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ABSTRACT: The data taken in Run II at the Large Hadron Collider have started to probe
Higgs boson production at high transverse momentum. Future data will provide a large
sample of events with boosted Higgs boson topologies, allowing for a detailed understanding
of electroweak Higgs boson plus two-jet production, and in particular the vector-boson
fusion mode (VBF). We perform a detailed comparison of precision calculations for Higgs
boson production in this channel, with particular emphasis on large Higgs boson transverse
momenta, and on the jet radius dependence of the cross section. We study fixed-order
predictions at next-to-leading order and next-to-next-to-leading order QCD, and compare
the results to NLO plus parton shower (NLOPS) matched calculations. The impact of the
NNLO corrections on the central predictions is mild, with inclusive scale uncertainties of the
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order of a few percent, which can increase with the imposition of kinematic cuts. We find
good agreement between the fixed-order and matched calculations in non-Sudakov regions,
and the various NLOPS predictions also agree well in the Sudakov regime. We analyze
backgrounds to VBF Higgs boson production stemming from associated production, and
from gluon-gluon fusion. At high Higgs boson transverse momenta, the Ay;; and/or mj;
cuts typically used to enhance the VBF signal over background lead to a reduced efficiency.
We examine this effect as a function of the jet radius and using different definitions of
the tagging jets. QCD radiative corrections increase for all Higgs production modes with
increasing Higgs boson pr, but the proportionately larger increase in the gluon fusion
channel results in a decrease of the gluon-gluon fusion background to electroweak Higgs
plus two jet production upon requiring exclusive two-jet topologies. We study this effect in
detail and contrast in particular a central jet veto with a global jet multiplicity requirement.
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1 Introduction

After the discovery of the Higgs boson in 2012 [1, 2], the primary focus of Higgs physics has
entered the era of precision phenomenology to measure its properties and in particular its
kinematic behavior, couplings to Standard Model particles and to new physics. Vector-boson
fusion (VBF) is one of the crucial production channels for the Higgs boson at the LHC,
where the Higgs boson is created by annihilation of virtual W or Z bosons, radiated off
initial-state quarks in a t-channel scattering process. The experimental signature consists
of a Higgs boson (or its decay products) and two forward jets allowing the determination of
the Higgs boson couplings to electroweak (EW) gauge bosons. The VBF cross section is
currently known experimentally to the order of 20-25% [3, 4]. This precision will greatly
improve with the integrated luminosity expected at the high-luminosity LHC [5]. This
large integrated luminosity will also allow for a more detailed investigation of Higgs boson
production at high pp, where possible new physics can enter [6, 7].
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Figure 1. Leading order contributions to pp — h + 2 jets. Figures (a) and (b) show VBF-type
diagrams, figure (c) is of the Higgs-Strahlung type with V' — jj, and figures (d) and (e) are
representative gluon-fusion-type diagrams (where the black square represents the effective vertex in
the Higgs Effective Field Theory or the top-quark loop in full Standard Model).

To interpret the upcoming precise measurements in various fiducial regions, theory
predictions of the Higgs-plus-two-jet final states need to be performed with the highest
available accuracy for all relevant production channels. Figure 1 exemplifies the correspond-
ing leading order (LO) contribution in the Standard Model for gluon-gluon fusion (ggF),
vector-boson fusion (VBF) and Z/W associated production (VH). VBF production and
VH production (with the vector boson decaying hadronically) are indistinguishable in their
final state and coupling order. Theoretical predictions usually refer to these as two different
channels, mainly distinguished by phase space regions in which one or the other topology
contributes dominantly to the final cross section [8-10]. These two channels, together with
their quantum interference, are the major contributors to the EW Hjj production mode.

Phenomenologically, vector-boson fusion is characterised by topologies where both jets
are separated by a large rapidity gap with no significant hadronic activity in the central
region [11-15]. The structure function approach is based on such observation to capture the
dominant contribution for Higgs boson production in associated with at least two forward
jets. It includes higher order QCD corrections from initial state hadrons with a color-
connected forward jet without any color flow towards the other initial and color-connected
final states. This approach is exact at LO [16, 17] and has been extended to next-to-leading
order (NLO) [18-20] and next-to-next-to-leading order (NNLO) [21, 22] QCD accuracy
with fully differential predictions. Inclusive QCD corrections are known even with up to
next-to-next-to-next-to leading order (N3LO) corrections, and are typically of the order of a
few percent, with little change in the kinematic distributions [23]. Parton shower matched
predictions at NLO QCD [24-26] have been compared to NNLO QCD calculations for key
observables [27]. Non-factorizable corrections beyond the structure function approach have
also been estimated in refs. [28, 29] and were found to not be significant. The resulting
remaining scale uncertainties are of the order of a few percent. Higher-order EW corrections
to EW Hjj production are known up to NLO [8, 9, 30] incorporating both the VBF and
VH modes, and their interference.

