitudes were
presented to higher orders in the dimensional regulator, this is an ingredient required for the
N3LOQCD corrections. Electroweak corrections involving the trilinear Higgs self-coupling are
also now available fully differentially, including the exact quark mass dependence [548].

In Ref. [549], Higgs plus jet production was studied in the small quark mass limit, namely
mg < p% < s, qu Using the leading logarithmic approximation, a NNLOqcp prediction for
the bottom-quark correction was presented. This work provides an ingredient for understanding
the quark mass renormalisation uncertainty at the LHC. The O(yg) bottom mass corrections in
the kinematic region gy ~ my < my were computed in Ref. [550]. In the high-energy regime,
LL-accurate results matched to NLOqcp fixed-order results were presented in Refs [551], with
the resummed results producing a harder transverse momentum spectrum compared to the fixed-
order ones. These calculations were made public through the HEJ-2.2 code [552]. In Ref. [553],
a jet-veto resummation was performed at NNLO + aNNLL ’ for exclusive H + 1 jet production.
This provides an important input for the STXS in the regime pCTllt < p{p{ ~ m%]

The impact of anomalous Higgs couplings is now known at NLOqcp retaining the quark
mass effects [554], which are relevant at high Higgs pr.

The current experimental uncertainty on the Higgs + > 1 jet differential cross section
is of the order of 10 — 15%, dominated by the statistical error, for example the fit statistical
errors for the case of the combined H — vy and H — 4/ analyses [530,555]. With a sample of
3000 fb ! of data, the statistical error will nominally decrease by about a factor of 5, resulting
in a statistical error of the order of 2.5%. If the remaining systematic errors (dominated for
the diphoton analysis by the spurious signal systematic error) remain the same, the resultant
systematic error would be of the order of 9%, leading to a total error of approximately 9.5%.
This is similar enough to the current theoretical uncertainty that it may motivate improvements
on the H + j cross section calculation. Of course, any improvements in the systematic errors
would reduce the experimental uncertainty further. Improvements in the theory could entail a
combination of the NNLOyry, results with the full NLOgcp results, similar to the reweighting
procedure that has been done one perturbative order lower.
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Theoretical precision is not only needed for the full Higgs boson cross section, but specifi-
cally for production at high transverse momentum. High p; Higgs boson production is of great
interest, as it allows the probe of any new particles that may enter into the top quark loop, or
indeed of any other new physics that might become evident at high pr. The best foreseeable
precision requires the H + j calculation at N3LO. Traditionally, the boosted H — bb channel
has been viewed as the most efficient way to examine high transverse momentum Higgs boson
production, given the large branching ratio into that final state. For ATLAS, for example, with
the full Run 2 data sample at 13 TeV for H — bb, the 95% confidence-level upper limit on the
cross section for Higgs boson production with transverse momentum above 450 GeV is 115 fb
with an uncertainty of 128 fb) [556]. Above 1 TeV it is 9.6 fb with an uncertainty of 17 fb.
The Standard Model cross section predictions for a Higgs boson with a mass of 125 GeV in the
same kinematic regions are 18.4 fb and 0.13 fb, respectively. Both results are consistent with
the standard model, but also allow for a possible interesting excess at high p.

The ATLAS Higgs to diphoton channel has allowed for measurements of the Higgs boson
cross section of 38+ 19 fb from 450-650 GeV and 5.447.6 fb for 650-1300 GeV, both in agreement
with the SM prediction [536]. The result is dominated by statistical errors for both bins. The
95% CL upper limits on the ratio of the observed cross section to standard model prediction are
3.1 and 5.8 for the 450-650 GeV and 650-1300 GeV bins respectively, a substantial improvement
on the limits provided by the bb channel. The cross section times branching ratio is more
limited than for bb decays, but the channel benefits from the rising signal-to-background ratio
(due primarily to the 2 — 3 nature of the diphoton background process compared to 2 — 2 for
Higgs boson production) for high Higgs boson transverse momenta. As with Sherlock Holmes’
dog that didn’t bark (The Memoirs of Sherlock Holes, Arthur Conan Doyle, 1892), the presence
of no Higgs diphoton events at very high pr can serve as a useful limit on the possible Higgs
boson cross section in that kinematic region.

8.1.5 H+ > 2j

LH21 status: VBF production known at N3LOQCD accuracy for the total cross section [557]
and at NNLOgcp accuracy differentially [151,308] in the “DIS” approximation [558]. LO Higgs
decays H — WW* and H — bb were included to the NNLOgcp description of the VBF
production process in Ref. [297]. The double-virtual contributions to non-factorizable corrections
are known in the eikonal approximation [559,560]. Full NLOgcp corrections for H + 35 in the
VBF channel available [561,562]. H+ < 3j in the gluon fusion channel was studied in Ref. [563]
and an assessment of the mass dependence of the various jet multiplicities was made in Ref. [564];
the impact of the top-quark mass in H + 1,2 jets was studied in Ref. [565]; NLOgy corrections
to stable Higgs boson production in VBF calculated [566] and available in HAWK [567]. Mass
effects in H 4 2j at large energy are known within the “High Energy Jets” framework [525-530].
Parton shower and matching uncertainties for VBF Higgs productions have been studied in detail
using PYTHIA and HERWIG matched to MADGRAPH5_aMC@Q@QNLO and POWHEG in Ref. [568];
the PYTHIA and VINCIA parton showers were compared in Ref. [569]. A comparative study of
VBF Higgs production at fixed order and with parton shower Monte Carlos has been carried
out in Ref. [340], as an outgrowth of Les Houches 2019.

VBF production at NNLOgcp with the inclusion of both the NLOgep and the NNLOgep
corrections to the Higgs decay H — bb was presented in Ref. [570]. These effects are substantial,
amounting to a decrease of 7% at both NLOgcp and NNLOgcp, largely due to the interplay
between the radiation off the b-quarks and the kinematic cut placed on the b-tagged jets.

It is known [559,560] that double-virtual contributions to non-factorizable QCD correc-
tions beyond the DIS approximation are an order of magnitude smaller than the NNLOqgcp
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corrections in the factorized approximation, although with a large scale uncertainty of around
20% — 30% (due to the fact that they appear at NNLOgcp for this first time). In Ref. [571],
the double-virtual corrections were combined with real-real and real-virtual corrections for the
non-factorizable contributions, and it was observed that the double-virtual contributions are
completely dominant. In Ref. [572], the next-to-leading eikonal contributions were shown to
modify the non-factorizable corrections by approximately 30%. In Ref. [573] the O(ﬁoag’) cor-
rections were computed, and were shown to reduce the scale uncertainty associated with the
non-factorizable corrections to around 5%. Fully analytic expressions for the two-loop ampli-
tude in the eikonal approximation were presented in Ref. [574].

Recently, NLL accurate parton showers for VBF production have become available with
the PanScales method, and these were matched to LO calculations in Ref. [575]. For exclusive
observables, such as those related to the third jet, the impact of the NLL corrections can be as
large as 15%, and generally results in a softer spectrum of the third jet. NLOgcp and NLOgy
corrections for electroweak Higgs production (i.e. including both the V H and VBF processes)
have been matched to parton showers in Ref. [5706].

The current experimental error on the H+ > 2j cross section is on the order of 25% [536],
again dominated by statistical errors, and again for the diphoton final state, by the fit statistical
error. With the same assumptions as above, for 3000 fb_l, the statistical error will reduce to the
order of 3.5%. If the systematic errors remain the same, at approximately 12% (in this case the
largest systematic error is from the jet energy scale uncertainty and the jet energy resolution
uncertainty), a total uncertainty of approximately 12.5% would result, less than the current
theoretical uncertainty. To achieve a theoretical uncertainty less than this value would require
the calculation of H+ > 2j to NNLOypr, ® NLOgcp in the gluon fusion production mode.

