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Abstract

In this article, we summarise the recent experimental measurements and theoretical
work on Higgs boson production via vector-boson fusion at the LHC. Along with this,
we provide state-of-the-art predictions at fixed order as well as with parton-shower cor-
rections within the Standard Model at 13.6 TeV. The results are presented in the form
of multi-differential distributions as well as in the Simplified Template Cross Section
bins. All materials and outputs of this study are available on public repositories. Finally,
following findings in the literature, recommendations are made to estimate theoretical
uncertainties related to parton-shower corrections.
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1 Introduction

The unprecedented statistical accuracy and reduced systematics expected during the high-
luminosity phase of the Large Hadron Collider (LHC) will make the study of the Higgs boson
and the electroweak (EW) sector of the Standard Model an endeavor in precision physics.
Higgs production via vector-boson fusion (VBF) is the mechanism with the second highest cross
section after the gluon-fusion process and deserves particular attention due to its importance
for the determination of the Higgs boson couplings. Its unique topology, characterised by
the associated production of two jets with large invariant mass and large rapidity separation,
makes it a relatively clean channel to study experimentally.

In order to study this mechanism in detail, it is crucial to have dedicated precise theoretical
predictions within the Standard Model. In particular, given that VBF is typically measured in
rather exclusive phase-space regions, inclusive predictions are not appropriate. To that end,
we compile in the present study state-of-the-art predictions for the LHC at a centre-of-mass
energy of 13.6TeV at fixed order in common set-ups at the differential level.! It includes
next-to-next-to-leading-order (NNLO) QCD corrections at the order (’)(af a®), next-to-leading-
order (NLO) EW corrections at the order O(a*), and irreducible contributions arising at orders
(’)(afaz), O(afaz), and (’)(a;‘a). As a by-product of our study, a comparison at leading-
order (LO) and NLO QCD accuracy between calculations performed within and without the
so-called VBF-approximation is also provided. In addition, several representative predictions
are compared for predictions at NLO matched to parton showers (PS). This allows us to make
recommendations for PS uncertainties for experimental analyses following existing findings in
the literature [3-5]. It is worth emphasising that all the results (at fixed order and with parton
showers) are obtained for multi-differential distributions as well as for Simplified Template
Cross Section (STXS) bins [6].

Finally, we provide a review of theoretical progress and an explicit table with key references
to be cited for specific types of calculations. In addition, recent experimental results by the
ATLAS and CMS collaborations are also reviewed.

In order to ensure transparency we have made all the results and auxiliary data files pub-
licly available at:

https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG1/VBFStudyYR5.

In particular, input cards, possible customisations for the computer codes, RIVET [7] routines,
and histograms are provided there. In addition, to allow experiments to perform benchmarks
of event generators we have also stored there a subset of events used in the study.

The article is organised as follows: In Sec. 2, relevant theoretical work as well as recent
experimental measurements are briefly reviewed. The computer programs used for the present
study are described in Sec. 3. Section 4 summarises numerical input parameters, phase space
definitions, as well as the observables considered in the subsequent numerical analyses. In
Sec. 5, fixed-order results are discussed. In Sec. 6, several parton-shower predictions are
compared and recommendations for the assessment of parton-shower uncertainties for VBF
processes are given. Section 7 contains a summary of the study as well as some concluding
remarks.

This work was carried out in the context of the LHC Higgs Working Group (LHCHWG)
and in particular the VBF subgroup of the working group 1 (Higgs cross-section and branching
ratios).?

IThis is in contrast to typical predictions provided by the LHC Higgs Working Group (LHCHWG) which typically
focus on inclusive predictions [1,2].

2At https:/ /twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG, a summary description of the various activi-
ties of the working group can be found.
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Figure 1: Examples of tree-level diagrams contributing to pp — Hjj: VBF (left) and
VH (right) topologies.

2 Review of the state of the art

In this section, we review the theoretical and experimental status of VBF concentrating on the
LHC. In particular, by providing Tables 2 and 3, we highlight the corresponding references.

2.1 Process definition

The EW production of an on-shell Higgs boson along with two jets that we are interested in
can be described as the reaction

pp — Hjj. D

At leading order (LO) in perturbation theory, the process is defined at order O(ag). Interest-
ingly, at this coupling order, the process contains both ¢t- (and u-) and s-channel contributions.
The former constitute the VBF production contributions. On the other hand, the latter is usu-
ally referred to as VH production or Higgsstrahlung. Here, V denotes either a W or Z boson
that decays into a quark-antiquark pair. Sample Feynman diagrams of the two production
mechanisms are displayed in Fig. 1.

An approximation, which is often used for VBF calculations, is to consider all t- and u-
channel diagrams and square the contributions of these two topologies separately but do not
take into account interferences between t- and u-channel diagrams. Also, s-channel contri-
butions, as well as all interferences with them, are neglected. These types of interference
contributions are typically small [8,9]. The approximation is usually referred to as the VBF
approximation, and this terminology will be used in the rest of the article. On the other hand,
what we refer to as full computations enclose all possible contributions to the electroweak Hjj
production process at a given order in perturbation theory, including interferences. We note
that the predictions associated with both types of calculations are close to each other in phase
space regions away from the s-channel resonances, e.g. when large invariant masses and rapid-
ity differences between the two tagging jets are required. These are the phase space regions
where VBF is measured experimentally.

2.2 Recent experimental measurements

Ten years after observing the Higgs boson, the current experimental accuracy reaches levels
of &~ 30% on the total and inclusive cross-section in individual final states [10,11]. Table 1
summarizes the latest sensitivity on the inclusive VBF signal of both ATLAS and CMS VBF
results using the Run-2 dataset at /s = 13 TeV.

This unprecedented precision achieved with the proton-proton collision data recorded at
the LHC Run 1 and Run 2 allowed for a more precise investigation of these production mech-
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Table 1: Summary of experimental sensitivity on inclusive VBF signal at the LHC
from ATLAS and CMS experiments.

o/osm
Channel CMS ATLAS
H->71 0.86 £0.13 (stat) = 0.05 (theo) £0.08 (exp) [12] 0.93+£0.12 (stat) £ 0.11 (syst) [13]
H— WW* 0.71+0.26 [14] 0.93+0.13 (stat) £ 0.16 (syst) [15]
H-vyy 1.04 £ 0.30 (stat) £ 0.06 (theo) &+ 0.10 (exp) [16] 1.20 £ 0.18 (stat) £ 0.19 (syst) [17]
H — bb 1.01£0.50[18] 0.99+£0.35[19]
H— 4 0.48 +0.41 (stat) £ 0.12 (syst) [20] 1.21 +0.44 (stat) + 0.06 (theo) # 0.10 (exp) [21]

Table 2: Summary of most recent and most precise probes of VBF production modes
at the LHC. The column on the left lists the references to Simplified Template Cross
Sections and couplings results, while the column on the right the fiducial and differ-
ential cross section measurements.

Channel ATLAS CMS
STXS/coupling | Fiducial & dif- | STXS/coupling | Fiducial & dif-
ferential ferential
Combination [10,22] [23] [11] [24]
H-yy [17] [25] [16,26] [24,26]
H— ZZ [21] [27] [20,28,29] [24]
H-Ww [15] [30] [14,31] [31]
H— bb [19] [18,32,33] [32]
H-o 17 [13] [13] [12] [24,34]
H— uu [35] [36]
VBF+y H— bb | [37]

anisms and VBF in particular. The STXS framework [6] provides a tool for combining the
sensitivity of different Higgs boson decay channels for probing the couplings to fundamental
particles at the production level. Both ATLAS and CMS have completed the experimental reach
at Run-2, reaching the 10% level of precision individually [10,11] on the combination from
all available decay channels of Stage-0 STXS cross-section.

The further splitting of the production phase-space into m;; and p? bins allows for setting
stringent limits on new phenomena in a plethora of models and frameworks, such as Effec-
tive Field Theories, Supersymmetry, and generic coupling modifier frameworks. Beyond the
channel-combined sensitivity, the LHC experiments have measured the VBF cross-section as a
function of kinematic observables in single-channel decays. Fiducial measurements provide
detector-independent cross-sections as a function of kinematic observables within a defined
fiducial phase space. Organized by Higgs decay channels and measurement types - STXS or
fiducial cross-section measurements, Table 2 summarises the references of the most recent
results at Run-2 from the ATLAS and CMS experiments.

Projecting the total and inclusive cross-section measurements up to the first ab™! of deliv-
ered luminosity at the LHC [38-40], their accuracy becomes limited by modeling uncertainties.
The main limiting factor for the inclusive and total cross-sections remains the missing higher
fixed-order calculations in both QCD and EW accuracies. However, the picture becomes more
complex when going differentially and in the fiducial detector volume. The need for more
segmented phase spaces stems from both a drive to measure the kinematic properties in the
whole available phase space and from an experimental drive, where reconstruction techniques
bring increased sensitivities in terms of background rejection when differentiating in terms of
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Figure 2: Graphical representation of higher-order contributions computed in the
present work. See text for description.

the kinetic properties of the final-state particles. The limiting factor from the modeling uncer-
tainties stems from parton-shower modeling (including also soft physics such a multi-parton
interaction and hadronisation) and matching schemes. This is becoming a sizable contribu-
tion already for the first hundreds of fb™! of delivered luminosity, as for example Ref. [15]
gives relative VBF modeling uncertainties of 12%, which is large compared to the total uncer-
tainty of 18% but also larger than what has been found in the present work or in Ref. [5].3
Thus, looking ahead at the first ab™! of proton-proton collisions at the LHC, it becomes evident
that a coherent effort is needed to define a clear path for understanding and reducing these
uncertainties.