In the full Standard Model theory, interference effects between s-channel (from VH
production) and wu-channel topologies at leading order (LO) and ¢-channel color exchange
at higher orders might conceivably lead to a partial closure of the central rapidity gap,
if no additional fiducial cuts are applied. A full next-to-leading order (NLO) calculation,



including all QCD and EW effects shows that typical VBF cuts very efficiently eliminate
such contributions [8, 9]. Away from VBF cuts, for a relatively small rapidity gap of the two
leading final state jets, VH production is the dominant channel of EW H jj production mode.
Testing the EW couplings of the Higgs boson becomes more challenging in those fiducial
regions due to the large contribution from ggF channel. With the same Higgs-plus-two-jet
final states, corrections from the ggF channel up to NLO QCD are calculated in the effective
field theory of the infinite heavy top quark in [31, 32]. Top quark mass effects were recently
studied using an approximation to the full SM theory [33]. To estimate the contributions
from the ggF channel within or away from VBF cuts, Higgs-plus-multi-jet merging effects
are studied in [34].

The primary goal of this phenomenological study is to investigate the kinematic behavior
of the Higgs boson production processes at high Higgs boson pr, i.e. in a regime that has
not been fully explored theoretically or experimentally to date, to examine the acceptance
for VBF production measurements, and to propose new techniques to reduce backgrounds
arising from other Higgs boson production modes.! Simple jet counting can be used to
improve the separation of EW Hjj production from gluon-gluon fusion, but a separation
of VBF from VH becomes more difficult at high pp. In spite of this difficulty, it is still
important to determine the coupling of the Higgs boson to vector bosons at high pr, where
new physics has the possibility of affecting both VH and VBF production [7].

We will explore the robustness of the theoretical predictions in the high pr VBF region
by comparing fixed-order results at NLO and NNLO with NLO predictions matched to
parton showers (NLOPS), with a particular emphasis on the dependence of the cross sections
on the jet radius. This comparison study is similar in spirit to the study performed in the
context of the Les Houches 2017 workshop [37], which focused on gluon-gluon fusion Higgs
boson production in the presence of an additional jet. The current study was initiated
during the Les Houches 2019 workshop [38], where the fixed order results for the Higgs
transverse momentum distribution were presented.

This paper is organized as follows. In section 2 we introduce the theoretical inputs and
computational tools used in this study, and in section 3 we detail the general characteristics
of Higgs boson production processes. Section 4 describes the evolution of the Higgs boson
kinematics as the Higgs boson transverse momentum increases, including the impact of the
jet R-dependence, and section 5 discusses the use of variables such as the dijet mass and
the dijet rapidity separation for discrimination of the VBF cross section from other Higgs
boson production modes. Section 6 describes the impact of further event topology cuts on
VBF discrimination and section 7 examines the impact of the jet size on the Higgs + two
or more jets cross sections at both fixed order and with NLOPS predictions. In section 8
we compare the different computational approaches and estimate the uncertainties related
to the NLOPS simulations used by experiments. We conclude in section 9.

!The final state for ttH is more complex then for any of the other Higgs boson processes considered in
this paper [35, 36]. We do not consider the ttH process in detail in this study, as we are primarily concerned
with the backgrounds posed by gluon-gluon fusion, and by VH.



2 Theoretical inputs and computational tools

To provide theoretical guidelines for experimental analysis and simplified template cross
sections (STXS), we adopt the same jet definition as in ATLAS measurements [39, 40] and
study differential observables using fiducial bins suggested by STXS stage 1.1 [41]. We
study on-shell Higgs bosons of my = 125 GeV, produced in the VBF, VH, and ggF channel
with a center-of-mass energy of 13 TeV. The Higgs boson is required to be within the central
region of detectors (|yg| < 2.4) in association with at least two accompanying jets. The jets
are clustered using the FastJet implementation of the anti-kp algorithm [42], and must
satisfy the following cuts:

ot > 30 GeV, || < 4.4; (2.1)

We vary the jet radius R from 0.3 to 1.0 with steps of 0.1 and study the impact on selected
differential observables. The ranking of jets is by default according to the magnitude of
transverse momentum. When specified, jets are alternatively also ranked by the absolute
value of their rapidity. The EW parameters are defined in the G,-scheme with G, =
1.1663787 - 107° GeV 2, and the gauge boson masses and widths set to:

mw = 80.379 GeV, Ty = 2.085 GeV. (2.2)
myz = 91.188 GeV, Iy = 2.495 GeV. (2.3)

The value of the electroweak coupling constant in this scheme is ag{\‘/[ ~ 1/132.233.