3.1.6 VH
LH21 status: The total cross section is known at N 3LOQCD [477]. Inclusive NNLOgcp correc-

NNLOqcp differential results are known for WH [211] and ZH [213]; matched to parton shower
using the MiNLO procedure in Ref. [581,582]; supplemented with NNLL’ resummation in the
0-jettiness variable and matched to a parton shower within the GENEVA Monte Carlo framework
in Ref. [583]. In this last reference, H — bb decays were included at LO through the parton
shower. NLOqcp corrections to the H — bb decay are available in MCFM [257], using massive
b-quarks. The consistent combination of NNLOgcp corrections to V H production and H — bb
decay were presented in Refs. [148,296,584], where the first of these studies considered ZH and
W H production, the second considered W~ H production, and the third considered all three
processes WEH and ZH. All of these calculations employed massless b-quarks in the decay.
Bottom quark mass effects in NNLOgcp corrections to pp — W' H(— bb) production were
presented in Ref. [318]. NNLOgqcp predictions for pp — ZH(— bb) and pp — WEH(— bb)
were matched to a parton shower using the MiNNLO method in Ref. [585], for massive b-quarks.
NLOgw corrections calculated [586-589] also including parton shower effects [589]. The process
bb — ZH in the 5FS, but with a non-vanishing bottom-quark Yukawa coupling, was investigated
in the soft-virtual approximation at NNLOqcp [590]. The polarised q¢ — ZH amplitudes were
studied at NNLOqcp in Ref. [591]. The loop-induced gg — ZH channel accounts for ~ 10%
of the total cross section and contributes significantly to the pp — ZH theoretical uncertainty.
The NLOgy, results reweighted by the full LO cross section were presented in Ref. [592]; finite
my effects at NLOgep known in a 1/m, expansion [593]; threshold resummation calculated in
Ref. [594]. The NLO virtual amplitudes were computed in a small-pr expansion [595], high-
energy expansion [596], and numerically [597]. The complete NLO corrections were recently
presented in Ref. [598] (based on a small-my,m, expansion), in Ref. [599] (based on a com-
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bination of the numerical results and high-energy expansion), and in Ref. [600] (based on a
combination of the small-p; and high-energy expansion [601]). NLOgcp with dimension-six
Standard Model Effective Field Theory (SMEFT) operators investigated [602], matched to a
parton shower in the MADGRAPHS__aMC@NLO framework. Higgs pseudo-observables investi-
gated at NLOgcp [603]. Anomalous HV'V couplings were studied at NNLOgcp for W*H and
ZH in Ref. [604]. In the SMEFT, a NNLOqgp event generator for pp — Z(— Il)H(— bb) was
presented in Ref. [605].

The process pp — WTH (— W+W_) with a subsequent leptonic decay of the two w
bosons and the hadronic decay of the W~ was considered in Ref. [606] as a contribution to the
/frl/#eJ“ye Jj final state. Full NLOgcp +NLOgyw corrections have been calculated. In addition,
the NLOgcp corrections, matched to the SHERPA parton shower, as well as virtual NLOgyy cor-
rections, are presented in this reference. The NNLOqcp corrections to V H production, matched
to parton showers and including the complete set of SMEFT operators, were implemented in
the POWHEG in Ref. [607]. The inclusive cross section to NSLOQCD accuracy are now publicly
available through the program N3LOXS [477].

Published results for the V H cross section are available for data samples up to 139 fbfl,
with uncertainties on the order of 20%, equally divided between statistical and systematic er-
rors [608]. For 3000 fb~', the statistical error will reduce to 4-5%, resulting in a measurement
that is systematically limited, unless there are significant improvements to the systematic errors.
The general V H process has been calculated to NNLOqcp, leading to a small scale uncertainty.
However, for the best description of the Z H process, the exact NLO corrections to the gg — ZH
sub-process, described above, should be included.

3.1.7 VH+j

LH21 status: Known at NLOgcp + PS [609] and NLOgy + PS [589]. Fully differential
NNLOgqcp corrections known [149, 150].

3.1.8 HH

LH21 status: N>LOgry, corrections are known in the infinite top mass limit [610,611] and have
been reweighted by the NLOgcp result [612]. Finite m, effects are incorporated in NNLOyy, cal-
culation by reweighting and combined with full-m, double-real corrections in Ref. [215]. NLOqcp
results including the full top-quark mass dependence are known numerically [613-616] and
matched to parton showers [617,618]; exact numerical results have also been supplemented by re-
sults obtained in a small-m; expansion [(619,620]; a Padé approximated result based on the large-
m; expansion and analytic results near the top threshold was presented in Ref. [190]. The top
quark mass renormalisation scheme uncertainty is known at NLOqcp [615,616,621]. Threshold
resummation was performed at NLOgr, + NNLL [622] and NNLOypr, + NNLL [623]. NLOyr
+ NLL resummation for the py of the Higgs boson pair was presented in [624]. NNLOqcp virtual
and real-virtual corrections (involving three closed top-quark loops) known in a large-m; expan-
sion [625,626]. Sensitivity of HH production to the quartic self-coupling (which enters via EW
corrections) was studied in Refs. [627-629]. The bb — HH process is known at NNLOqcp [630],
two-loop amplitudes for the quark annihilation contributions are known at NNLOyr, [631].
Results in the HEFT and SMEFT are known at NLOgcp [632,633] and NNLOgpy, [634].

Results at N3LOHTL matched to soft-gluon threshold resummation at N°LL and reweighted
by the NLOgcp result have been presented in Ref. [635]. The central prediction is found to

be compatible with the known NBLOHTL results within the percent-level remaining scale uncer-
tainties. By combining the small-pp [636] and high-energy [620] expansions, the NLOgcp result
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has been matched to parton shower in the POWHEG-box framework including the dependence
on the top quark mass, allowing the renormalisation scheme to be varied [637]. In Ref. [638] the
NNLOyTy, result is matched to parton shower using the GENEVA framework, and zero-jettiness
logarithms are resummed to N°LL . Ref. [639] presents compact analytic results for pp — HHj at
LOqcp (1-loop). These results have been used to produce an improved MCFM implementation
of HH production at NLOgcp.-

In Ref. [640], the pp — bbH channel, a background to pp — H(— bb)H, has been studied
at NLOqcp matched to parton shower including the y? and yf (at NLOyry,) contributions.
This work approximately halves the remaining theoretical scale/shower uncertainties originating
from the (’)(yt2 ) contributions to this background process. The 5F'S NNLOgcp +PS calculation
is found to overestimate the background by a factor of 2. Ref. [641] presents pp — H(—
bE)H (— v7), treating both production and decay subprocesses at NLOQCD in the narrow-width
approximation. The NLOQCD corrections in the decay decrease the result by 19% relative to
LOQCD'

The complete NLOgyw corrections to HH production were presented in Ref. [642]. The
electroweak corrections are found to reduce the cross section by around 4% and induce a large
15% enhancement near the HH production threshold. Results for the NLOgyw corrections in
the HTL were presented in Ref. [643]. In Ref. [644], the y,-enhanced piece of the EW corrections
was studied in the HTL, and it is found that the corrections amount to around 0.2%, and are not
well described by introducing an effective trilinear-Higgs coupling. Ref. [645] presents results
for the yt2 corrections in a high-energy expansion. Refs. [646] presents results for corrections
proportional to the triple and quartic Higgs couplings and studies their impact in a modified-x
framework. Ref. [647] presents results for the y,, triple and quartic Higgs corrections. These
corrections are found to enhance the cross section by 1% with a large enhancement near to
the HH production threshold, similar to that present in the complete NLOgy corrections of
Ref. [642].