2.3 Higher-order corrections

In this section, we discuss several processes and orders in perturbation theory that are con-
tributing to the production of a Higgs boson in association with two jets. These contributions
are summarised in Fig. 2. There, the blue contributions are the ones associated with the EW
production of Hjj. The red ones are those associated with the gluon-gluon fusion process which
is considered a background. The purple contribution cannot be unambiguously attributed to
either of the two classes of process mentioned above. The (dashed-)underlined contributions
are the ones that have been (partially) calculated for the present work.

2.3.1 QCD corrections

Factorisable QCD corrections for VBF At NLO, within the VBF approximation, QCD cor-
rections to the upper and lower quark lines factorise. This inspired the so-called “structure-
function approach” [41] which, by relying on the structure functions of deep-inelastic scat-
tering (DIS), made it possible to compute NLO inclusive predictions for this process. Later
on, the approach was extended to the fully differential case at NLO QCD [42,43] and imple-
mented in the parton-level Monte-Carlo generators VBFNLO [44-46] and MCFM, and to NNLO
QCD [47,48], where gluon exchange between the two quark lines is non-zero, but still color-
suppressed. Finally, NNNLO QCD corrections were also computed for the inclusive case [49].

3We note that the uncertainty estimate of Ref. [15] also includes hadronisation effects which is not the case for
the present work or Ref. [5].
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Figure 3: Examples of non-factorisable corrections (left) and loop-induced contribu-
tions (right).

Nowadays, two calculations are available for the differential computation of cross section at
NNLO QCD accuracy [50,51] in the VBF approximation.

Note that in Ref. [52], NNLO QCD corrections to both production of a Higgs boson via
VBF and its decay into a bottom-antibottom quark pair were considered for the first time. The
corrections to the full process with Higgs decay products are larger than in the inclusive case
with a stable Higgs due to the constrained phase space on the decay products. In Ref. [53], the
description of the decay part was improved from NNLO QCD to NNLO QCD+parton shower
accuracy. The inclusion of all-orders resummation provided by the parton shower in the decay
reduces the fiducial cross section by about 10%.

Non-factorisable QCD corrections for VBF At NNLO-QCD, the factorised picture discussed
above breaks down due to gluon exchange between the two quark lines, cf. Fig. 3 (left). The
one-loop diagram shown there enters already at NLO-QCD, but at this order it enters only
through the interference with the Born diagram, and since the exchanged EW bosons do not
carry colour this contribution vanishes due to colour conservation. At NNLO-QCD the squared
diagram and also the interference between the two-loop diagram and the Born diagram enter.
Formally, they are colour-suppressed since the exchanged gluons have to form a colour-singlet,
but at the precision at which other contributions to VBF are currently known, they cannot be
neglected.

The full computation of the non-factorisable corrections at NNLO-QCD is not within the
scope of current technology, but significant progress has been made in computing them in
the so-called eikonal approximation. In Ref. [54] the leading eikonal term was for the first
time computed, and the corrections to VBF within typical cuts were found to range between
a few per mille and a per cent. More differential studies were carried out in Ref. [55] where
the calculation was also extended to di-Higgs VBF production. Since then the original work
has been complemented with sub-leading eikonal effects and full real-emission matrix ele-
ments [56-58]. In this study we only consider the leading eikonal contributions.

QCD corrections to the full EW pp — Hjj production As previously discussed, in the VBF
approximation, one disregards s-channel contributions stemming from associated VH produc-
tion where the vector boson V decays hadronically, as well as interferences between t- and
u-channel contributions. This approximation is accurate in typical VBF fiducial regions while
it is not very accurate in inclusive phase space regions [48,59,60]. The full calculations at
NLO QCD accuracy are available for up to H+ 3j [60,61]. The limiting factor for computing
the complete VBF process at NNLO QCD is the availability of the two-loop virtual corrections.


https://scipost.org
https://scipost.org/SciPostPhysCommRep.13

SC|| SciPost Phys. Comm. Rep. 13 (2025)

2.3.2 EW corrections

The virtual EW corrections consist of all possible one-loop insertions of EW particles to the Born
process. On the other hand, for the real emission corrections, only photon radiation is taken
into account. Contributions due to the emission of massive weak bosons are not included,
as they are not needed to cancel infrared divergences in the virtual corrections, and can be
removed from experimental analyses via appropriate vetoes.

Electroweak corrections have initially been computed for the full EW pp — Hjj production
in Ref. [59], and for the VBF approximation in Ref. [62]. Typically, for current hadron colliders,
the corrections are at the level of a few per cent for fiducial cross sections. On the other hand,
for differential distributions, they can become large in parts of the phase space. Usually in the
high-energy limit, they become negatively large because of Sudakov logarithms while below
resonances, they are positive due to real photonic emissions.

To obtain fixed-order predictions at NLO EW accuracy, dedicated codes like HAWK [63] or
multi-purpose codes like MADGRAPH5_AMC@NLO [64] or SHERPA 3 [65] are publicly available.
Electroweak corrections to both the VBF-approximated and the full process can be obtained.

2.3.3 Irreducible contributions

The NLO QCD corrections to the hadronic EW process pp — Hjj are of the order O(aSaS)
while the NNLO QCD corrections are order O(afoﬁ). For the process at hand, loop-induced
amplitudes of order (’)(af ﬁ) also exist, as depicted on the right-hand side of Fig. 3. They
can be interfered with the EW production to provide (’)(afaz) contributions or squared to
raise O(a;‘a) contributions. These types of corrections are separately infrared finite and are
typically rather suppressed.

The corrections of order (’)(af az) have been computed first in Ref. [66] in the infinite top-
mass limit for the t and u channels. In Ref. [67,68], NLO QCD corrections to the interferences
i.e. contributions of order O(af az) have been computed and found to be negligible for exper-
imental measurements. The contributions presented here therefore constitute an update with
respect to Ref. [66] by providing full top-mass dependence as well as all channels (including
s-channel contributions).

The contributions of order (’)(aja) are formally part of the NNLO QCD corrections to
the production of a Higgs boson via gluon-gluon fusion. In Refs. [70, 71], state-of-the-art
corrections to the order (’)(aja) have been presented, unfortunately in phase-space regions
not typical for VBF measurements. In the present work, we provide the (’)(aja) contribution
for the quark-induced channels with full top-mass dependence which is a truly irreducible IR-
finite contribution. In addition, we also provide the complete set of contributions that include
external gluons. We refer to the latter as LO ggF as they correspond to the LO contribution to
the gluon-gluon fusion process when requiring two identified jets.

In Ref. [69], the gluon-gluon induced contribution for Higgs production via vector-boson
fusion in a loop-induced process and contributing at O(afaB) was computed. It is formally
part of the NNLO QCD correction to VBF with a gluon-gluon initial state instead of the quark-
quark one. Due to its smallness, this contribution has not been reproduced here.

Finally, for completeness the loop-induced contribution gy — ggH appearing at order a
has also been computed. Due to its dependence on the photon PDF and the relevant coupling
factors, it is strongly suppressed, justifying why it has never been reported publicly before.

2.3
ag

2.3.4 Parton showers

Parton showers are the key component of general purpose Monte Carlo (GPMC) event genera-
tors, such as HERWIG 7 [72,73], PYTHIA 8 [74,75], and SHERPA 3 [65,76-78], as they enable a
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full-fledged description of collider events by including the dominant logarithmically-enhanced
QCD corrections at all orders.

In order to improve the description of inclusive quantities, such as total cross sections, and
the modelling of hard QCD radiation, parton showers are routinely combined with fixed-order
calculations, via a careful matching procedure that prevents the double counting of contribu-
tions present both in the shower and in the fixed-order calculation. Higgs production via VBF
has been available at NLO+PS accuracy for more than a decade (see, e.g. Refs. [79,80]). Com-
parative studies assessing the uncertainty of such generators from parton shower and matching
variations can be found, e.g. in Refs. [3-5]. In general, considering these variations leads to
a 10 — 15% uncertainty for inclusive distributions. An important observation is the particular
sensitivity of this process to QCD colour-coherence effects, which highly suppress the presence
of radiation at central rapidities. The use of parton showers which violate this property can
lead to fictitiously large uncertainties [3,4,81], and must be avoided. Beyond NLO matching,
it is also possible to combine calculations with several jet multiplicities (e.g. 2 and 3) up to
NLO via multi-jet merging [4, 82].

Another direction of improvements involves the inclusion of s-channel contributions and
related interferences [60, 83] alongside the ones defining the VBF topology. Nowadays all
the NLO+PS event generators that support VBF production can also handle the full pp — Hjj
EW production mode [5]. The inclusion of NLO EW corrections is also a currently ongoing
endeavour. So far they have been implemented only in Ref. [83], albeit they are not (yet)
combined with NLO QCD corrections.

Recent years have seen also a renewed interest in the formal accuracy of parton-shower
algorithms. In particular, the first shower with general next-to-leading logarithmic (NLL) ac-
curacy for VBF (in the factorised approach) was presented in Ref. [84]. Accurately matching
NLL-accurate showers to NLO QCD calculations for complex processes such as VBF is still work
in progress, and for this reason we refrain from including higher-logarithmic parton-shower
algorithms in our study.

The general purpose event generators and the NLO event generators that we consider in
this study are listed in Secs. 3.2 and 3.3, respectively. In this study, we focus only on the
perturbative components of GPMC simulations, although PS simulations are embedded in a
framework to consistently incorporate soft-physics effects, such as hadronisation and multi-
parton interactions. A comprehensive study of these soft-physics effects in the context of the
HERWIG 7 event generator can be found e.g. in Ref. [85], while a first estimate in the context
of the PYTHIA 8 event generator was performed in Ref. [4].

3 Computer programs

In this section we describe the computer programs used in our study.

3.1 Fixed-order programs
3.1.1 HAwkK

Hawk [63] provides fully differential parton-level predictions for Higgs boson production
in Higgs-strahlung [95] and vector-boson fusion [59, 62] including the complete NLO QCD
and EW corrections. For the VBF channel, t-channel, u-channel, and s-channel contributions
and the corresponding interference contributions are all available. Photon-induced chan-
nels as part of the EW NLO corrections are also included. Interference contributions be-
tween VBF diagrams and gluon-fusion diagrams, as discussed in Section 2.3.2, are also avail-
able. Partonic channels with bottom quarks in the initial or final state are only supported
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Table 3: Summary of references for theory work in VBF at the LHC.