Theoretical uncertainties are estimated by varying QCD renormalization (ugr) and
factorization (up) scales independently by a factor of two around the central scale of
= HP¥ /2 defined uniformly for all processes at the parton level, with

H,%arton = /177112_I + p%,H + Z pryi- (24)

i€partons

The sum over partons in the second term considers any final state QCD partons including
from real radiation and from the V' — jj decay in the VH process.

We use 7-point scale variation, eliminating the two antipodal combinations (pg, pr) =
(1/2,2p) and (ur, ur) = (2u, p/2). For the choice of parton distribution functions (PDFs)
for initial states, we use the central group of PDF4LHC15 30 NNLO PDFs [43] for
each calculation. Predictions have been generated with NNLOJET, SHERPA, POWHEG BOX
(matched to Pythia 8 and Herwig 7) and Herwig 7 standalone. The detailed setup for
each of these programs is listed below. Fixed-order results are nominally computed using
NNLOJET, and all other simulations have been cross-checked against NNLOJET up to NLO
precision. NLOPS matched simulations presented here include parton-shower effects and
simulations of beam remnant dynamics, but no hadronization or multi-parton interactions.
Analyses are performed with Rivet [44, 45].

In order to make the results comparable to the fixed-order prediction, in all NLOPS sim-
ulations we set the renormalization, factorization and resummation scale to p = HP*" /2.
The running coupling used is chosen consistent with the PDF, and the CMW scheme [46] is



used in the shower algorithm (and in the POWHEG Sudakov form factor) to include the
two-loop cusp anomalous dimension in the shower algorithms, i.e. with as(Myz) ~ 0.126,
with the exception of the Pythia 8 shower, which uses by default one-loop running with
as(Myz) = 0.137.

In the gluon-gluon fusion production channel, the Higgs boson is created via a top-quark
loop in association with two additional jets. Theoretical predictions for this configuration
are typically computed at NLO in the Higgs effective field theory (HEFT). However, with
kinematic cuts favoring large dijet invariant mass and rapidity separation, our analysis
involves a wide range of energy scales, such that finite top quark mass effects can play
an important role, and the HEFT results may be strongly modified. The full NLO QCD
results for Higgs plus one-jet production in the Standard Model have become available
only recently [47, 48], and a similar computation for Higgs-plus two jet production is not
yet on the horizon. The best available technique to include top-quark mass effects in our
predictions for gluon fusion would be a local reweighting strategy [33, 49, 50]. In this
method, the ratio between Standard Model and effective theory results is computed at
LO and applied to the HEFT prediction as a local multiplicative correction. For a wide
range of differential observables, the results are in excellent agreement with a posteriori
reweighting at the histogram level [51, 52], which motivates us to choose the yet simpler
histogram-based reweighting method to include top-quark mass effects in our calculations.
For a given observable O from the gluon-gluon fusion production channel, the Standard
Model and HEFT predictions of differential cross sections at the same fixed order is used to
define the reweighting coefficient:

dO‘SM dO’HEFT
firo(0) = ~30" / a0

(2.5)

The approximated Standard Model (approx SM) predictions including higher order correc-
tions (noted as FO’) from HEFT and the heavy quark mass effect from the Standard Model
are defined at histogram level as

dU;ISJ:mX SM B dUEngT
— o~ o0 =5 (26)

The state-of-the-art accuracy of the reweighting factor is at NLO for Higgs transverse
momentum distribution, Rxpo(pr,a). A recent study of finite top mass effect for a wide
range of observables for Higgs-plus one and two jet production proves the reliability of
multiplicative reweighting [33]. In the following discussion, if not specifically stated, our
approximated Standard Model predictions include corrections from Rpo(O).

2.1 NNLOjet

Parton level fixed-order predictions for the VBF channel are calculated using the NNLOJET
package, including QCD corrections up to NNLO [22] in the structure function approxima-
tion [18], i.e. omitting non-factorizable corrections at NLO and at NNLO. The antenna
subtraction formalism [53-58] is used to regulate IR divergences at each stage of the fixed-
order calculations and to provide fully differential results. The NNLOJET results agree



with an independent calculation [21] of VBF at NNLO QCD, which employed the same
approximations. A recent study [28] using the eikonal approximation estimates the non-
factorizable corrections to be less than 2% (with respect to LO) for differential observables.
NNLOJET also provides predictions for the gluon-gluon fusion production channel and is
used to compute the histogram-based reweighting factors needed to include approximate
top-quark mass effects in the NLO matched results.

2.2 POWHEG BOX

The POWHEG BOX [59, 60] is a general framework for implementing NLO calculations that
can be matched to parton showers using the POWHEG method [61]. Higgs production in
VBEF is implemented in the VBF_H code [24].