Work towards the NNLOgcp corrections has started, with results available in the large
top quark mass expansion for the virtual [626] and real corrections [648,649]. The light-fermion
(np) piece is also known in a small-t expansion [650], while the reducible contribution is known
in an expansion about small gluon virtuality or small Higgs boson mass [651].

In Ref. [652] the quark mass corrections to the gg — HH virtual amplitude were studied
at high-energy, it was argued that the dominant part of the mass scheme uncertainty could be
understood and removed.

Higher-order corrections have also been computed in both the HEFT and SMEFT frame-
works, see Ref. [653] for a recent review.

The experimental limits on HH production are currently at the level of approximately
four times the SM cross section for ATLAS [608] (with an expected limit of 5.7) based on a data
sample of 139 fb~'. The observed (expected) constraints on the Higgs boson trilinear coupling
modifier k) are determined to be [—1.5,6.7] ([—2.4,7.7]) at 95% confidence level, where the
expected constraints on k) are obtained excluding pp — H H production from the background
hypothesis. For CMS, a 95% CL limit of 3.9 times the Standard Model has been obtained [654],
with an expected limit of 7.9, for a data sample of 138 fb_l. Constraints have also been set on
the modifiers of the Higgs field self-coupling s, with this measurement in the range of —2.3 to
9.4, with an expected range of —5.0 to 12.0. With a data sample of 3000 fb_l, it is projected
that a limit of 0.5 < Appp/Appnsm < 1.5 can be achieved at the 68% CL for ATLAS and CMS
combined [513].
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3.1.9 HH +2j5
(VBF™)

LH21 status: Fully differential results for VBF HH production are known at NNLOgcp 7 [309)]

and at N3LOS/CB§ ) for the inclusive cross section [655]. The non-factorisable NNLOqcp contri-

butions [560] and NLOgy corrections are known [656] and have been combined.

3.1.10 HHH

LH21 status: Known at NNLOyy, [657,658], finite quark mass effects are included by reweight-
ing with the full Born result.

Triple production provides a direct handle on the quartic coupling of the Higgs boson,
although very suppressed with respect to single and double Higgs production in the Standard
Model, it can be enhanced in BSM scenarios. It is therefore interesting to begin placing exper-
imental constraints on this process. For an overview of ongoing theoretical and experimental
efforts we refer the reader to the HHH whitepaper [659].

3.1.11 ttH

LH21 status: NLOqcp corrections for on-shell t¢H production known [660-663]. NLOgy correc-
tions studied within the MADGRAPH5_aMC@NLO framework [664,665]. Combined NLOgcp
and NLOgyy corrections with NWA top-quark decays computed in Ref. [666]. Corrections to ttH
including top quark decays and full off-shell effects computed at NLOgcp [667], and combined
with NLOgyw [668]. NLOgep results merged to parton showers [669,670] and NLO +NNLL
resummation performed in Refs. [671-674]. The NLOgcp corrections including off-shell effects
were also presented in Ref. [675], further considering the LO decays of the Higgs boson in the
NWA. NLOqcp results in the SMEFT calculated [676]. The flavor off-diagonal channels were
computed at NNLOqcp in Ref. [677]. Fragmentation and splitting functions for the final-state

transitions ¢ — H and g — H, are known at O(y7as) [675].

The NNLOgqcp calculation of Ref. [677] has been extended to encompass all partonic
channels for the inclusive cross section [223] and differential distributions [224], using a soft-Higgs
approximation for the as-yet unknown two-loop amplitudes. The NNLOqcp effects increase the
inclusive cross section by around 4%, and leave a residual perturbative uncertainty of 4% for
the cross section and around 4% — 6% for the Higgs transverse momentum spectrum.

There have been initial steps towards the evaluation of the two-loop amplitudes. These
were computed in Ref. [679] in the boosted limit in which all quarks are massless. The master
amplitudes for the leading-colour two loop amplitudes have been computed in Ref. [680], the
one-loop gg — ttH amplitude was computed to (’)(62) in Ref. [681], and the nj-dependent part
of the two-loop amplitude was computed in Ref. [682].

Results for an admixture of CP-even and CP-odd Higgs states have been computed to
NLOgqcp, including offshell effects of the top decay [683].

The cross section for ttH has been measured with a data sample of 139 fb_l, with a total
uncertainty on the order of 20%, dominated by the statistical error [684,685]. The statistical error
will shrink to the order of 4-5% for 3000 fb_l, leaving a systematics-dominated measurement.
Given that this calculation is currently known only at NLOgcp, with a corresponding scale
uncertainty of the order of 10-15%, this warrants a calculation of the process to NNLOqcp.

3.1.12 tH

LH19 status: NLOgcp corrections known [6506,687]. NLOgep and NLOgyy corrections known
for on-shell top quarks, computed in both the four- and five-flavour schemes [688].
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process known desired

. NNLOgqep .
pp — 2jets N”LOqcp + NLOgyw
NLOqcp + NLOgw

pp — 3jets  NNLOgqcp + NLOgw

Table 3: Precision wish list: jet final states.

3.1.13 bbH (including H production in bottom quark fusion treated in 5FS)

LH21 status: NNLOqcp predictions for bb — H in the 5FS known for a long time, inclu-
sively [689] and later differentially [690,691]; resummed calculation at NNLO + NNLL avail-
able [692]. N3LOQCD in threshold approximation [693, 694] calculated; complete inclusive
N3LOQCD corrections to bb — H in the 5FS presented in Ref. [695] and matched to the 4FS
in Ref. [696]. Threshold resummations up N°LL were combined with the N°LO results for the
inclusive cross section in Ref. [697]. Massless 4-loop QCD corrections presented in Ref. [698].
N(l’l)LOQCD®QED as well as NNLOggp predictions were derived in Ref. [699]. NLOgcp cor-
rections to bbH production in the 4FS known since long ago [700, 701]; NLOqcp (including the
formally NNLOyry, ¥ contributions) using the 4FS presented in Ref. [702]. NLOgcp matched
to parton shower and compared to 5FS in Ref. [703]; various methods proposed to combine 4FS

and 5FS predictions [704-708]; NLOgy corrections calculated [709]. Complete predictions at
O(a ™) with m+n = 2,3 (i.e. including both QCD and EW corrections) for bbH production
presented in Ref. [710] in the 4FS. Two-loop leading colour planar helicity amplitudes in the

5FS computed in Ref. [711].

The N3LOQCD corrections to bb — H are available in the public code N3LOXS [477]. The
NNLOgcp corrections have been matched to parton shower using the MiNNLOPS method in
Ref. [712], and the resulting transverse momentum distribution of the Higgs was compared to
NNLOgcp + NNLL results of Ref. [692]. Results for the Higgs transverse momentum spectrum
resummed to N°LL’ and matched to NNLOgep and approximate N3LOQCD were presented in
Ref. [713]. The perturbative uncertainties are small, opening the possibility of distinguishing
different flavour production modes. Soft-virtual (SV) and next-to-soft-virtual (NSV) terms,
resummed to N°LL accuracy, were presented in Ref. [714] for the inclusive cross section and
Higgs rapidity distribution. The authors observe that the improvement in the perturbative
precision when including the SV and NSV terms on top of the NSLOQCD results is quite small,
indicating good convergence of the series.

In bbH production, the calculation of Ref. [702], which included both O(y7) and O(y;)
contributions to NLOqcp in the 4FS, has been matched to PS in Ref. [640]. NNLOqcp results
matched to parton shower were presented in Ref. [715], using the MiNNLOPS framework. The
bottom quarks are treated as massive, with the two-loop amplitudes being evaluated using a
small-mass expansion. The authors find that the NNLOqcp corrections in the 4FS resolve
tensions between this scheme and the 5FS. Analytic expressions for the two-loop amplitudes for
bbH production with massless b quarks are now available for all color structures [716].