Code References
Fixed order
VBF approximation and higher multiplicity | [42,43,48,59-61]
NLO EW [59,62,86]
NNLO QCD (in VBF approx.) [50-53,87]
N3LO QCD (inclusive) [49]
Non-factorisable corrections [54-58,88]
Irreducible background [66,67,69]
Background process [70,71,89-93]
Boosted Higgs [5,94]
Parton showers and event generators
NLO matching in VBF [79,80,83]
Multi-jet merging in VBF [4,82]
NLO+PS uncertainties in VBF [3-5]
Soft-physics effects in VBF [4,85]
NLL showers in VBF [84]

at leading order. External fermion masses are neglected. Anomalous Higgs boson—vector-
boson couplings are supported starting from version 2.0. The code is publicly available from
https://hawk.hepforge.org.

In the present work, HAWK has been used to validate the full calculations performed by
MOCANLO+RECOLA at LO, NLO QCD, and NLO EW accuracy as well as the contribution of
order (’)(afaz). In addition, HAWK has been used to check the LO and NLO QCD prediction of
PROVBF in the VBF approximation. Beyond LO, the checks have been performed upon omitting
the bottom-quark contributions.

3.1.2 PROVBF

PROVBF [49, 50,96,97] is a tool which computes NNLO- and N2LO-QCD corrections to both
single and double Higgs production through VBF in the factorised approximation. At NNLO
it is fully differential in the kinematics of the jets. It uses the projection-to-Born method to
achieve this using parametrised NNLO structure functions [98,99] as implemented in Hop-
PET [100] and a fully differential VBF H +3jet NLO calculation from the POWHEG-B0ox [79,101,
102]. The leading eikonal non-factorisable corrections, first computed in Ref. [54], are also
available [55]. The code is publicly available from https://github.com/alexanderkarlberg/
proVBFH.

In the present work, PROVBF has been used to provide the NNLO QCD and the leading
eikonal non-factorisable corrections in the VBF approximation.

3.1.3 MOCANLO+RECOLA

The combination MOCANLO+RECOLA relies on the flexible Monte Carlo program MoCANLO
and the matrix-element generator RECOLA [103,104]. With this at hand, any processes in the
Standard Model can be computed at full NLO accuracy i.e. with QCD, EW, or mixed QCD-EW
corrections.
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For the one-loop corrections, RECOLA relies on the COLLIER library [105,106] to numeri-
cally evaluate the one-loop scalar and tensor integrals. On the other hand, infrared divergences
are handled with the Catani-Seymour dipole formalism for all singularities of QCD and QED
type [107,108]. Additionally, there is the option to use the FKS subtraction scheme [109] for
final-state QCD corrections [110]. The program has been successfully used to compute NLO
QCD and NLO EW corrections to double-Higgs production via VBF [111] as well as several
VBS processes [112-117].

In the present work, full predictions, i.e. including all topologies and their interferences
at LO, NLO QCD, and NLO EW accuracy have been obtained from MOCANLO+RECOLA. In
addition, the irreducible contributions of orders O(aszaz), O(afaz), and O(aja) have also
been obtained from MOCANLO+RECOLA.

3.2 General purpose event generators
3.2.1 HERWIG 7

HERWIG 7 [72,73,118] is a general-purpose event generator, known for its unique angular-
ordered parton shower [119], which generalises the algorithm implemented in its predeces-
sor HERWIG [120], and for its hadronisation cluster model [121]. HERWIG 7 also includes a
transverse-momentum ordered dipole shower [122].

HERWIG 7 is the event generator that allows for the largest variety of matching methods.
First of all, it supports the matching with events generated with external NLO generators via the
standard Les Houches interface [123]. Secondly, it implements a dedicated Matchbox [124]
module, which enables to combine NLO QCD calculations with both the angular-ordered and
dipole showers using the POWHEG [125] or MC@NLO [126] method.* In the case of the
dipole shower, Matchbox also offers the possibility to perform NLO multi-jet merging via the
unitarised merging scheme [128]. A dedicated study of multi-jet merging for VBF and the full
EW Hjj process can be found in Ref. [82].

In the context of this study, we will consider the following NLO+PS predictions:

* angular-orderd parton showering on top of NLO events generated with POWHEG-BOX
(see Sec. 3.3.2) or MADGRAPH5 AMC@NLO (see Sec. 3.3.1).

* internal NLO matching in the MC@NLO scheme with both the angular-ordered and the
dipole parton shower.

For the latter, we use HERW1G7.3.0, and dedicated matrix element providers. In particular, for
this study we employ VBFNLO and HJETS++ for the simulation of VBF and the full EW Hjj
production.

* VBFNLO [44-46,129] is a flexible parton-level Monte-Carlo program for processes with
EW bosons. Besides the Standard Model, also a variety of new-physics models including
anomalous couplings of the Higgs and gauge bosons are accounted for. For the VBE-H
process, it can compute NLO QCD and EW corrections. The WH production process and
several irreducible backgrounds to VBF are also available.

* HJETS++ [60] is a dedicated code for the calculation of the EW production of a Higgs
boson accompanied by up to 3 jets at NLO QCD, including both VBF and Higgs-Strahlung
contributions, as well as their interference.

“For processes such as Drell-Yan, also the KRKNLO method is available [127].
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3.2.2 PyYTHIA 8

The PYTHIA 8 package [74,75] is a multi-purpose particle-level event generator, with a his-
torically strong focus on the modelling of soft physics. A core component of PYTHIA 8 is its
hallmark string fragmentation model [130,131], which models the non-perturbative transition
from coloured partons to colourless hadrons. The default PyTHIA 8 shower, which we refer to
as the “simple shower”, is a pp-ordered parton shower based on DGLAP kernels [132]. Rooted
in the pr-ordered DGLAP evolution, this default option does not, however, correctly account
for soft coherence effects, which are particularly important in processes such as VBF [3,4,81].
Its use in such processes is therefore discouraged. A dipole-recoil option is, however, available
for the simple shower. This replaces the independent evolution of the initial- and final-state
legs in initial-final colour dipoles with a coherent, antenna-like evolution [133]. In its present
8.3 series, PYTHIA 8 offers the VINCIA [134] and DIRE [135] parton-shower algorithms as al-
ternatives to its default shower implementation. In either case, multi-parton interactions are
simulated in a fully-interleaved sequence with the shower [132].

A wide range of multi-jet merging schemes is available with PyTHIA 8. Internally, merging
is performed in the CKKW-L scheme [ 136] at leading order and in the UNLOPS scheme [137] at
next-to-leading order. While NLO matching schemes are not implemented internally, PYTHIA 8
can be interfaced to either MADGRAPH5 AMC@NLO in the MC@NLO [126] scheme or POWHEG-
Box in the POWHEG [125] scheme. In the case of the former, the matching is tied to the sim-
ple shower with a (non-default) global recoil scheme for final-state branchings to match the
MC@NLO counter terms implemented in MADGRAPH5 AMC@NLO. In the case of the latter, ded-
icated PowhegHooks are available for all three shower models, to account for the mismatch
between the shower ordering variable and the POWHEG evolution scale [138]. A practically
important setting of the PowhegHooks is the POWHEG : pThard mode, which controls the se-
lection of the “hard” scale of the POWHEG event above which further radiation is vetoed. While
in principle equivalent up to the formal accuracy of the matching scheme, large parametrical
uncertainties of different choices have been observed for processes which contain jets at the
Born level [4,139,140]. The default choice is POWHEG: pThard = 0, which corresponds to
using the scale provided in the event file (scalup), as the hard scale for the shower evolution.
Each time an emission is produced, its transverse momentum p according to the POWHEG
definition is computed and the emission is vetoed if the shower p is larger than scalup. An-
other suitable choice is to recalculate the POWHEG scale as the minimal POWHEG p across the
event [4,139,141], corresponding to the setting POWHEG : pThard = 2.

In the context of this study, the simple shower with dipole recoil and the VINCIA antenna
shower are applied. NLO matching is performed in the POWHEG scheme, using event input
from POWHEG-BOX. The influence of the evolution-variable mismatch between POWHEG-BOX
and the parton showers is mitigated by the use of vetoed showers via PowhegHooks.

3.2.3 SHERPA 3

SHERPA 3 [65,76-78]° is a general-purpose particle-level event generator. Its development
began during the late days of the LEP experiments and primarily targeted the LHC. SHERPA 3
includes the two automated matrix-element generators AMEGIC [ 142] and CoMix [143], which
are used in combination [123,144] with various one-loop providers to compute the fixed-order
input for NLO matching and multi-jet merging. Matching is performed using the S-MC@NLO
method [145] and merging is achieved at leading order in the CKKW-L method [146], and
at next-to-leading order in the MEPS@NLO method [147]. In this study, we consider both
the VBF-induced and the full EW Hjj production mode. For this study, SHERPA 3 implements

5The predictions here are based on the Sherpa 3.0 release, including bugfixes that will be made available with
version 3.0.2, and have been validated to give identical results to the patched SHERPA version used in [5].
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the one-loop virtual corrections to VBF in the structure function approximation [5], i.e. in-
cluding vertex corrections for the color connected quark dipoles only, and interfaces to OPEN-
Loops [148,149] for the one-loop virtual corrections to the full EW pp — Hjj process. For the
predictions shown in this study we employ both SHERPA 3’s default parton shower [150], some-
times referred to as the CS shower, and the DIRE parton shower [135]. Infrared subtraction at
fixed order QCD is carried out using the Catani-Seymour dipole factorization method [107],
in the case of DIRE adapted to the splitting kernels in this parton shower. The subtraction is
implemented in both AMEGIC [151] and Comix.