In this study we also consider the Higgsstrahlung background process, which is simulated
using the ZH and WH generators [62],2 that have been modified to perform the hadronic
decay of the Z and of the W boson. To get the correct matrix elements for the leading order
hadronic V' = Z, W decay, we include the correct color factor N, in the squared amplitudes
and we modify the vector and axial couplings in the decay if V is the Z boson. Due to the
fact that V is a colorless object, there is no interference between NLO QCD corrections
in production, which are already implemented, and those in decay, so once the integral
over the radiation phase space is performed, the additional O(«) contribution to the cross
section, differential in the kinematics of the underlying Born configuration ®y, is

Qs
doNLOdec(Pp) = ?dULO(q)b)- (2.7)

Thus, we include the term in eq. (2.7) in the event weight (i.e. in the B function in POWHEG
language) so that we reproduce the full inclusive (respect to additional QCD radiation)
NLO calculation. Since we do not modify the matrix elements for the real corrections, only
initial-state radiation from the production process is generated. However, once we match
our generator to the Herwig 7 angular-ordered parton shower (or to the Pythia 8 shower),
that contains matrix element corrections (MEC) in the V' decay, also the hardest emission
in decay is generated using the exact real matrix element, rather than the approximate
shower kernel. Thus, to have an “effective” POWHEG BOX NLOPS generator for VH with
hadronic decay, it is sufficient to include the contribution in eq. (2.7) in the weight of
the event, which must be showered with a parton shower that implements matrix element
corrections: in this way, the event weight is identical to the NLO cross section differential
in the undelying Born kinematics and the hardest emission from the production process
and from the V decay is described using the exact matrix element.

Events produced with POWHEG BOX are then matched to the Pythia 8 default shower [64]
and to the Herwig 7 angular-ordered parton shower [65-67].> As discussed in ref. [27], the
default Pythia 8 global recoil for initial state radiation is not adequate for vector-boson
fusion processes, and thus we employ the local dipole recoil [68].

2A more recent version of the HW and HZ generators (with leptonic W/Z decay), which also includes EW
corrections, is implemented in the POWHEG BOX RES framework [63].
3We use version Pythia 8 version 8.2 and Herwig 7 version 7.2.



We rely only on the bornzerodamp? mechanism to separate the real contribution into
singular and non-singular parts, and we use hdamp= co. The VH process is quite sensitive to
this choice, thus we also generated a sample with hdamp= myy, i.e. considering a real emission
as singular with probability hdamp?/(p%-+hdamp?). We use the running of the strong coupling
provided by LHAPDF [69] and when computing the renormalization and factorization scales
for the real correction we use the 4-body kinematics of the corresponding underlying Born
configuration. The infrared cutoff for the first emission transverse momentum has been
set to 1 GeV, which corresponds to the maximum between the Pythia 8 and Herwig 7
shower cutoffs.

2.3 Herwig 7

The Herwig 7 event generator® [65, 67] is using the Matchbox module [25], to automatically
assemble fixed-order and parton shower matched calculations. It can match both to the
angular ordered [66] and dipole shower algorithms [70], using input from plugins providing
matrix elements. The VBFNLO program [71, 72| serves as one such module, providing NLO-
QCD corrections to the Hjj and Hjjj production processes in the VBF approximation.
The HJets library [73] is an alternative module. It provides matrix elements and NLO-
QCD corrections for the full EW Hjj production process without resorting to the VBF

approximation.

For the Herwig 7 standalone samples we adopt the subtractive matching paradigm; a
hard veto scale cuts off the shower evolution at high transverse momenta. Its central value
should reflect the momentum transfer in the hard process of interest, such that the shower
evolution will not produce jets with significantly harder transverse momenta. A smearing is
applied to the cutoff function. In this study, we choose the so-called “resummation” profile
studied in more detail in [74, 75]. Shower uncertainties are evaluated by varying the hard
veto scale. This should reflect the bulk of the uncertainty both in the soft region and in
regions which will be improved through the NLO matching.

2.4 Sherpa

We use a pre-release version of the Sherpa Monte Carlo event generator [76-78|, based
on version 3.0.0. The NLO matching is performed in the S-MC@NLO approach [79, 80],
and NLO computations are performed with the help of Amegic [81, 82], Comix [83] and
OpenLoops [84, 85], as well as matrix elements from MCFM [86]. For the VBF and VH
simulations we have implemented dedicated loop matrix elements in the structure function
approximation within Sherpa, such as to speed up event generation for this study. We
use a modified version of a parton shower algorithm [87] based on Catani-Seymour dipole
subtraction [88, 89], as well as the Dire parton shower [90].

41f the real matrix element differs by more than a factor 5 compared to its collinear approximation, the
contribution is considered non-singular.
SWe use version 7.2.