3.2 Jet final states

An overview of the status of jet final states is given in Table 3.
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3.2.1 2j

LH21 status: Differential NNLOgcp corrections available from two independent groups using
the antenna [140,717] and the sector-improved residue subtraction [183] formalisms. Complete
NLO QCD+EW corrections available [718].

NNLOqcp interpolation grids were made available for this process in [719], which facilitate
the inclusion of this process into PDF fits without K-factor approximations. Such grids were
used to perform an «, extraction based on LHC di-jet data in [720]. Based on the NNLOqcp
corrections to massive bottom quark production [222], NNLO+PS predictions were obtained for
B-hadron production at the LHC in [721]. Ref. [722] explored new slicing variables at NLOqcp
for jet processes. Jet angularities in a resummed and matched calculation were studied in
Ref. [723] that also took into account non-perturbative corrections from the underlying event
and hadronisation.

The full set of three-loop massless 2 — 2 amplitudes is now complete [724-726]. Together
with the NNLOqcp 3j calculation, all amplitude building blocks are available to tackle jet
production at NSLOQCD; a major obstacle here is to devise a formalism that can deal with the
complex IR subtraction for this process at this order.

Inclusive jets can be measured in both ATLAS and CMS with 5% uncertainty in the cross
sections (in the precision range), a precision that requires NNLOqcp cross sections. Global PDF
fits require NNLOgcp calculations of double and even triple differential observables, requiring
the use of full colour predictions. The measurements extend to jet transverse momenta of the
order of 3-5TeV, necessitating the precise calculation of EW corrections as well. Eventually,
PDFs will be determined at the N3LOQCD level, requiring the use of N3LOQCD predictions for
the input processes, including inclusive jet production, necessitating the calculation of di-jet
production to this order.

3.2.2 >3j

LH21 status: NNLOqgcp corrections for 3-jet with the double-virtual corrections treated in
the leading-colour approximation [185]. NLOgcp corrections for 4-jet [727,728] and 5-jet [729]
known. Full NLOgy; calculation for 3-jet production was performed using SHERPA interfaced to
RECOLA in Ref. [730].

Three-jet observables provide a better description of jet shapes, and have the potential for
the determination of the strong coupling constant over an extended dynamic range.

3.3 Vector-boson associated processes

An overview of the status of vector-boson associated processes is given in Table 4. If not stated
explicitly, the leptonic decays are assumed. In the same way, the off-shell description is the
default one. Finally, in some cases for V'V + 27, the full NLO corrections are not known, and in
these cases we indicate to which underlying Born contribution the corrections refer.

3.3.1 'V

LH21 status: N3LOQCD to the inclusive neutral-current Drell-Yan process [731] and to the
lepton-pair rapidity distribution in the photon-mediated Drell-Yan [235]; N3LOQCD to the in-
clusive charged-current Drell-Yan process [732] and to the rapidity, transverse mass, and the
charge asymmetry [239]; NLOgyw corrections known for many years see e.g., Ref. [733] and
references therein; corrections at O(a ) (N(l’l)LOQCD®EW) known for the off-shell neutral pro-
cess [227,734] and the charged process up to the finite two-loop remainder [226]; Several results
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process known desired
N’LOqep +NUYLOgepspw
pp—>V @ aepe NQLOEW
NLOgw
NNLOQCD =+ NLOEW FHH NLOQCD
pp — VV' + Full NLOgcp (99 — Z22), (gg channel, w/ massive loops)
approx. NLOqcp (99 — WW) N(l’l)LOQCD@)EW
pp—=>V+j NNLOqcp + NLOgyw hadronic decays
. NLOgcp + NLOgw (QCD component)
pp— V +2j acp NNLOgcp
NLOqcp + NLOgw (EW component)
pp =V +bb NLOqcp NNLOgqcp + NLOgw
pp — W+ bb NNLOqcp
pp— VV' +1j NLOqcp + NLOgw NNLOqcp
. NLOgcp (QCD component)
pp— VV' +2j @ Full NLOgep + NLOgy

pp — W+W++2j
pp— WIW ™ +25

pp — W+Z+2j

NLOgcp + NLOgw (EW component)

Full NLOQCD + NLOEW

NLOgep + NLOgw (EW component)

NLOqcp + NLOgw (EW component)

pp— VV'V" NLOqcp +NLOgyw (w/ decays) NLOqcp + NLOgy (off-shell)
pp = WIWW NLOgcp + NLOgy  (off-shell)

pp = W WV = jj)

pp — WZ(V — jj)

NLOQCD + NLOEW (off—shell)

NLOqcp + NLOgyw  (off-shell)

pp — Y NNLOQCD + NLOgw NBLOQCD
‘ NNLOgep + NLOgw
P — Y+
+NLOgqcp (99 channel)
pp — Yy NNLOQCD NLOgw

Table 4: Precision wish list: vector boson final states. V = W, Z and V', V" = W, Z,~. Full
leptonic decays are understood if not stated otherwise.
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for on-shell W or parts of the off-shell calculation for the charged process [300, 735, 736];
NNLOgep computations matched to parton shower available using the MiNLO method [7
SCET resummation [738], the UN’LOPS technique [739], and the MINNLOpg method [7
N3LOQCD +N°LL accuracy [236,238].

7]

37],
40];

In Ref. [741], a comparative study at NNLOqcp accuracy between several codes has been
conducted. Agreement has been found provided linear power corrections induced by the fiducial
cuts are included for programs relying on phase-space slicing subtraction schemes. It is shown
that symmetric experimental event selection render unstable the fixed-order predictions unless
they are supplemented by resummation. Recommendations for future experimental measure-
ments are made.

In Ref. [240], a new calculation for W production at N3LOQCD has been presented, sup-
plemented with transverse momentum resummation. The authors present results for the total
cross section and differential distributions. In Ref. [742], a triple-differential analysis has been
carried out at NNLOqcp + NLOgw. In addition, partial N3LOQCD as well as higher-order EW
corrections are supplemented where appropriate.

Beyond developments for QCD corrections, mixed QCD-EW corrections have been inves-
tigated further. The two-loop mixed QCD-EW amplitude to the charged current Drell-Yan
has been computed [743]. The computation is done with massive leptons, thereby regularizing
the associated collinear singularities. The results can be used in terms of numerical grids. In
Ref. [744], the corrections of initial-initial type were computed, thus completing the full mixed
QCD-EW in the pole approximation. Various differential distributions are discussed along the
forward—backward asymmetry. Following on this, the full calculation, valid over the full range
for the neutral current has been studied again in Ref. [228]. In particular, a study of bare muons
is presented there.

In Ref. [745], resummation at NLL accuracy for both EW and mixed QCD-EW corrections
has been presented. These corrections are then combined to N3LL corrections to provide state-of-
the-art differential predictions for the neutral and charged process. In the same spirit, Ref. [740]
presented the ¢ resummation of NLL accuracy in QED, LL accuracy for mixed QCD-EW ef-
fects, and NNLL accuracy in QCD. In Ref. [7417], the RESBOS programm has been promoted to
NNLOgqcp +N°LL accuracy. Threshold logarithms for this process were considered at N°LL
, matched to the N3LOQCD results of Ref. [477], and found to be phenomenologically negligi-
ble [748]. Along the same line, a new independent calculation at NNLOqcp + N4LL’ accuracy
has presented [719]. Finally, Ref. [750] also presented results at N3LL’ accuracy and approximate
N4LL in resummed perturbation theory, matched to the available O(ag) fixed-order results. In
addition, parametric uncertainties associated to g, the collinear parton distribution functions,
and the non-perturbative transverse momentum-dependent (TMD) dynamics are discussed.