3.3 NLO event generators
3.3.1 MADGRAPH5_AMC@NLO

The metacode MADGRAPH5_AMC@NLO [64, 152] makes it possible to simulate arbitrary pro-
cesses including NLO QCD and EW corrections, and to perform the matching to PS with
the MC@NLO method [126] in the former case. The computation of NLO corrections re-
lies on the FKS subtraction scheme [109, 153-155] for what concerns the local subtraction of
IR divergences, and on MADLOOP [156], which in turns employs several one-loop reduction
techniques [148,157-161] implemented in third-party tools (CUTTOOLS [162], IREGI [163],
NINJA [164, 165], COLLIER [105, 106]), which are either shipped with the main code, or
can be installed at the user’s request. The simulation of VBF-H production within MAD-
GRAPH5 AMC@NLO has been documented in Refs. [3, 80]. As explained in the latter work,
the simulation of Higgs production via VBF at NLO-QCD accuracy can be performed issuing
the commands:

import model loop_qcd_qged_sm_Gmu
generate p p > h j j $$ w+ w- z [QCD]
output

The syntax $$ w+ w- z vetoes those diagrams with W or Z bosons in the s-channel. Further-
more, the default behaviour of MADGRAPH5 AMC@NLO includes only those loops made entirely
up of QCD-interacting particles,® whereas tree-level interferences are always considered. In
this study we also consider the full EW Hjj production mode, that can be simulated omitting
$$ wt+ w- z.

Finally, let us discuss the matching to PS. In principle both PYTHIA 8 [75,166] and HER-
WIG 7 [72, 73, 118] parton showers can be employed. However, as already discussed in
Sec. 3.2.2, it has been shown that the global-recoil scheme employed in PYTHIA 8 for which
the MC@NLO counterterm have been derived is unfit for VBF while other schemes, such as the
dipole recoil scheme [133], should be employed. In the lack of MC@NLO counterterms com-
patible with such a scheme, we only employ the HERWIG7 (specifically, version 7.2.1 [118])
angular-ordered shower [119] for matched predictions.

3.3.2 POWHEG-BOX

The POWHEG-BOx [101] is a general framework for the matching of NLO calculations with
parton-shower (PS) programs according to the POWHEG prescription [125, 167]. Dedicated
implementations have been provided for the VBF-induced Hjj process at NLO-QCD matched
to PS in Ref. [79], and for the Hjjj process in Ref. [102]. In Ref. [83] the full EW Hjj produc-
tion process, including both VBF and Higgsstrahlung topologies, has been accounted for with
amplitudes provided by RECOLA 2 [168] in the framework of the POWHEG-BOX-RES [169], a

SIf the EW-capable v3 [64] is employed, such a limitation can be lifted. However, because of the tininess of
these contributions, we opt for not including them.
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version of the POWHEG-BOX specifically designed to handle processes with a complicated reso-
nance structure or competing topologies. This latter implementation of the full EW Hjj process
allows for a matching of NLO-QCD and NLO-EW corrections to a PS generator. In this study
we consider the NLO+PS generator for the VBF-induced contribution [79], as well as the one
for the full EW Hjj production [83]. Events are showered with the HERWIG 7 angular-ordered
parton shower (v 7.2.3 [118]) and with PYTHIA 8 (v 8.315) [75].

3.4 Other tools not used in this study

For completeness, we here provide a short description of computer programs which are rele-
vant for VBF studies but which have not been used for the present study.

* HEJ is a Monte Carlo event generator for hadronic scattering processes at high ener-
gies [92,170-174]. It provides all-order summation of the perturbative terms domi-
nating the production of well-separated multiple jets at hadron colliders. These pro-
cesses involve pure multijet production, gluon-fusion production of a Higgs boson with
jets, the production of a W boson with jets, two same-sign W bosons with jets or jets
with a charged lepton-antilepton pair, via a virtual Z boson and/or photon. Several
studies have been particularly focusing on Higgs production in association with two
jets as defined in Sec. 2.3.3 [71,91-93,170,171]. The code is publicly available from
https://hej.hepforge.org.

* WHIZARD is an event generator, able to compute NLO EW corrections as well as NLO
QCD corrections matched to parton shower for arbitrary processes [175,176]. The code
is publicly available from https://whizard.hepforge.org.

4 Computational set-up

4.1 Input parameters

The present input parameters are the ones recommended by the Higgs cross section work-
ing group for run-III predictions.” The results obtained in the present work are for the LHC
running at a centre-of-mass energy of 4/s = 13.6 TeV. We use the PDF4LHC21 _40 parton dis-
tribution function (PDF) set [177,178] for quarks and gluons via the LHAPDF interface [179].
This PDF set employs as(Mzz) = 0.118 for the strong coupling constant. For photon-induced
contributions, the set LUXqed17_plus_PDF4LHC15_nnlo_100, which relies on the method
of Ref. [180] for the extraction of the photon distribution, is used.
The following masses and widths are used:

2m,=172.5GeV, mp = 0GeV,
M, =91.1876GeV, T, = 2.4952GeV, -
My, = 80.379 GeV, Ty = 2.085GeV,
My = 125.0GeV, T; = 0GeV.
The EW coupling is fixed in the G,, scheme [181,182] upon using
2 M;
a= £GMM$V(1 — M—VZV) , and G, =1.16638x107°GeV 2. (3)
s
z

"These can be found at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG136TeVxsec.

14


https://scipost.org
https://scipost.org/SciPostPhysCommRep.13
https://hej.hepforge.org
https://whizard.hepforge.org
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG136TeVxsec

SC|| SciPost Phys. Comm. Rep. 13 (2025)

The numerical value thus obtained reads a = 0.75652103079904 x 10~2. The same convention
(with different input values) has been used in several comparatives studies, e.g. Refs. [81,183].

Finally, following Ref. [50], for the renormalisation and factorisation scales, up and g,
the default central values p used in our calculation are obtained from

2 My | M oo 4)

where my and pry are the mass and the transverse momentum of the Higgs boson, respec-

tively. In the following, scale uncertainties are estimated by a seven-point variation of uy and

pg.®

4.2 Phase-space definitions

For this study, three different phase space volumes were investigated: the STXS one [6],° and
two fiducial ones. It is worth pointing out that the fiducial volumes have been designed in
collaboration with experimentalists of both the ATLAS and CMS collaborations. These fiducial
regions could be used for the combination of ATLAS and CMS results as well as for future
comparisons of theoretical predictions with experimental measurements.

STXS set-up This setup follows the definition provided in Ref. [6]: Two jets reconstructed
with the anti-ky algorithm [185] with R = 0.4 are required with transverse momenta

pr;>30GeV, (6)
and no rapidity constraints. In addition, the Higgs boson should be central,

Inyl < 2.5. )

Fiducial setup (a) The fiducial definitions are less inclusive. For the first one, again two
anti-k7 jets with R = 0.4 are required, this time with

prj>30GeV, and |n;<4.7. (8)
In addition, the two hardest jets in the rapidity range |n;| < 4.7 should fulfill
m;; > 300GeV, and |ijj| > 2. 9

There are no event selection requirements applied to the Higgs boson, in contrast to the STXS
set-up.

8Notice that this choice of y, differs from the one adopted in Ref. [5], i.e. u, = H2/4, with

HT:\/mIZLI+p%,H+ Z Pri- (5)

i€partons

We have, however, verified for both NLO QCD and NLO QCD+PS predictions that the two choices for the cen-
tral renormalisation, factorisation, and shower starting scale are compatible within the usual seven-point scale
variations. We discuss the variation of these scales in the context of NLO+PS in Sec. 6.

°It is worth mentioning that the 1.2 stage of the STXS is identical to the 1.1 stage [184].
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Fiducial setup (b) The definition of the second fiducial volume is similar to the first one,
apart from the requirement on the jets’ minimum transverse momenta, which is changed from
Eq. (8) to

prj>20GeV, and |[n;<4.7. (10)

The cuts of Eq. (9) on the two hardest jets are retained.

The fiducial (a) and fiducial (b) setups are rather similar, but are nonetheless considered
here as the ATLAS and CMS collaborations sometimes use different transverse-momentum
requirements in their measurements.

In the following, the two hardest jets fulfilling the requirements of Eq. (6) for the STXS
setup, of Eq. (8) for the fiducial (a) phase space, and of Eq. (10) for the fiducial (b) phase
space, will sometimes be referred to as the tagging jets. When not stated explicitly, the two jets
appearing in differential distribution are always the tagging jets.

4.3 Observables

In this work and in the repository associated to it, several characteristic LHC observables are
considered. Typical one-dimensional distributions are provided, and in addition specific multi-
dimensional bins are presented.

STXS set-up In the STXS set-up, the usual multi-dimensional bins (provided in Ref. [6]) in
the invariant mass of the two hardest jets, the transverse momentum of the Higgs boson, and
the transverse momentum of the combined Higgs boson with two jets are given. All these bins
are further divided into A¢;; bins for [0; /2] and [7r/2; 7] making the distribution effectively
four-dimensional. Here, the variable A¢j; is defined as the absolute value of the azimuthal
angle between the two tagged jets. In the SV, the distribution is symmetric about A¢;; = 0. In
Sec. 5.1, this distribution will only be shown while integrating over the transverse momentum
of the combined Higgs boson with the two jets in order to ease readability.

Fiducial setups (a) and (b) For these fiducial set-ups, several two-dimensional distributions
are provided: my; X pry, M X A¢yj, mj; x Ay, and pryy x Ayj;. The ranges and the exact binning
are provided in the repository. The ranges are chosen so that these bins can be individually
measured at the end of the high-luminosity LHC in typical experimental analyses. These are
discussed in Sec. 5.2.