3 General characteristics of gluon-gluon fusion, VBF and VH production

Higgs boson production in association with two jets can proceed through three major
channels: gluon-gluon fusion (ggF'), vector-boson fusion (VBF) and Z/W associated pro-
duction (VH). Unlike gluon-gluon fusion, VBF and VH production result in two jets in
the final state at the Born level, where both jets are quark jets. While the gluon-gluon
fusion channel dominates the inclusive Higgs production cross section, imposing a two-jet
requirement reduces its impact substantially. The VBF and VH contributions are finally
made measurable through suitable kinematical cuts. A good discrimination between VBF
and the other production channels can then typically be achieved by the requirement that
the tagging jets be widely separated in rapidity and/or have a large dijet invariant mass.
This kinematic configuration is preferred by the t-channel electroweak topology of the VBF
process, while both gluon-gluon fusion and VH, due to their s-channel nature, typically
generate jets that have a small separation in phase space. At higher perturbative orders the
situation is largely unchanged, because color exchange effects between the two quark lines
in VBF are highly suppressed. An additional discrimination against gluon-gluon fusion can
be accomplished by means of a veto on additional jets.

As there can be more than two jets in the final state, the two highest pr jets are
typically chosen to tag the VBF process. Using the two jets with the largest rapidity
separation may, in principle, result in a more powerful discrimination of VBF from the
other Higgs boson processes, but this selection has not typically been used due to the
difficulties in dealing with relatively low pr jets measured at forward rapidities, especially
in the presence of large pileup. However, both ATLAS [91] and CMS [92] will have forward
timing detectors in place for the HL-LHC, which should allow for a better handling of
forward jets and make such measurements possible in the future.

As both VBF and VH production are ¢¢ initiated and can yield the same final
state, there can be quantum-interference between the two. This interference, however, is
suppressed by 1/N, at leading order, with N, the number of colors. It is further kinematically
suppressed, because the t-channel propagators in VBF type diagrams and the s-channel
propagators in VH type diagrams cannot simultaneously go on-shell. Thus, electroweak
Hjj production is expected to be simply the incoherent sum of the two individual processes.

Figure 2 (left) shows in the lower panels the relative fraction in the cumulant inclusive
spectrum X(pr) = f;; dpr,(do/dpr i) of the different Higgs boson processes as a function
of the Higgs boson transverse momentum. The upper ratio plot includes all processes
including only higher-order QCD corrections, while in the lower panel also NLO EW
corrections included. The top panel shows the absolute cumulant. Besides gluon-gluon
fusion (ggF), VBF and VH production, we also show Higgs boson production in association
with a top-quark pair (ttH) for reference. The setup for all these predictions follows [52]
and fully inclusive on-shell processes are considered. The ggF prediction combines NNLO
QCD [51, 93] with NLO mass effects [47, 48], the VBF prediction is at NNLO QCD [22]
combined with NLO EW, the VH prediction is at NLO QCD combined with NLO EW, as
is the ttH prediction. The NNLO predictions are computed with NNLOJET (see above),
while NLO mass effects to the ggF process are obtained from ref. [48] as pT dependent
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Figure 2. Cumulative Higgs transverse momentum distributions for the ggF, VBF, VH and ttH
modes. The relative yield with respect to the sum of all shown modes is plotted in the lower ratio
plots. On the left, the fully inclusive spectrum is shown with gluon-gluon fusion at NNLO QCD
(combined with NLO mass effects), VBF at NNLO QCD x NLO EW, VH at NLO QCD x NLO
EW and ¢tH at NLO QCD x NLO EW, as provided in [52]. The upper ratio plot shows the relative
yield including only higher-order QCD corrections, while the lower ratio plot combines QCD and
EW corrections. On the right the distribution is shown in the two-jet fiducial phase-space and using
the setup considered in our analysis (at least two anti-kr jets with pit* > 30 GeV, [yi°*| < 4.4). Here
geF (+2 jets) is shown at NLO QCD (combined with LO mass effects), and VBF, V(— jj)H and
ttH (all-hadronic) at NLO QCD x NLO EW. See text for details.



o [fb)] prh > 0GeV pr.p > 200 GeV pr.p > 300 GeV pr.p > 400 GeV pr.p > 500 GeV

2jincl.  2j excl.  2jincl.  2jexcl.  2jincl.  2jexcl. 2jincl.  2jexcl. 2jincl.  2j excl.
EW H+2j 2565 2087 259 179 58.8 37.9 16.0 9.78 5.34 3.15
VBF+VH 2555 2069 258 177 58.7 374 16.1 9.70 5.38 3.14
VBF 1859 1586 183 134 39.9 27.2 11.0 7.14 3.61 2.27
VH 696 483 74.8 42.7 18.8 10.2 5.09 2.56 1.77 0.87
ggF approx SM 3219 2227 305 134 70.6 26.2 19.0 6.45 5.96 1.85

Table 1. Expected cross sections at NLO QCD for VBF, VH and gluon-gluon fusion production
of a Higgs boson with two or more jets, for different Higgs boson transverse momentum cuts and
at R =0.4.