With the recent advance in theoretical predictions, several phenomenological studies have
been carried out. For example, in Ref. [751] the idea of probing the running of the weak-mixing
angle has been explored, with a focus on the High-Luminosity phase of the LHC. To that end,
a new version of the POWHEG implementation of EW corrections has been released where both
on-shell and MS renormalisation scheme can be used. New ideas on how to extract the W-boson
mass at hadron colliders have also been promoted [752], where also higher-order corrections
are discussed. Finally, the sensitivity of theoretical predictions to PDFs has been discussed in
Ref. [753] by focusing on the forward-backward asymmetry.

3.3.2 V/y+3j
LH21 status: Z + j [144,1416,253-255], W + 5 [146,250,255,256], and v+ j [143,258] completed
through NNLOqcp including leptonic decays; all processes of this class, and in particular their
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ratios, investigated in great detail in Ref. [317], combining NNLOqcp predictions with full NLO
EW and leading NNLOqgyy effects in the Sudakov approximation, including also approximations
for leading N®D LOqcperw effects, devoting particular attention to error estimates and corre-
lations between the processes. Subleading EW corrections known for Z + j [754]; NNLOqgcp
known for polarised W 4 j [370]; NNLOqcp known for Z + b [152] and W + ¢ [189];

NLOgep with parton-shower corrections for mass charm for W + ¢ known [755].

Processes featuring a vector boson produced in association with a flavoured jet have be-
come of increasing interest in the last few years. One of these is W +¢ production, which provides
sensitivity to the strange-quark content of the proton. To that end, NNLOgcp corrections re-
taining full CKM-matrix dependence have been computed, along with NLOgyw corrections [190].
In addition, the influence of flavored jet algorithms and the experimental definition of the pro-
cess has been investigated. This work has been followed by a comparison with CMS measure-
ment [756] which showed good agreement. In Ref. [154], the same calculation was performed,
providing in addition the breakdown of the partonic channels, which is particularly useful in
order to get a handle on the strange-quark parton-distribution functions. For the same process,
Ref. [757] provided theoretical predictions at NLOqcp accuracy matched to parton shower with
massive charm quarks. Particle-level results were presented while comparing several parton
showers. In addition, hadronisation and underlying-event effects were investigated.

In Ref. [153], NNLOqcp predictions have been presented for Z + ¢ production in the
fiducial region of the LHCb measurement. It is important to notice that the authors refrain from
comparing their predictions to the LHCb measurement [758] due to the difficulty of comparing
theoretical predictions and experimental measurements involving flavour jets on an equal footing,
as well as the large effects due to multiple-particle interactions observed in this set-up.

In Ref. [158], NLOgcp predictions have been provided for Z production in association
with light charged hadrons inside a jet or the production of a W along with a charm hadron.
Results are shown for several fragmentation functions and are compared to LHCb and ATLAS
measurements at 13TeV.

NNLOgqcp corrections matched to parton shower for the production of a Z boson in asso-
ciation with a bottom-quark pair are presented in Ref. [759]. Assuming a four-flavour scheme,
the authors find that the NNLOgcp corrections resolve previously-observed tensions between
lower-order predictions in four- and five-flavour schemes. These state-of-the-art predictions are
compared to a CMS measurement [760], showing good agreement.

In Ref. [761], a mass variable-flavor number scheme has been designed for Z+heavy quark.
The authors illustrated their work by looking at Z + b production at the LHC.

Advances have also been seen for the calculation of mixed QCD-EW corrections for Z+jet
production. In particular, in Ref. [762], the bosonic contribution to the two-loop mixed QCD-
electroweak scattering amplitudes has been obtained. The amplitudes have been evaluated on
a two-dimensional grid in the rapidity and transverse momentum of the Z boson.

Pushing theoretical accuracy even further, there has been impressive progress towards
NSLOQCD accuracy for V+jet production. For example, the planar three-loop QCD helicity
amplitudes for V+jet production have been obtained [763]. Along the same line, two-loop
helicity amplitudes including axial-vector couplings [764] to higher orders in € [765] have been
obtained.

Finally, N3LL resummation of one-jettiness for Z 4 j production has been presented in
Ref. [766]. The calculation has been matched to the corresponding fixed-order predictions, hence
making these predictions also applicable to phase-space regions with extra hard jets.
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2.9.3 V4 >2j

LH21 status: NLOgcp computations known for V' + 2j final states in QCD [767, 768] and
EW [769] production modes, for V' + 3j [770-775], for V + 45 [776,777] and for W + 55 [778];
NLOgw corrections known [779, 780], including merging and showering [781, 782]; Multi-jet
merged prediction up to 9 jets at LO [783].

The NNLOqcp calculation of the production of an isolated photon in association with a
jet pair has been presented [186]. The authors perform a comparison with ATLAS data [784]
and find that the agreement with their new calculation is better than the one with parton-
shower-matched and multi-jet-merged predictions generated for the ATLAS analysis using the
SHERPA Monte Carlo. It is worth noting that this was the first 2 — 3 calculation at NNLOgcp
accuracy not reverting to the leading-colour approximation. Nonetheless, the effect of full colour
in the two-loop virtual part has been found to be small with respect to the remaining theoretical
uncertainties.

3.3.4 V +bb

LH21 status: NNLOgqcp for Wbb known [785] while NLOqcp known for Zbb [786]; Wbb with
up to three jets computed at NLOqcp in Ref. [787]; matching to parton shower at NLOqcp
accuracy [788-791]; NLOqcp for Wbbj calculated with parton shower matching [792]; multi-jet

merged simulation, combining five- and four-flavour calculations for Z + bb production at the
LHC [793].

While the calculation presented in Ref. [785] used the flavour k; algorithm, Ref. [794] pre-
sented results using this time the flavour anti-k; algorithm [351]. To investigate the parametric
freedom in the flavour anti-k; algorithm, the authors performed a comparison to CMS data [795]
which shows good agreement.

While Refs. [796] assumed massless bottom quarks, a new computation, this time with
massive bottom quarks, has been presented in Ref. [797]. The authors argue that using massive
bottom quarks in their calculation avoids the ambiguities regarding flavour assignment that
arises in massless calculations.

3.8.5 vv’/

LH21 status: NNLOqgcp publicly available for all vector-boson pair production processes
with full leptonic decays, namely WW [200, 205], ZZ [201, 203, 208, 798], WZ [204, 2006],
Zry [199,202,259], W [202]; NLOgep corrections to the loop-induced gg channels computed for
Z7 [492,799] and WW [800,801] involving full off-shell leptonic dacays; interference effects with
off-shell Higgs contributions known [4187,488]; NLO EW corrections known for all vector-boson
pair production processes including full leptonic decays [337,802-809]; Polarised predictions at
NLOqep WZ [361], at NLOgep +NLOgw for ZZ [363] and WZ [364], and at NNLOgcp for
WW [369]; combination of NNLOgcp and NLOgyy corrections to all massive diboson processes
known [310];

NNLOgcp matched to a parton shower for WW [811,812], Zv [813], Wy [814], ZZ [815,816] pro-
duction; N°LL resummation for transverse momentum of WW matched with NNLOqep [817];
NLOgep matched to parton showers for the gluon—gluon loop-induced channel [493, 494];
NLOgep +NLOgyw matched to parton shower [339,340,5818].