5 Fixed-order predictions

In this section, fixed-order results are discussed for the fiducial volumes introduced above and
the STXS setup which is particularly inclusive. Various aspects are discussed, ranging from the
VBF approximation, QCD and EW corrections to irreducible contributions.

At fixed order, we define the best prediction as

_ - Full VBF NF VBF Full Full
Obest = INLO QcD * (1 + Oxnio ocp T Onnto QCD) X (1 + ONLOEW, no y) AL, (11
where Uglil(l) oCD designates the NLO QCD cross section in the full calculation i.e. also including

the VH contributions and its interference with VBE The various relative corrections are defined
as

> (12)
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where the A;{ are the corrections of type k expressed in units of the cross section. The index i
indicates whether a specific correction refers to the full calculation, the VBF-approximated one
or the non-factorisable corrections in the VBF approximation. Note that the photon-induced
corrections are not included in the relative EW corrections but singled out and denoted by
AP 1t is worth pointing out that this combination of the various corrections is a simple
extension of what has been used in the past for inclusive predictions within the HXSWG [1,2].

This definition of the best prediction in Eq. (11) is trivially extended from the cross section
to differential distributions as well. Note that in parts of the phase space where the VBF
approximation is not reliable, only NLO QCD accuracy is achieved with this approach. For
example, for the STXS binning, for bins with m;; < 350GeV, the NNLO QCD corrections in the
VBF approximation are set to zero in Eq. (11) reflecting the fact that NNLO QCD corrections
are not known in this part of the phase space. An improvement of this approximation would
require including NNLO QCD contributions for VH production where the W and Z bosons decay
into jets.

As mentioned above, for the results presented in the following, the LO, NLO QCD, NNLO
QCD and non-factorisable corrections in the VBF approximation have been obtained from
PROVBF. All the other full contributions/corrections, MOCANLO+RECOLA has been used to
provide the results. For all LO and NLO corrections, HAWK has been used to successfully vali-
date the results of both PROVBF and MOCANLO+RECOLA.

5.1 STXS setup

First, we consider the invariant-mass distribution of the tagging jets within the STXS setup of
Egs. (6)-(7). InFig. 4, the uppermost panel shows the LO result within the VBF approximation
as well as the best prediction obtained using the prescription of Eq. (11). The second panel
illustrates the ratio of the predictions at LO and NNLO within the VBF approximation, and the
NF QCD corrections to the VBF NLO QCD result. The third panel of Fig. 4 displays the EW
corrections as well as the photon-induced contributions for the full calculation. The fourth
panel shows the size of the non-VBF contributions at both LO and NLO QCD. Finally, the two
lowest panels show the size of three types of contributions: loop-induced interference, loop-
induced squared, and gluon-gluon fusion as described in Sec. 2.3.3. Note that in all cases, the
bands represent the 7-point scale variations.

As expected, the NNLO QCD corrections are rather mild, at the level of 5%, while the
NLO QCD ones are larger, amounting to about 20% over a large range. The non-factorisable
corrections are essentially negligible and their curve is almost indistinguishable in the ratio
plot. Turning to the EW corrections, we note that, as typical for a high-energy collider such
as the LHC, they grow large at high scales under the influence of Sudakov logarithms. In
particular, they become as large as —5% in the invariant-mass range of about 1TeV. These
corrections also include the photon-induced contribution which has been singled out and found
to be at the level of 1%. Interestingly, this contribution is rather constant over the entire
considered phase-space region.

We now turn to a discussion of the VBF approximation. It can be seen that at low invariant
masses, the VBF approximation is very close to the full computation at LO. On the other hand,
at NLO QCD, the two computations can differ by up to 10% at m;; = 350 GeV while converging
to within a per cent above invariant masses of 700 GeV. Such a behaviour is due to real
QCD radiation contributions for processes with hadronically decaying heavy gauge boson, in
the present case pp — H(V — jj). While configurations with an invariant mass of the jets
around the mass of the W or Z boson are forbidden at LO due to event selection, real radiation
contributions can lift these requirements, hence making VH contributions significant. Such a
pattern has been first observed for vector-boson fusion in [81,115] and for top-quark processes
in [110,186].
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Figure 4: Differential distribution in the invariant mass of the two tagging jets for
pp — Hjj at 13.6 TeV within the STXS setup Egs. (6)—-(7). See main text for more
details. The bands represent the 7-point scale variations.

Finally, the interference of the EW production with the loop-induced production is es-
sentially negligible as it is below 1% over the full range. On the other hand, the squared
loop-induced contribution is reaching about 5% at m;; = 350GeV to stabilise slightly above
4% above invariant masses of 600 GeV. We recall that these contributions are for the quark-
induced channels and constitute an irreducible contribution to the EW production pp — Hjj
that will be measured experimentally if not subtracted.

In Figs. 5 and 6, the STXS observables of Ref. [6] are presented with panels for the individ-
ual types of corrections as in Fig. 4. In Fig. 5, the two-dimensional distribution in the invariant
mass of the two tagging jets and their azimuthal angle difference are shown. In particular, in
Fig. 5, the bins for the invariant mass of the two hardest jets below 350 GeV are displayed.
This part of the phase-space is mostly dominated by VH production, justifying why no VBF
predictions are provided. It is interesting to observe that QCD corrections for the bins with
an invariant mass below the masses of the W/Z bosons (i.e. [0,60] GeV), the QCD corrections
are gigantic, being 10 to 20 times larger than the LO predictions. At LO, such phase-space re-
gions cannot feature a resonant weak boson and therefore exhibit very low cross sections. At
NLO, thanks to real radiation contributions new phase space regions are opening up, allowing
the weak bosons to be resonant. The EW corrections do not show distinctive features while
the photon-induced contribution remains constant in all bins. In this phase-space region, the
loop-induced contributions are very much suppressed. This is not the case for the gluon-gluon
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Figure 5: Multi-dimensional STXS bins for pp — Hjj at 13.6TeV. See main text for
more details.

fusion contribution which there is larger than the EW production by almost two orders of
magnitude. This is simply due to the gluon luminosity at low energy at the LHC. It is worth
pointing out that the STXS bins are also divided according to the transverse momentum of the
Higgs boson and two jets. We have not shown this splitting here for aesthetic reasons (the
bin [25, 400 is zero at Born level) but these bins are provided in the repository. In addition
to the original STXS prescription (stage 1.1), we have added two bins in A¢; ([0, /2] and
[1t/2,7]).

In Fig. 6, the three-dimensional distribution in the invariant mass of the two tagging jets,
their azimuthal angle difference, and the transverse momentum of the Higgs boson are shown.
In particular, the STXS bins with m;; > 350 GeV are shown. The QCD corrections are moderate
for all bins. The photon-induced contributions stay at the per-cent level over the full range,
while full EW corrections become larger negative (about —15%) with increasing invariant
mass. It is worth noting that the VBF approximation reproduces the full EW production cross
sections well for these bins of high-invariant jet mass at both LO and NLO QCD, apart from
the bin with m;; € [350,700], pry > 200GeV, and A¢; € [7/2,t]. There, the full EW
contribution differs by 50% from the VBF-approximated one as in this bin a large VH contri-
bution occurs when real radiation is present. The loop-induced contributions are also small
in all considered regions. Finally, the gluon-gluon-fusion contribution is rather large in all
bins, and it culminates in the bins with high transverse momentum of the Higgs boson and
A¢j € [m/2, ]. Again the splitting of STXS bins according to pr y;; is not shown here, but is
available in the public repository of our results.

19


https://scipost.org
https://scipost.org/SciPostPhysCommRep.13

(72
“iii‘\

4’0 __ o

aM;dprdDe;

ratio to
VBF NLO QCD

Full
NLO EW/LO

Loop-induced/LO Full/VBF

ggF/LO

10—1 L

1072t

1.60

1.40

1.20

1.00

0.80

1.10

1.00

0.90

0.80

1.75

1.50

1.25
1.00
0.75

0.40

0.20

0.00

-0.20

100,

107t

SciPost Phys. Comm. Rep. 13 (2025)

pp — H +2j VS =13.6TeV
T
e
\ I — 1
— LO Best prediction
r N 1
! ——
L
1 1 i i
0
—— NLOQCD —— NNLO QCD
— LO NF QCD
- —_—
0
Photon only = —— NLO EW with photon
Il Il Il Il
—— NLOQCD — LO
T
—— Loop-induced interference —— Loop-induced squared
LO ggF
i i i I i i i i i i i i i i i i
S S S & S S S & S S S & S S S &
£ § § §1fF & & |1 F & 5 s1F & 5 s
o> ~N ~ u? S ~ ~ ‘,? > ~N ~ Q? IS ~ ~ ,,?
y S &S T o5 S S T |y S S T o5 S S ITM
< & S < & S < & S < S S
N < < <
Ag; €10, 11/2] A¢y; € [n/2,n] Ag; €10, /2] A¢y; € [n/2,m]
pH €10,200) pH €[200,)

Figure 6: Multi-dimensional STXS bins for pp — Hjj at 13.6 TeV. See main text for
more details.

5.2 Fiducial regions

In this section, fiducial cross sections as well as two-dimensional distributions are discussed.
For the plots, the various panels show the same types of contributions as in the previous section.

Given that fiducial (a) and fiducial (b) phase spaces are very similar, we here only discuss

results for the former.

Cross sections First, in Table 4 we discuss the fiducial cross sections for fiducial (a). In the
upper part of the table, the numbers for the VBF approximation are collected. It is interesting
to observe that the NLO QCD corrections are at the level of 12% while the NNLO QCD ones
amount to about 25% of their size, as expected from power-counting arguments. On the other
hand, the non-factorisable corrections at NNLO QCD are at the per-mille level and are there-
fore negligible for phenomenological considerations. In particular, while we include them in

our best predictions, they actually do not play any significant role. In the second part of the

table, full predictions in the sense that all t,u,s contributions as well as their interferences are
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Table 4: Cross sections for the fiducial (a) phase space. The various contributions
and corrections are described in detail in Sec. 2.3. The value of the best prediction
is obtained from Eq. (11).