multiplicative correction factors (see ref. [52] for details). The NLO QCD corrections to VH
are computed with POWHEG-BOX [62], while the NLO QCD corrections to ttH and all
the considered NLO EW corrections are computed with Sherpa+OpenLoops [77, 85, 94, 95]
(setup as defined in ref. [52]). For the ggF process no EW corrections are considered, as
these are not known at finite py. In any case, they are expected to be small (at the percent
level), as there are no soft-collinear EW mass singular enhanced contributions. For the
other processes the EW corrections are combined multiplicatively with the QCD predictions.
This is motivated by the fact that the EW corrections at large pr are dominated by EW
Sudakov logarithms, which factorize with respect to the QCD corrections. The gluon-gluon
fusion process dominates for the transverse momentum range displayed, while the fraction
of VBF is roughly flat. The impact of VH increases substantially for large pr, due both to
the s-channel nature of the process, and the enhancement from valence quark PDFs. ttH
yields the smallest contribution, however its relative contribution also increases at large pr.
The EW corrections decrease substantially the relative yield of the VH and VBF processes
at finite pp.

In figure 2 (right), a requirement is made that the event contain at least two jets,
using the fiducial phase-space considered in our analysis (at least two anti-kp jets with
;t > 30 GeV, |if/°*| < 4.4), aiming to reduce the fraction from gluon-gluon fusion. Here we
consider ggF (42 jets) at NLO QCD (combined with LO mass effects), and VBF, V(— jj)H
and ttH (all-hadronic) at NLO QCD x NLO EW. The setup for the ggF(+2 jets), VBF
and V(— jj)H NLO QCD predictions are detailed in section 2, while the ¢t¢H (all-hadronic)
NLO QCD prediction is obtained with Sherpa, considering LO on-shell hadronic top decays.
The relative EW corrections are taken identical to the inclusive case, as their impact is
driven by the kinematics of the hard scattering process. The gluon-gluon fusion relative yield
remains rather flat across the whole range, as does the VBF relative fraction. Associated
VH production, on the other hand, increases with Higgs boson pr, however the increase is
significantly milder than in the inclusive case. In fact, at very large pr the two jets from the
vector boson decay in VH are highly boosted and might regularly be merged into a single
jet depending on the jet cone size. The two-jet requirement is then only fulfilled due to
higher-order radiation. The ttH process contributes up to 10% at very large pr. However,
its impact is further suppressed via additional VBF-type selections (in particular requiring
large dijet invariant masses) and/or b-jet
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In table I, we list the cross sections for gluon-gluon fusion, VBF, VH, their incoherent
sum and the full electroweak Higgs plus two-jet production process. The latter is labeled
EW H+2j in the following, and is obtained by computing all contributions to Higgs plus two
jet final states at O(EW) = 3 and at NLO QCD. It is well matched by the incoherent sum
of VBF and VH, indicating the anticipated smallness of interference terms. Table 1 lists five
different Higgs boson transverse momentum cuts and both inclusive and exclusive two-jet
cross sections. An exclusive two-jet requirement significantly reduces the contribution from
gluon-gluon fusion at high pr, while maintaining essentially the same relative fraction
of VH and VBF. A veto on the production of extra jets reduces the VBF (VH) cross
section available for analysis, and also results in a reduced effective precision of the related
theoretical predictions, necessitating the need for resummation of logarithms associated
with the veto scale. Such logarithms can be described only approximately by parton showers,
such that a large theoretical uncertainty remains in principle. However, we emphasize
that fully automated tools are available [96-99], which allow to compute NLL resummed
predictions if the jet multiplicity requirement is global. We will discuss this point in more
detail below.

Figure 3 (left) shows the exclusive jet multiplicity distribution for VBF, VH and
Hjj production (the sum of VBF and VH plus their interference). All distributions are
computed using the S-MC@NLO technique inside the SHERPA framework. Predictions for
the VBF and VH channels have been cross checked against Powheg+Herwig7 simulations,
while the inclusive EW production mode has been validated against Herwig 7 standalone
predictions. They are compared to the irreducible background from gluon-gluon fusion,
which is computed using the MEPS@QNLO merging method [100, 101] with up to one jet at
NLO and up to four jets at LO accuracy. The gluon-gluon fusion contributions are shown
in both the HEFT and approximate Standard Model, using the reweighting technique
described in section 2. We have verified that this prediction remains stable when adding an
additional jet at NLO accuracy; hence we choose the computationally simpler setup in order
to reduce the MC uncertainties. At least two jets are required at the analysis level in all
simulations to allow for a comparison on equal footing. The ratio of VH to VBF increases
with jet multiplicity due to the larger phase space for initial-state radiation in VH.