In Ref. [498], the full NLOgcp corrections to the loop induced process gg — ZZ have
been obtained. The crucial two-loop virtual contribution was obtained by combining analytic
results for the massless, Higgs-mediated, and one-loop factorisable amplitudes with numerically
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computed amplitudes containing the top-quark mass. The authors have found that the NLO
corrections give a sizable impact at the third order in perturbative QCD (meaning the N3LOQCD
predictions). In Ref. [819], the top-quark loops of the double virtual contribution have been
obtained by an expansion in small transverse momentum. The results have then been combined
with a high-energy expansion in order to provide analytic results valid over the whole phase
space.

In Ref. [320], predictions at NNLOqcp accuracy matched to parton shower were presented
for WW production. An important point in this implementation is that, since the resummation
is performed for the hardest jet transverse momentum, the matching ensures that no large
logarithms appear when applying jet vetoes. The predictions are compared to experimental
measurements of both ATLAS and CMS [321,822] and are found to be in good agreement. In
Ref. [823], threshold resummation for ZZ production at NNLOqcp +NNLL have been presented.
The effect of resummation has been found to be at the level of few per cent. In Ref. [824],
NNLOgcp matched to parton shower have been combined consistently with NLOgyy corrections
for WZ production. This was the first time that such accuracy is achieved for a public event
generator.

Polarised predictions with higher-order corrections have been of particular interest for di-
boson production in the last few years. In particular, NLOgcp corrections have been obtained
for W Z production in final states with two charged leptons and jets [362]. Furthermore, NLOgywy
corrections have also been computed for WW [365,366] and WZ [367] production (in the latter
case, first results were already provided in Ref. [364]). In addition to strictly fixed order pre-
dictions, a first step toward matching higher orders with parton shower has been achieved. In
particular, in Ref. [371], NLOgcp corrections were matched to parton shower for all production
mechanisms. In addition, results on how to enhance doubly-longitudinal polarised states and
study the radiation amplitude zero effect in WZ production have been made public [825]. In
Ref. [820], a study of the bottom-quark contribution at NLO QCD+EW accuracy has been
presented. In Ref. [827], polarised predictions for ZZ pairs in gluon fusion and in vector-boson
fusion have been presented.

In Ref. [328], two-loop planar master integrals for the massive NNLOgcp corrections for
WW production have been obtained. In addition, in Ref. [829], analytical results for three-loop
ladder diagrams with two off-shell legs have been presented. These contributions constitute rele-
vant ingredients for the computation of N3LOQCD corrections to equal-mass diboson production.

3.83.6 VV' +3j

LH21 status: NLOgqcp corrections known for many years [830-837]; Full NLOgy corrections
available [339,340] along with matching with parton shower with approximate EW corrections.

3.3.7 VV'+ > 25

LH21 status: Full NLOgy; corrections (NLOgcp, NLOgw and mixed NLO) available for
WFIW¥j5 [838,839] and ZZjj [340,841); NLOgep +NLOgw known for WZjj [842] and
WTwW~jj [843]; NLOgep corrections known for the EW production for all leptonic signatures in
the vector-boson scattering approximation [844-850]; Same holds true for the QCD production
modes [851-858]; NLOgcp calculated for WW 4 3j [859];

All above computations matched to parton shower [360-868] (in the VBS approximation for EW
production); NLOgw to same-sign WW matched to parton/photon shower [869]. Comparative
study at NLOgcp and with parton-shower corrections for same-sign WW [870].

In Ref. [871], the final state wEw* JjJ has been computed at NLOgcp matched to parton
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shower. This allows a better description of observables using the third jet (in addition to the
two tagging jets), e.g. for jet veto in the central region in experimental analyses.

So far, most work in VBS has been focused on leptonic channels, but new results are becom-
ing available for semi-hadronic and fully hadronic signatures. For example, the implementation
of the NLOgcp corrections matched to parton shower for WZjj [868] in POWHEG has been
extended to allow to consider the semi-leptonic and fully hadronic channels [872]. Results are
shown for current and future possible hadron colliders up to 100 TeV. The spin-correlations and
off-shell effects are also studied. Along the same line, Ref. [373] presented results at LO for the
VBS production of ¢vjjjj using a double-pole approximation.

In Ref. [874], full NLOgcp +EW corrections have been presented for the WTW™jj, con-
firming the results of Ref. [838,839]. In addition, the NLOgcp corrections have been compared
to those in the double-pole and VBS approximations.

One of the key properties of the VBS is that it is particularly sensitive to the longitudinal
polarisations of heavy gauge bosons. In an effort to provide reliable predictions to experimental
collaborations for the extraction of polarisation fractions, NLOgcp +EW corrections have been
computed for the same-sign WW channel for definite polarisation [368]. The extraction of
polarisation fractions is expected to be one of the highlights of the run III.

3.3.8 vv'v”

LH21 status: NLOgqcp corrections known for many years [330, 875-881], also in case of
W~j [882]; NLOgyw corrections with full off-shell effects for WW W production with leptonic de-
cays [883,884]; NLOgyw corrections available for the on-shell processes involving three [835-887]
and two [888,889] massive vector bosons; Vv processes with full leptonic decays calculated at
NLOgep and NLOgyy accuracy [390,891].

While up to now, calculations including the decays of the heavy gauge bosons have focused
on the leptonic channels, several recent computations have considered also the hadronic case.
In Ref. [606], the case of WW(V — jj) has been considered. Beyond the fixed-order results
at full NLOgep +NLOgw accuracy (i.e. for the EW and QCD production), results for the
matching of QCD corrections to parton shower along with approximate EW corrections have
been presented. Along the same line, full NLOgcp +NLOgyw predictions have been presented
for the WZ(V — jj) channel [892]. Interestingly, the NLOgy corrections to the EW production
have been found to be at the level of 14% i.e. twice as large as typical EW corrections for the
triboson production.

In Ref. [893], NLO QCD corrections matched to parton shower have been presented for
the process pp — e+ue;f v,7- To that end, HERWIG is used as the Monte Carlo event generator,
while the amplitudes are tkane from VBFNLO. Parton-shower effects are studied in detail.
In particular, the parton-shower corrections can reach 10% in some distributions, potentially
beyond the naive scale variation.

Finally, two-loop QCD amplitudes to W~+ have been presented [894]. The results are
available in the form of analytical results for the leading colour while they are available only
numerically for the full colour case. In Ref. [129], N -contributions at the two-loop level in QCD
have been obtained for a number of processes featuring the production of two and three vector
bosons. These results are relevant for the computation of NNLOqcp for triboson production.

3.3.9 v

LH21 status: NNLOgqcp corrections known [142,207, 209,895, 896]; NLOgcp corrections in-
cluding top-quark mass effects to loop-induced gg channel known [397,898]; ¢p resummation
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computed at NNLL [895]; NLOgy corrections available [323,899];
NNLL +NNLOgcp accuracy achieved [900] as well as NNLOgcp +PS [901].

While NLOqcp corrections are known for the loop-induced gg channel, the EW ones
are still unknown. In that respect, the main bottleneck is the computation of the two-loop
virtual corrections. A key ingredient for this calculation is the availability of the relevant master
integrals. In Ref. [902], these integrals for the light-quark contributions were obtained.

In Ref. [903], the full top-mass dependence for both the gg and ¢q channels has been
assessed by explicit calculation, relying on the newly obtained two-loop form factors [904]. The
work shows that the effect of top-mass contributions for the full calculation is below 1%.

Finally, Ref. [905] presented a g resummation at N°LL’ + NNLO QCD accuracy. In addi-
tion to discussing the impact of newly implemented contributions, photon isolation prescriptions
are also studied in this work, and a comparison to ATLAS data at 8 TeV [906] is presented.