Order || o[ pb] | 6[%]
VBF approx.
LO [a®] 2.479(1) -
NLO QCD [a®a,] -0.300(3) -12.1
NNLO QCD [a®a?] -0.088(7) -3.55
NNLO QCD non-fact. [a®a?] || -0.0053766(7) | -0.22
Full
LO [a®] 2.4772(1) -
NLO QCD [a3a,] -0.2648(10) | -10.7
NLO EW [a?] -0.14759(5) | -5.95
Photon induced [a*] 0.021286(2) | +0.86
Loop induced int. [a®a?] -0.003301(1) | -0.01
Loop induced squ. [aa}] 0.136403(9) 5.5
LO ggF [aal] 1.7751(6) 71.5
gy — ggH [azaf] 4.3(1) x 107 0.0
Best prediction
pp — Hjj 2.041(9) -17.6

considered. The full LO predictions only differ insignificantly from those in the VBF approxi-
mation. The NLO QCD corrections are also of the same order in both approaches, even if the
full result is slightly lower. The NLO EW corrections, including photon-induced contributions,
are about —5% while the photon-induced contributions are below the per-cent level. As for the
non-factorisable corrections, interference contributions between the EW production and the
loop-induced ones are at the per-mile level. On the other hand, the loop-induced contributions
squared, retaining only the quark channels which are therefore an irreducible background to
the EW production of Hjj, are of the order of the NLO EW corrections, but exhibit an opposite
sign. Considering also partonic channels with external gluons, the LO gluon-gluon fusion con-
tribution with two identified jets is particularly large, at the level of 71%, as already observed
in Ref. [5].1° These contributions are typically not part of the signal and subtracted in experi-
mental analyses, which makes therefore precise theoretical predictions for ggF crucial even for
VBF measurements. Finally, the gy — ggH process is completely negligible due to the small
photon PDF and coupling factor suppression. Compared, for instance, to the related gg — ggH
which is dominating the gluon-gluon fusion contribution, the gy — ggH cross section comes
with an extra factor of a/ag. Due to its smallness, the gy — ggH contribution is not discussed
further and not shown in the differential distributions.

Differential distributions In Fig. 7, the double differential distribution in the transverse
momentum of the Higgs boson and the rapidity difference of the two jets is displayed. Inter-
estingly, NLO QCD corrections are largest for small rapidity differences of the two jets. They
then tend to grow larger for larger Higgs transverse momentum. At NNLO QCD, the behaviour
is opposite where the corrections tend to become smaller for larger rapidity differences.

As expected, NLO EW corrections grow negatively larger for larger transverse momentum

1°Note that in Ref. [5], the ggF contribution is even dominant over the EW production given that there, no
invariant-mass and rapidity-difference cuts are applied to the tagging jets.
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Figure 7: Differential distribution for pp — Hjj at 13.6 TeV for the fiducial (a) phase
space for the transverse momentum of the Higgs boson and the rapidity difference
of the two jets. See main text for more details.

of the Higgs boson that correspond to the high-energy limit where Sudakov logarithms become
dominant. The photon-induced contribution is almost constant over the full range at the level
of 1%. The two highest transverse momentum bins for Ay; € [7, oo( exhibit a distinct be-
haviour. As these bins are highly suppressed (by several orders of magnitude), their Monte
Carlo errors are very large, rendering the numbers for the EW corrections unreliable there.

As explained above, the VH contribution is sizeable when the transverse momentum of the
Higgs boson is large, i.e. when the Higgs boson is recoiling against the two jets that are most
likely to originate from the decay of a heavy gauge boson. At LO the effect is not visible due to
the imposed selection cuts, but it becomes pronounced at NLO QCD with an impact reaching
up to 70% in parts of phase space. This effect has already been reported in Ref. [5].

The interference of the loop-induced with the pure tree-level EW amplitude is negligible.
This is not the case for the loop-induced squared contribution that can be larger than 20%
of the full EW production of Hjj for large Higgs transverse momentum. In general, the latter
contributions are between 5% and 10% across the phase space.

Let us now turn to Fig. 8, which shows the two-dimensional distribution in the invariant
mass and the transverse momentum of the Higgs boson. As observed previously, the NLO QCD
corrections are larger at large transverse momenta of the Higgs boson while the NNLO QCD
ones become milder in these regions.

The EW corrections show similar features as in previous distributions. In particular, the
quark-induced contributions are becoming large in the high-energy limit under the influence
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Figure 8: Differential distribution for pp — Hjj at 13.6 TeV for the fiducial (a) phase
space for the transverse momentum of the Higgs boson and the invariant mass of the
two jets. See main text for more details.

of Sudakov logarithms while the photon-induced contributions are constant throughout.

The third-to-lowest panel illustrates that the VH contribution is particularly enhanced for
large transverse momenta of the Higgs boson due to the recoil effect described above [81,110,
115,186]. The effect can be as large as almost 600% in some bins. In the very same region
the loop-induced squared contributions are also the largest.

Parton-distribution functions Finally, given recent developments in approximate N3LO PDF
sets [187-189], we have computed LO and NLO QCD predictions using the newly introduced
PDF sets. The idea here is to quantify the numerical impact of the newly introduced PDF sets
for a realistic experimental setup. The results are tabulated in Tables 5,6, and 7. At LO, we
observe a difference of 3.4% between the nominal PDFALHC21_40 set and the approximate
N3LO PDF set [189]. The difference between the nominal PDF4ALHC21 _40 and the NNLO QCD
set is smaller and is of 0.8%. For, NLO QCD in the full calculation, the relative corrections are
essentially unchanged and amount to around —10.5% in both cases with differences at the
per-mille level. The same hold true for the EW corrections and photon-induced contributions
as well. For the VBF-approximated calculation, the shift at LO is at the level of 3.2%, in line
with the full calculation. As in the full calculation, the NLO QCD corrections in the VBF approx-
imation using different PDF sets are virtually identical, with differences only at the per-mille
level, as shown in the Table 6. Further investigations of the interplay between approximate
N3LO and fixed-order calculations are left for future work.
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Table 5: Predictions at LO and NLO QCD for the full calculation for the fiducial
(a) phase space for different PDF sets. Note that MSHT20xNNPDF40 is shorten to
MSHTxNNPDF in the table.

Order || PDFALHC21_40 | MSHTxNNPDF_NNLO_ged | MSHTxNNPDF_aN3L0_qed
o3l pb] 2.4772(1) 2.4967(1) 2.5606(1)
AlloocplPP] || -0.2648(10) -0.262(1) -0.266(1)
Sxtoocpl %] -10.7 -10.5 -10.4

Table 6: Predictions at LO and NLO QCD for the VBF calculation for the fiducial
(a) phase space for different PDF sets. Note that MSHT20xNNPDF40 is shorten to
MSHTxNNPDF in the table.

Order || PDF4LHC21_40 | MSHTxNNPDF_aN3L0_ged
o SF[pb] 2.479(1) 2.5587(1)
ANToocpl PP] -0.300(3) -0.3030(3)
S Mtoocpl %] -12.1 -11.8

6 Parton shower

6.1 Comparison between fixed order and parton shower predictions for VBF

In this section, we compare the predictions obtained using the event generators described in
Secs. 3.2 and 3.3. Specifically, we focus on the fiducial (b) phase space region defined in
Sec. 4.2. Results for the fiducial (a) region have similar behaviour.

We compare NLO QCD (violet), NNLO QCD (red) and NLOPS (green) predictions for both
inclusive (Figs. 9 and 10) and exclusive (Fig. 11) observables for illustration. As done in the
previous sections, the theoretical uncertainty associated with NLO and NNLO QCD calculations
is represented by a solid band corresponding to the scale variations (dubbed ME scale in the
legend).

At NLOPS, as our reference we use the VBF POWHEG-BOX implementation [79] showered
with PYTHIA 8 using a dipole recoil and the option POWHEG: pThard = 0. For this predic-
tion, we show again the scale variations in the hard matrix element (green solid band). The
total scale uncertainty associated with the reference NLOPS generator also comprises the un-
certainty stemming from the choice of the hard scale in the parton shower evolution (see
Sec. 3.2.2), which we vary by using the POWHEG:pThard = 2 option. This uncertainty is
given by the hatched band labelled ME + PS starting scale. Finally, the total uncertainty of the
NLOPS prediction also includes the envelope of all the NLOPS generators considered in this
study (scale + PS scheme). The breakdown into several NLOPS generators, including shower
starting scale for the reference prediction (dashed green line), is shown in the bottom panel.

In Fig. 9, we show the dijet invariant mass M;;, requiring a small (pry < 80 GeV, left) and
a moderate (80 GeV < pry < 120 GeV, right) Higgs transverse momentum. In Fig. 10, we
instead show the dijet invariant mass requiring a moderate (2 < [Ayj;| < 4, left) and a large
(4 < |Ay;l| < 5, right) dijet rapidity separation. The dijet invariant mass, Higgs transverse
momentum, and the dijet rapidity separation are standard inclusive observables for VBE-like
processes, meaning that we expect a good description from the fixed-order predictions. Since
these observables involve jet reconstruction (directly or through the application of jet-selection
cuts), the parton showering will also affect the predictions. We find that in general the central
NLOPS predictions lie between the NLO and the NNLO QCD ones.
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Table 7: Predictions at LO and NLO EW for the full calculation for the fiducial (a)
phase space for different PDF sets. The photon-induced contribution is singled out.
Note that MSHT20xNNPDF40 is shorten to MSHTxNNPDF in the table.