The right panels of figure 3 show the transverse momentum distribution of the Higgs
plus dijet pair. This observable is infrared unsafe and can therefore not be described reliably
by fixed-order calculations. We observe a significant difference between the VBF production
mode and the VH and gluon fusion channels, with the latter producing harder radiation due
to the s-channel color exchange. In comparison to VH, the gluon fusion process shows again
more QCD activity, which can be ascribed to the larger color charges in the gg initial state.
Note that the gluon-fusion results are computed in the effective theory. For an infrared
unsafe observable we cannot apply a histogram-based reweighting factor, but on physics
grounds we expect the following behavior for the full Standard Model results: at small
Higgs boson transverse momentum the shape of the distribution should be affected, and
the differential cross section at high p7;; will be reduced. At large Higgs boson transverse
momentum the cross section will be affected but the shape of the distribution should remain
mostly the same. The larger QCD activity in the gluon fusion process can also be seen in
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Figure 3. Distribution of the exclusive number of jets (left) and the transverse momentum of the
Higgs-dijet pair (right). We compare predictions from S-MC@NLO for VBF, VH and EW H+-2j
production to the irreducible background from gluon fusion, computed in HEFT. See the main text
for details.
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Figure 4. Fractional cross sections of the various production channels as a function of the exclusive
jet multiplicity.

figure 4, which shows the fractional cross section for each exclusive jet multiplicity: each
bin has been obtained dividing the corresponding bin in the left panel of figure 3 by the
sum of the gluon-fusion (ggF approx SM) and the electroweak H+2 jets production cross
section. We further observe that for larger Higgs boson transverse momentum cuts, the
sensitivity on the jet cone size R increases for all three sub-processes as shown in the lower
panels of figure 3.

The cross-section predictions from gluon-gluon fusion are dominant (relative to Hjj)
for high jet multiplicities and reduce slightly as the Higgs boson pr is increased. This is
also seen in table 1 where the cross sections for VBF, VH (and their coherent sum), and
gluon-gluon fusion are shown for five different Higgs boson transverse momentum cuts and
for two or more jets in the final state, or exactly two jets in the final state. For the highest
Higgs boson pr cut, the gluon-gluon fusion background to Hjj becomes smaller than the
electroweak Hjj production in the exclusive two-jet final state, while the efficiency of the
electroweak Hjj event selection is about 40%.
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Figure 5. Higgs boson transverse momentum (left) and Higgs plus leading jet transverse momentum
(right) distribution. See figure 3 and the main text for details.

4 Transverse momentum distributions and their evolution with Higgs
boson pr

Figure 5 (left) shows the transverse momentum distribution of the Higgs boson for gluon-
gluon fusion (both in the effective field theory and with top mass corrections), VBF, VH,
and EW Hjj production. The lower panels display the ratio of the predictions varying
jet radius over the reference radius, R = 0.4. A minimum of two jets is required. All
processes shown have a peak at a transverse momentum in the range from 80-100 GeV.
The gluon-gluon fusion predictions grow with respect to VBF/Hjj as the Higgs boson
transverse momentum increases. The ratio of Hjj to VBF is roughly constant as a function
of pr. For VBF and gluon-gluon fusion, the cross section increases with increasing R for
Higgs transverse momenta less than 150 GeV. In this region, a larger value of R makes it
easier for the second jet to have a transverse momentum larger than the 30 GeV threshold.
Gluon-gluon fusion has a larger R dependence at low pr than VBF. VH has a somewhat
more complex behavior. The cross section increases for larger R at low pp, as also observed
for the other two processes, but decreases for larger R at high pr. The high pr behavior
results from the loss of one of the jets from the V decay, due to the two quark originating
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Figure 6. Ratio between the transverse momentum of the second leading jet and the leading jet.
The left panels show inclusive predictions, while the middle and right panels show results for a
minimum Higgs transverse momentum of 200 and 500 GeV. See figure 3 and the main text for details.

from the V decay merging at high pp with larger jet radius. This situation then requires a
radiated jet to be above the transverse momentum threshold to fulfill the requirement of a
second jet in the event.

The Higgs boson plus jet transverse momentum distribution is shown in the right panel
of figure 5. The gluon-gluon fusion process dominates for transverse momentum values
below 30 GeV and above approximately 70 GeV, and is approximately as large as Hjj
production in the intervening region.

The transverse momentum imbalance between the two leading jets is shown in figure 6 for
three different Higgs boson pr cuts, for all of the Higgs boson processes under consideration.
For the inclusive cuts, the two tagging jets have similar transverse momenta and the Higgs
boson recoils against the dijet system. As the transverse momentum of the Higgs boson
increases, the difference between the transverse momentum of the leading jet and of the
second leading jet increases, again for all processes. The Higgs boson is essentially recoiling
against the leading jet, with the second leading jet becoming soft. Note that the ratio
between the transverse momentum of the second leading jet over the leading jet one falls
more rapidly for VH + VBF than for gluon-gluon fusion for a Higgs boson transverse
momentum larger than 500 GeV.