3.3.10 ~~v+ > 13

LH21 status: NNLOqep corrections known [185] (at leading colour for the two-loop part) as
well as NLOgcp to the loop-induced process [907]; NLOgep known for vy + 2j [908-911] and
vy + 35 [909]; photon isolation effects studied at NLOgcp [912]; NLOgep corrections for the
EW production of v + 25 [913]; NLOgyw corrections available for vvj(7) [323];

A new calculation of the production of prompt photons in association with two jets to
NLOgep matched to parton showers within POWHEG has been presented [914]. In this work,
a comparison with ATLAS data [784] is presented using two parton-shower programs (PYTHIA
and HERWIG). Both variants provide a good description of the data.

3.3.11 ~vv
LH21 status: NNLOqcp corrections in the leading-colour approximation known [184,915].

In Ref. [916], the two-loop QCD corrections to three-photon production beyond the
leading-colour approximation have been obtained. This work constitutes the last missing piece
of the full NNLOgcp calculation with full colour. The authors have estimated that the full-
colour effect in the two-loop virtual corrections will decrease the total cross section by a few
percent with respect to the case with leading-color approximation in the two-loop virtual.

3.4 Top-quark associated processes

An overview of the status of top quark associated processes is given in Table 5.

3.4.1 tt

LH21 status: Fully differential NNLOqcp computed for on-shell top-quark pair produc-
tion [177,178,221,917,918], also available as fastNLO tables [919]; polarised two-loop ampli-
tudes known [920] ; combination of NNLOgcp and NLOgy corrections performed [921];top
quark decays known at NNLOgcp [179,263]; Complete set of NNLOgcp corrections to top-
pair production and decay in the NWA for intermediate top quarks and W bosons [922,923],
including B-hadron production [191]; W W ™bb production with full off-shell effects calculated
at NLOqep [924-927] including leptonic W decays, and in the lepton plus jets channel [928];
full NLOgyw corrections for leptonic final state available [929]; calculations with massive bottom
quarks available at NLOqcp [930,931];

bbal at NLOqcp matched to a parton shower in the POWHEG framework retaining all off-
shell and non-resonant contributions [932]; NNLOgcp matched to parton shower for on-shell
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process known desired
NNLOgep + NLOgy (w/o decays)
pp — it NLOqcp + NLOgyy (off-shell) N’LOqcp
NNLOgqcp (w/ decays)
NLOqcp (off-shell effects)

pp — tt+j NNLOqcp + NLOgw (w decays)
NLOgw (w/o decays) @

pp — tt+ 25 NLOgcp (w/o decays) NLOgcp +NLOgw (w decays)

pp — tt+ V' NLOgep + NLOgyw (w decays) NNLOqcp +NLOgyw (w decays)

pp — tt_"' Y NLOQCD (off—shell)

pp =t +7Z  NLOgep + NLOgy (off-shell)

pp = tt+W  NLOqcp + NLOgyy (off-shell)

_ NNLOgep*(w decays)
pp — t/t NNLOgep + NLOgy (w decays)
NLOgw (w/o decays)

pp = tZj NLOgep + NLOgy (off shell) NNLOgep + NLOgyw (w/o decays)
__ NLOqcp (w decay) NLOgep + NLOgyy (off-shell)
pp — titt
NLOgw (w/o decays) NNLOgep

Table 5: Precision wish list: top quark final states. NNLOqcp * means a calculation using the
structure function approximation. V' = W, Z, 5.

tops [933, 934]; multi-jet merged predictions for up to 2 jets in SHERPA [935] and HERWIG
7.1 [936]; with NLOgyw corrections available [338]; resummation effects up to NNLL com-
puted [937-943]; NNLOgcp + NNLL for (boosted) top-quark pair production [944]. Analytic
results for leading-colour two-loop amplitudes for gg — ¢t known [945].

In Ref. [946], the analytic N3LOQCD corrections at leading colour, which includes light-
quark loop contribution, have been computed. It was found that at NNLOqcp, these contribu-
tions amount to 95% of the total corrections, giving confidence it is a reliable approximation.
The third-order QCD corrections are at the level of —0.667% with respect to the LO, and the
scale uncertainty is reduced by half compared to the NNLOqcp predictions. Along the same
line, in Ref. [947], the top-quark decay width has been computed at N3LOQCD. The authors
found that the value of the decay width is decreased by about 0.8%, exceeding the scale varia-
tion at NNLOgcp. In addition, it was found the the NSLOQCD corrections to the polarisation
fractions are much smaller. In Ref. [948], a new analysis of spin correlation and polarization
effect at the LHC has been conducted at NLOqcp including electroweak effects. Potential new
physics effects parametrized through an effective field theory are also investigated. The authors
of Ref. [949] have reported the first analytical calculation of the two-loop amplitude for the
production of a heavy quark pair via light-quark annihilation. Reference [950] has provided
compact analytical expressions for the production of a pair of top quarks in association with up
to two jets at tree level. These amplitudes can be used for NNLOgcp calculations to top-pair
production.
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The scale dependence of top-pair production has been investigated in several renormal-
isation schemes in Ref. [951]. This is particularly important for the experimental extraction
of the top quark mass, especially in the low top-pair invariant mass regime. Along the same
line of research, a study [952] of the top-quark pole mass extraction has been carried out at
NNLOqep accuracy, using total, single-, and double-differential cross sections. In Ref. [192],
non-perturbative fragmentation functions, for B-hadrons, J/¥ and muons resulting from semilep-
tonic B decays have been derived at NNLOgcp. These fragmentation functions are then used
to study the production of top-quark pairs with these final states.

In Ref. [953], the first event generator at NLOqcp accuracy matched to parton shower for
the off-shell production of a top-quark pair in the lepton—+jets channel has been presented. This
implementation also allows the separation between ¢tW and tt production mechanisms.

In Refs. [954,955], the differential transverse momentum and azimuthal decorrelation of
the top-quark pair have been computed with degrees of fixed-order accuracy combined with
resummation, including NNLL +NNLOgcp accuracy. Particular emphasis has been put on
the interplay between soft-collinear resummation and Coulomb singularities. In Ref. [956], the
computation of the soft-parton contributions at low transverse momentum of the top-quark pair
up to NNLOqgcp has been presented. This is the final ingredient for the implementation of the
qr subtraction formalism at NNLOgcp for top-quark production.

In Ref. [957], linear power corrections have been computed using renormalon techniques
for the top-quark pair production, in the quark-antiquark partonic channel. It is shown that for
the total cross section, linear power corrections vanish, provided a short-distance scheme is used
for the top-quark mass. In general, the effects computed are relatively small.

3.4.2 ttj
LH21 status: NLOqcp corrections calculated for on-shell top quarks [958-960], full off-shell

decays included at NLOgcp [961,962]; NLOgy corrections known [335] for on-shell top quarks;
matching to parton showers [963,964] for on-shell top quarks;

In order to compute NNLOgcp corrections, the last missing piece is the two-loop virtual
amplitude. Therefore, much effort is being focused in this direction. In Ref. [965], two-loop mas-
ter integrals for one of the planar topologies contributing to the process have been presented.
In particular, it is the two-loop five-point pentagon-box integral configuration with one internal
massive propagator. Following this work, the differential equations for the two remaining inte-
gral topologies contributing to the leading colour two-loop amplitudes were also computed [966].
Along the same line, one-loop QCD helicity amplitudes up to (9(62) in the dimensional regular-
isation parameter, which are relevant for the calculation of NNLOqcp corrections, have been
presented [967]. The amplitudes have been expressed in terms of a set of uniformly transcenden-
tal master integrals. Finally in Ref. [968], a numerical evaluation of the two-loop QCD helicity
amplitudes for gg — ttg at leading colour has been presented.