Order || PDF4LHC21_40 | MSHTxNNPDF_NNLO_ged | MSHTxNNPDF_aN3LO0_ged
074 [pb] 2.4772(1) 2.4967(1) 2.5606(1)
ANtorwl[Pb] || -0.14759(5) -0.14826(3) -0.15238(3)
STl %] -5.95 -5.94 -5.95
AP pb] 0.021286(2) 0.021453(2) 0.021887(2)
&5 (%] +0.86 +0.86 10.85

Furthermore, the central NNLO QCD predictions lie within the total uncertainty band
around the NLOPS central prediction. The only exception is the lowest Mj; bin in the pres-
ence of a boosted Higgs (right panel of Figs. 9) or for very large dijet separation (right panel
of Fig. 10). This behaviour was also observed in Ref. [5].

The NNLO uncertainty is of the order of 2%, while the NLO one is roughly twice as large.
The NLOPS uncertainty estimated by varying the matrix-element and shower starting scales
is smaller than the corresponding NLO theoretical uncertainty. However, once the variation
of the NLOPS generator is included, the two uncertainties become comparable. This indicates
that only varying the parameters within a single shower algorithm may yield an underestimate
of the true perturbative uncertainty.

We now consider distributions that are more sensitive to the presence of additional radia-
tion in the final state. In Fig. 11, we illustrate the transverse momentum of the Higgs boson
requiring exactly two (left panel) or three (right panel) reconstructed jets. The first distribution
can still be considered inclusive, as it is well defined at LO, whereas the second is exclusive, re-
quiring the presence of an additional radiation jet. Both distributions develop terms enhanced
by large logarithms L = log(pr n/ pffrjn) at all-orders in a,. Thus, when a,L? ~ 1, i.e. around
pru = 500GeV, the accuracy of the fixed-order prediction is lost. The distribution in the left
panel is of particular interest given the proposal in Ref. [5] of introducing a jet veto procedure
in order to reduce the contamination from the gluon-fusion background. In the region with
pra < 500 GeV, (N)NLO calculations still retain (N)NLO accuracy. We notice that NLOPS
predictions overshoot both the NLO and the NNLO QCD results, but for boosted-Higgs topolo-
gies, the NLOPS curve tends to be closer to the NNLO than the NLO one. We also observe
that requiring only 2 jets leads to a larger scale uncertainty, reaching 20% in the hard tail. In
this case, the NLOPS uncertainty is much smaller than the NLO one, but much bigger than the
NNLO one. This is somewhat expected, given the sensitivity to additional radiations. It is also
worth noting that in the last bin, sensitive to all-orders corrections that can be much bigger
than the nominal NNLO prediction, the error band of the fixed-order calculation clearly does
not reflect the true uncertainty.

As expected, requiring 3 jets (right panel of Fig. 11) is even more sensitive to the radiation
pattern provided by the showers. In the region with pry < 500 GeV, (N)NLO calculations
only retain (N)LO accuracy. In this case, parton shower uncertainties are again of the order
of 20%, and they are of the same order as the NNLO ones for small-moderate pr ;; while for a
boosted Higgs the NNLO uncertainty substantially increases. It is worth noting that the NLOPS
prediction is in agreement with the NNLO QCD curve, but not with the NLO QCD one.

6.2 VH interference effects

In Sec. 6.1 we have considered QCD corrections to the pure VBF process. It is, how-
ever, interesting to scrutinise the full EW H+2jets production (that we shorten as Hjj),
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Figure 9: Fixed-order (NNLO and NLO) and NLOPS predictions within the VBF ap-
proximation for the dijet invariant mass within the fiducial (b) phase space, in two
regions of Higgs transverse momentum. The solid bands represent the 7-point vari-
ation of the factorisation and renormalisation scales in the hard matrix elements,
while for the vertical hashed green bands additionally the shower starting scale of
the reference generator is varied. For the total NLOPS uncertainty, shown as diagonal
hashed green bands, the scale variation and generator uncertainties are combined as
detailed in our recommendations in Sec. 6.3.3. The middle panels illustrate the ratio
between the respective fixed-order and the central NLOPS predictions. The lower
panels show the spread of the predictions obtained with the various NLOPS genera-
tors considered in this study.

which comprises both the VBF and the VH production modes. For this study we
choose three predictions, representative of the various parton showers and matching
schemes, namely POWHEG-BOX+PYTHIA 8 (simple shower with dipole recoil, in green), MAD-
GrAPH5 AMC@NLO+HERWIG 7 (angular-ordered shower, in violet), and SHERPA 3 (CS shower,
in red).

In particular, Fig. 12 illustrates the dijet invariant mass within the same cuts as Fig. 10 for
these three NLOPS predictions, including the uncertainty stemming from the renormalisation
and factorisation scale variations in the hard matrix element, for the pure VBF contribution
(solid line and band), and the full EW Hjj production (dashed lines and hatched bands). As
expected, for a moderate Ayj separation (left plot), the Hjj prediction is roughly 5 — 8%
larger the pure VBF one across our generators (ratio plot in the last panel), and uncertainties
stemming from the hard matrix elements scale variations are roughly 4 — 5%.

Requiring Ay;; > 4 (right) strongly suppresses the VH contribution, and the ratio between
Hjj and VBF is much closer to 1, with differences at most of 2% in the lowest M;; bins. However,
while we notice that for the POWHEG-BOX+PYTHIA 8 and MADGRAPH5 AMC@NLO+HERWIG 7
generators, both the central values and the scale variations are similar between VBF and Hjj,
for SHERPA 3 this is true only for the central value, while scale variations appear much larger.
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Figure 10: As in Fig. 9, but for two regions of dijet rapidity separation.

As expected, the differences between the pure VBF sample and the full EW Hjj one are very
similar across all the NLOPS samples.

6.3 Considerations on parton shower and matching uncertainties

As discussed in Sec. 2.2, parton shower and matching uncertainties amount to a sizeable con-
tribution to the error budget of differential distributions. Given the need for a coherent path
for understanding and reducing such systematics, we provide here a recommendation for a
robust assessment of parton shower and matching uncertainties, given the current state of the
art.

To derive this recommendation we focus on the figures shown in Sec. 6.1, but our consid-
erations holds for all the distributions of the present study.

6.3.1 Uncertainties from varying NLOPS generators

From the middle panel of Figs. 9, 10, and 11, it is evident that the error obtained by simply
performing a scale variation on a single NLOPS sample (ME + PS starting scale) must be com-
bined with the uncertainty arising from variations in matching and parton-shower schemes. It
is also evident that the largest uncertainty stems from varying the parton shower, rather than
the matching scheme. This was already observed, e.g. in Ref. [5]. In the bottom panels, we
illustrate the breakdown of all the predictions contributing to this envelope. For inclusive dis-
tributions (such as those in Figs. 9, 10 and the left panel of Fig. 11), HERWIG 7 and SHERPA 3
predictions are rather close to each other, while the PYTHIA 8 showers always yield higher rates.
Looking at more exclusive observables (such as the right panel of Fig. 11), i.e. those that can
be defined only if a third jet is present, again all the SHERPA 3 and HERWIG 7 predictions ap-
pear quite close to each other. Within the group of these neighbouring predictions, the most
different is typically the HERWIG 7 angular-ordered shower with internal matching which has
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Figure 11: Higgs transverse momentum within the fiducial (b) phase space region,
requiring exactly two (left) or three (right) reconstructed jets. The naming of the
curves is the same as in Fig. 9.

a higher rate by up to 10%. Both PyTHIA 8 curves instead undershoot the SHERPA 3/HERWIG 7
envelope by roughly 10%.

In general, there is a remarkably good agreement between HERWIG 7 and SHERPA 3, re-
gardless of the shower and the matching used, with at most 5% discrepancies for inclusive
observables, and at most 10% differences for more exclusive ones. PYTHIA 8 predictions are
somehow always outliers, with the default “simple” shower with dipole recoil and default hard
scale setting being the closest to HERWIG 7 and SHERPA 3.

6.3.2 Scale uncertainties in a NLOPS simulation

We now comment on scale variations in the parton showers. For all generators used in this
study, the structure of higher-order corrections to soft-gluon emission [190] was used to de-
duce the functional form of the argument of the strong coupling. The renormalisation scale is
therefore proportional to the transverse momentum of the emission, although the precise kine-
matical definition of the transverse momentum can differ among the codes. Variations of this
scale are partially compensated by higher-order corrections that (at NLL) affect the soft emis-
sions due to the combined structure of the leading poles and leading logarithms [191-196].
The parton showers considered in this study generally have LL accuracy, with some NLL vio-
lating terms arising either from the inability to describe non-global observables (as is the case
for the angular-ordered shower [197]) or from the handling of multiple emissions at commen-
surate hardness (see e.g. Refs. [84,198] for a detailed discussion). However, all of the parton
showers implement splitting functions compatible with NLL evolution, such that the NLL renor-
malisation scale variations can be used. The uncertainty stemming from NLL-violating terms
is of kinematical origin and should be parametrised in different way, for example by varying
the recoil scheme.

28


https://scipost.org
https://scipost.org/SciPostPhysCommRep.13

SciPost Phys. Comm. Rep. 13 (2025)

v
Q.

pp — H +2j VS =13.6TeV pp — H + 2j VS =13.6TeV
Pwg-+Py8 (dip) VBF EW Hj 10-3 PE———
_ | SRR
< 10 3 —— Sherpa3 (CS) VBF ME scale VBF N
@ —— aMC+Hw7 VBF ME scale Hj; @
] I 2 6x107*
= ] =
3 [ 3 ax 10-4 Pwg-+Py8 (dip) VBF EW Hj
3 S —— Sherpa3 (CS) VBF ME scale VBF
1074 3x10-4} — aMC+Hw7 VBF ME scale Hj;
. . . .

VBF ratio to
Pwg+Py8
o = r
© o
© S
T R T
VBF ratio to
Pwg+Py8
o =
© o
® S

e

1.02 f 1.02+
2% /// / 29
22 100 s 2% 100
ZZ 098 % T & 098 I
ES 1 4 ' ES ;% K. % . ‘/
0.96 Z Z 7 0.96[ 3
T
0.94 ; ; ; ; ; ; ; 0.94 i
1.10F
uw w104 % Ir/ %
> 1.08 2T A 7777 >
: /1170 : Y
o 105 - L o 1L02f T 5 / 7
=1 = [/ LA 17
i; Losl /'../_./.fl,z_/.i. I{ 7 5 ¥ /Iy
1.00
1.00
0.9 | | | | | | | 0.9 | | | | | | |
%00 400 500 600 700 800 900 1000 1100 500 400 500 600 700 800 900 1000 1100
My [GeV] My [GeV]

Figure 12: Dijet invariant mass distributions at NLOPS, considering the full EW Hjj
production mode (dashed lines) and just the pure VBF contributions (solid lines) for
a representative PYTHIA 8 (green), SHERPA 3 (red), and HERWIG 7 (violet) predic-
tion, for two regions of dijet rapidity separation in the fiducial phase space fiducial
(b). The solid (hatched) bands represent the uncertainty stemming from the 7-point
scale variation in the hard matrix element calculations of the VBF (EW H + 2 jets)
production mode. The second (third) panel illustrates the ratio with respect to the
central PYTHIA 8 prediction for the VBF (Hjj) production mode. The fourth panel
illustrates the ratio between the Hjj predictions with respect to the central VBF one
for each NLOPS generator.

At NLL, the higher-order corrections proportional to the QCD beta function can be im-
plemented as a term multiplying only soft emissions [183]. More specifically, if we wish to
vary the argument of the running coupling by a factor r, the following functional form of the
coupling should be used:

as(rk;)

5 Po lnrz] , (13)

a (rk) = o, (k) 1+ £2)
where f, is the one-loop QCD beta function, and f(z) = 1 when the emission is soft, and
f(2) = 0 otherwise. PYTHIA 8 is the only tool which implements this type of NLL-preserving
scale variations in its current public version [199]. The HERWIG 7 shower implements Eq. (13)
with f(z) = 0, consistent with LL evolution but not with NLL. The current public version of
SHERPA’s CS shower sets f(z) = 1 by default, alternatively the LL correct f(z) = 0 can be
used. For the purpose of this study, we have modified the SHERPA 3 generator to also include
NLL scale variations.!! We note that the DIRE parton shower use separate a, schemes for
the soft and collinear part of the splitting functions, and the ALARIC parton shower treats soft
and collinear terms as separate splitting kernels [200]. In both cases the NLL scale variation
is implemented. In the case of POWHEG matching, we should also consider scale variations

"This option will be part of SHERPA 3 releases starting from version 3.1.
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Figure 13: Relative uncertainty for the dijet mass distributions at NLOPS for the
SHERPA 3 default shower, breaking into two dijet rapidity separation Ay; regions.
Fiducial cuts are the same as in Fig. 10.

in the hardest emission generator. However at present no variation of this kind is possible
in the POWHEG-BOX, which only allows for renormalisation and factorisation scale variations
entering the NLO normalisation of the event.

Factorisation scale variations are currently possible only in SHERPA 3 (on-the-fly) [201]
and HERWIG 7. They will become available in PYTHIA 8 starting from release 8.316.

The result for the Mj; distribution, broken into two Ayj ranges, is shown in Fig. 13. All
curves are normalised with respect to the central prediction (CS shower), so to better assess
the size of the relative uncertainties. In the first panel, we show the uncertainty from scale
variations in the matrix element (red solid band) and from varying the shower starting scale
of a factor 2 up (dashed black line) and down (dash dotted line). In the second panel, we
compare the band stemming from renormalisation and factorisation scale variations not only
in the matrix element but also including a correlated variation in the shower splitting kernels,
using the default option (renormalisation scale compensating term always present, in green),
the one compatible with NLL evolution (renormalisation scale compensating term present only
for soft emissions, as in PYTHIA 8, violet) and the one compatible with LL evolution (compen-
sating term never present, as in HERWIG 7, orange). From the first panel, we see the scale
variatiions in the pure matrix element is of the order of 1% up and down, while the NLL vari-
ation is roughly 2-3 times bigger. The default SHERPA 3 variation obtained is of the order of
1-2%, and thus often underestimates the NLL one, while the LL variation yields a much band
with spread of around 10%. In the bottom panel we sum in quadrature the uncertainty coming
from the parton shower starting scale together with the factorisation and renormalisation scale
variation in the matrix element (red) or in the matrix element and in the shower using the NLL
prescription for the renormalisation scale (violet). The NLL (LL) band is smaller (compara-
ble) in size with the one obtaining from the envelope of all NLOPS generators (bottom panel
of Fig. 10), which dominates the NLOPS uncertaintes as computed in the previous sections,
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represented by the green band in the bottom panel of Fig. 13. Thus we believe that compar-
ing different tools with the same formal accuracy has always to be performed. However, in
view of more accurate parton showers algorithms being developed, we encourage the authors
of all the tools presented in this study to include an option for on-the-fly factorisation scale
variation, and one for both LL and NLL renormalisation scale variations.

6.3.3 Recommendations for NLOPS uncertainty estimates

Based on these observations, we propose the following recommendation for a more robust
estimation of NLOPS uncertainty, which comprises both the matching and the shower
variations:

1. Generate (at least) three predictions:

— one with POWHEG-BOX and any PYTHIA 8 shower;
— one with any HERWIG 7 shower;!?
— one with any SHERPA 3 shower.
Make sure that at least one of these prediction is based on POWHEG matching, and

one on MC@NLO matching.!® Then, construct an envelope'* out of these predic-
tions.

2. For one of the curves computed in step 1:

- compute a shower starting scale variation band (or a pThard variation in the
context of POWHEG-BOX +PYTHIA 8 matching);

- compute the renormalisation and factorisation scale variation band, possibly
including also scale variations in the shower.

Sum these bands in quadrature and combine this uncertainty in quadrature with
the first envelope uncertainty.

Notice that, contrary to what is done in many experimental analyses, we do not distinguish be-
tween matching and parton-shower uncertainties, but rather provide a unified band, because
the two aspects are often correlated, i.e. a matching procedure is usually tailored to the parton
shower it is applied to.

We want to remind the reader that our recommendation is based on the fact that all cur-
rently available showers that can be matched with NLO QCD calculations for VBF have the
same leading-logarithmic accuracy.!® Consequently, the predictions are equivalent, and their
spread provides a genuine measure of the systematic error. This approach may need revision
when NLL showers matched to NLO calculations become publicly available in fully-fledged
GPMC generators. This would also imply the use of NLL scale variations.

We finally emphasise that the present study addresses only perturbative uncertainties.
However, comparing three different GPMC generators — PYTHIA 8, SHERPA 3, and HERWIG 7

12preferably with matching achieved through MATCHBOX, to ensure proper alignment of parameters between
the hardest emission and parton shower generation.

13We remind the reader that the preferred matching scheme of SHERPA 3 is MC@NLO, for VBF in PYTHIA 8 only
matching via POWHEG-BOX is allowed, while for HERWIG 7 all matching schemes are available.

4For inclusive distributions, since HERWIG 7 and SHERPA 3 yield similar results, one of these curves can be
omitted. However, we recommend verifying this similarity for more exclusive observables.

15An exception is the default PyTHIA 8 shower with global recoil, which violates color coherence and should be
avoided. For this reason this shower is not considered in this study.
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— which implement distinct soft physics models (e.g. hadronisation and multi-parton interac-
tions) while aligning all input parameters related to the hard processes as done here, should
offer a reasonably robust assessment of non-perturbative uncertainties as well. A more de-
tailed analysis of such uncertainties lies beyond the scope of this work.

7 Summary

The production of Higgs bosons via vector-boson fusion (VBF) is one of the primary Higgs-
boson production mechanisms at the LHC. In this context, current investigations of Higgs-
boson physics necessitate a deeper exploration of this channel. Precise and reliable theoretical
predictions are therefore essential to fully exploit the potential of experimental data.

In this work, we first reviewed past experimental and theoretical studies on VBF at the
LHC. This summary, particularly the accompanying tables, aims to facilitate the proper cita-
tion of VBF studies, especially of theoretical work. Additionally, we have provided theoretical
predictions at fixed order and with parton-shower corrections in generic fiducial phase space
regions, as well as within the STXS framework.

Regarding fixed-order predictions, we have discussed in detail all contributions to the pro-
cess pp — Hjj. The contributions concerning VBF production have been calculated with state-
of-the-art accuracy while the background contributions have been provided for reference only
and hence with lower accuracy. The results are presented in the form of cross sections and
differential distributions.

We performed a detailed comparison of different state-of-the-art NLOPS predictions, for
both the VBF channel as well as the full EW Hjj production. This enabled us to formulate a
prescription for assessing the theory uncertaintes: one should consider three-points variation
(SHERPA 3, PYTHIA 8, HERWIG 7) and include consistently factorisation-, renormalisation-, and
starting-scale variations. While we focused mostly on the VBF fiducial phase space region, we
believe similar prescriptions can be a solid way of assessing NLOPS uncertainties for more
generic processes.

With this work, we have gained a better understanding of current theory uncertainties
for VBF production at the LHC bearing in mind the current available theoretical calculations.
These findings are expected to be of great use during the run III of the LHC, where dedicated
VBF measurements are foreseen. Since in our study we mainly focused on the signal pro-
cess, we believe a similar collective effort is also required to get a clearer understanding of
background contamination in VBF phase space regions with state-of-the-art predictions [202].

Finally, we recall that all the results and auxiliary data files can be publicly accessed at:

https://gitlab.cern.ch/LHCHIGGSXS/LHCHXSWG1/VBFStudyYR5.

We hope that this work will be useful to the community, ease the acknowledgement of theoret-
ical contributions as well as enable the optimal use of state-of-the-art theoretical predictions
in experimental analyses. In doing so, it will support further investigations of Higgs boson
production via the VBF channel at the LHC.
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