In Ref. [969], the one-loop soft anomalous dimension matrices have been presented. It is a
key ingredient for resumming logarithms associated to soft-gluon emissions in ¢t + j production.

3.4.3 tt+ > 2j:
LH21 status: NLOqcp corrections to ttjj known for many years [970,971]; ttjjj at NLOgcp
calculated [972].

In Ref. [973], resonant top quarks are considered in the NWA and NLOgcp corrections
have been computed for both the production and the decay part of the process, retaining all
spin information.

35



3.4.4 tt+bb

LH21 status: NLOgcp corrections to ttbb with massless bottom quarks known for off-shell top
quarks [974-976]; NLOgcp corrections for ttbb production in association with a light jet [977]
for on-shell top quarks;

NLOgep with massive bottom quarks and matching to a parton shower investigated [978,979]
for on-shell top quarks.

In Ref. [980], NLOgep predictions for tt + bb production with b-quark mass effects have
been matched to a tt+jets simulation in a variable flavor number scheme. In Ref. [981], NLOgcp
corrections have been matched to parton shower in the five-flavour scheme.

3.4.5 tttt

LH21 status: NLOgcp known [982]; NLOgyw known [983];
matching of NLOqcp corrections to parton shower known [984].

In Ref. [985], NLOgep corrections were presented for the four-lepton channel using the
NWA approximation while retaining top-quark spin correlations. NLOgcp corrections are con-
sidered for both the production and decays of the top quarks. The authors conclude that the
main theoretical uncertainties originate from missing higher-order corrections . The authors
emphasize the need to include corrections in the top quark decay, which impact results at the
10% level. The same authors did a similar study on the 3-lepton channel [936].

In Ref. [987], threshold resummation for ¢ttt have been performed NLL’ accuracy. The
calculation is matched to the NLOgcp and NLOgyy corrections. The NLL’ corrections are posi-
tive at the level of 15% for the total production rate and reduce the size of the scale variation by
a factor of 2, which brings the theoretical error well below the current experimental uncertainty.

3.4.6 ttV’
LH21 status:

NLOqcp for off-shell t2Z [988,989]; NLOqcp for off-shell ttW [990-992] as well as NLOgcp

+EW for QCD production and NLOgcp for QCD production [330]; NLOgep for off-shell
tty [993] and NLOgy for on-shell top quarks [994]; Full NLOgy; corrections for t¢tW and tttt
production [983], ttZ [665] as well as for tty, ttyy, and tyj [995];
NLOgcp corrections matched to parton shower for on-shell top quarks for AV [996]
and ttW [997]; Merged prediction for ¢tW [998]; NLOqcp corrections to ttyy production
matched to parton shower [999]; Resummed calculations up to NNLL to ¢¢W [1000, 1001] and
ttZ [1001,1002] production; Combination of these corrections with NLOgy [1003] for ttZ/W/H;;
NNLL +NLOqep corrections for ttW/Z/h [1004].

The tensions observed in ttW measurements for several years [1005,1006] have triggered
several theory studies. For example, in Ref. [225], the first NNLOgcp corrections for ttW
have been computed. The computation is exact apart from the finite part of the two-loop
virtual amplitude, which is estimated through a soft-W approximation and a massification
procedure. The NNLOqcp corrections increase the cross section by 15%, and significantly
reduce the perturbative uncertainty. Nevertheless, the authors have found that the tensions
with ATLAS and CMS measurements remain at the level of 1 — 2 sigma. Along the same line, it
has been speculated that these tensions could be alleviated by including also ttW j predictions in
the theory predictions. In Ref. [1007], NLOgcp corrections to this process have been calculated,
considering off-shell top quarks, and the W boson in the NWA.

Full NLOgy; predictions for t¢Z for off-shell top quarks have been computed [331]. The
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authors highlight that, although a calculation with on-shell top quarks captures the majority
of the effects across phase space (in particular the non-trivial hierarchy between the various
orders in perturbation theory), fully off-shell calculations are vital, especially when considering
stringent experimental cuts.

Full NLOgy; corrections have been calculated for tty where the top quarks have been
described in the NWA [1008] and with full off-shell effects [1009]. The residual perturbative
uncertainty is between 5% — 8%.

3.4.7 t/t

LH21 status: Fully differential NNLOgcp corrections for the dominant ¢-channel production
process completed in the structure function approximation, for stable top quarks [180] and
later including top-quark decays to NNLOqcp accuracy in the NWA [264,310, 1010]; NLOgy
corrections known [1011]; Non-factorisable contributions from the two-loop helicity amplitude
for t-channel [1012] and including all NNLOqcp corrections [1013]; NNLOgep corrections for
the s-channel and related decay, neglecting the colour correlation between the light and heavy
quark lines and applying the NWA [1014]; NLOqcp correction for stable tW production [1015-
1018], including decays [1019] and NLOgy corrections [1020]; NLOgcp corrections to t-channel
electroweak W + bj production available within MG5_aMC@NLO [1021,1022]; NLOgcp for
single top-quark production in association with two jets [1023];

NLOqcp corrections matched to parton shower for single-top production in the ¢, s, and tW
channels available [932, 1011, 1024-1027]; NLOqcp matched to parton shower for single top-
quark production in association with a jet in the MiNLO method [1028]; Soft-gluon resummation
at NLL for single-top production in the ¢-channel [1029] and the s-channel modes [1030)].

For single top production in the ¢ channel, linear power corrections to the ¢-channel pro-
duction [1031] and including decays in the NWA [1032] have been obtained using renormalon
calculus. Beyond the phenomenological relevance of their work, the authors have shown that
there are no linear power corrections to the total production cross section, provided that it is
expressed in terms of a short-distance top-quark mass. When the top quark decay is included,
linear corrections do impact the total cross section, as well as polarization observables and
generic kinematic distributions of leptons originating from top-quark decays.

In Ref. [1033], a systematic computation of master integrals for the two-loop virtual am-
plitude for the non-factorizable corrections to ¢-channel single-top production at NNLOqcp has
been presented. The results are expressed in the form of Goncharov polylogarithm functions.

Single top production can also be used to constrain PDF fits [1034]. In this study, the
authors have shown that t-channel single-top-quark production can provide stringent constraints
for b-quark PDF. They also conclude that the b-quark mass uncertainty is the dominant theory
uncertainty for this process.

The tW process is actually part of the off-shell ¢t process [932]; nonetheless the process is
sometimes singled out in experimental analyses. In order to compute NNLOqcp corrections, the
last missing piece is the two-loop contributions. Following Ref. [1035], further two-loop master
integrals have been obtained in Refs. [1036, 1037]. This work then lead to the two-loop QCD
amplitudes at leading colour with light fermion loop contributions [1038] and the full two-loop
QCD amplitudes [1039] for tW production.

3.4.8 tZj
LH21 status: NLOgep +NLOgyy corrections known for off-shell top quarks and Z bosons [1040].
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3.4.9 ttyy

This process was not listed in the 2023 Les Houches wishlist. With the increasing luminosity
of the LHC experiments, it is justified to add it to the list of processes. In particular, it is the
main background for the measurement of Higgs production in association with a top-antitop
pair where the Higgs boson decays into two photons. This is actually one of the most sensitive
channel for the measurement of the ttH process [684, 1041]. The NLOgcp corrections and
their matching to parton shower have been known for many years [999, 1042, 1043] The NLOgw
corrections are also known [995].

In a recent study [1044], NLOgcp corrections to both the tyy production process as well
as the top decay have been computed in the NWA, while retaining spin correlations. Photon
radiation is also considered from the top quark decay products. Results are presented for both the
di-lepton and lepton+jet channel. The authors found that the effects of photon bremsstrahlung
are significant when two photons are emitted simultaneously in the production and decay of the
tt pair.
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