As the Higgs boson pr increases, the probability of producing additional jets increases,
primarily because the amount of radiation from the leading jet increases. Any additional
jets can thus become comparable in transverse momentum to the second quark tagging
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Figure 7. Dijet invariant mass distribution. The left panels show inclusive predictions, while the
middle and right panels show results for a minimum Higgs transverse momentum of 200 and 500 GeV.
See figure 3 and the main text for details.

jet, often replacing it as the jet with the second leading transverse momentum. If radiated
from the leading jet, this additional jet will be much closer in phase space to the leading jet
than to the other quark jet from the VBF process, and thus will affect the VBF tagging
efficiency. The R-dependence in figure 6 is especially prominent in the jet ratio range less
than 0.2, but also sizable for gluon-gluon fusion in the jet ratio range of 0.1.

5 Dijet mass, Ay;; and further VBF discrimination

The dijet mass distribution from the two leading jets in the event is shown in figure 7 for the
three different Higgs boson pr requirements. All predictions are relatively featureless except
for VH and Hjj for which the W/Z resonance region is clearly visible. Gluon-gluon fusion
production is the largest process at low dijet mass. For the inclusive case, VBF saturates
the Hjj prediction for masses above 400 GeV and becomes larger than gluon-gluon fusion
at about the same mass. The R dependence of the cross sections for both VBF and Hjj
grows with increasing dijet mass, albeit with a relatively small slope. An R dependence for
the dijet mass cross section is also observed for gluon-gluon fusion, but with a magnitude
that is relatively constant over the dijet mass range. At high Higgs boson pr, similar to the
inclusive case, there is still a large enhancement of the cross section in the resonance region
for the 200 GeV cut. In addition, the Hjj cross section is larger than the VBF cross section
out to a higher dijet mass. There is barely any resonance enhancement with the 500 GeV
cut, but there is a considerable enhancement of the Hjj cross section to that of the VBF
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Figure 8. Fractional cross sections of the various production channels as a function of the minimum
dijet mass (using the two leading jets) cross section.

cross section for higher dijet masses, up to 1 TeV. This is due to the merging of the two
jets from the V' boson decay, with the dijet mass being created with an additional radiated
jet. The R-dependence for VH and gluon-gluon fusion is very large, decreasing as the Higgs
boson pr increases. The R-dependence for VBF is relatively small. The information in
figure 7 is summarized in figure 8, where the fractional cross sections of the production
channels as a function of the minimal dijet mass (using the two leading jets) are shown for
the three separate Higgs boson transverse momentum cuts. For the inclusive case, VBF
becomes larger than gluon-gluon fusion for m;; > 200 GeV. For a Higgs boson transverse
momentum greater than 500 GeV, this does not happen until m;; > 700 GeV, reducing the
impact of an m;; cut to enhance VBF production.

The Ay;; distribution of the two leading jets is shown in figure 9 for all processes.
Again, gluon-gluon fusion dominates for low Ay;;, and Hjj is larger than VBF, with the
cross-over point being in the region Ay;; ~ 3...3.5. One noticeable feature is the presence
of a bump at low values of Ay;;, for all processes, larger at 500 GeV than at 200 GeV. For
the highest Higgs boson pr cut for VBF, the bump is as large as the usual peak at Ay;;
around 4. This bump is due to hard gluon radiation off of the leading jet, sufficiently
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Figure 9. Ay;; distribution, using the two leading jets. The left panels show inclusive predictions,
while the middle and right panels show results for a minimum Higgs transverse momentum of 200
and 500 GeV. See figure 3 and the main text for details.

separated from the parent jet to be reconstructed as a separate jet. Let us consider the
Born contribution in figure 1, so that the two final state partons correspond to the two
leading jets. In the factorised approach, we can imagine to add radiative corrections to the
two quark lines separately, preserving the momentum flowing in the t-channel propagators.
As the original second tagging jet tends to be soft for large Higgs boson pr, the original
leading jet can fragment into two resolved jets, both with a pp higher that the original
second jet, so that Ay;; computed using the two highest transverse momenta jets is smaller.
The application of any significant Ay;; cut for VBF identification then leads to the loss
of these events. The relative fraction of EW Hjj production to gluon-gluon fusion stays
relatively constant at the location of this Ay;; bump as the Higgs boson pr increases, as
the VH component of the bump is reduced as the VBF contribution increases.

We now introduce the fractional cross section, i.e. the relative contribution to the cross
section for the several Higgs boson production processes, as a function of the lower cut on
min

the rapidity separation between the two leading jets (i.e. the ones with largest pr) Ay

Results are shown in the top panel of figure 10 for the three different Higgs boson pr
cuts. VBF becomes the dominant process in the Ay;?;-i“

cuts. However, at high Higgs boson pp, the VH process increases in importance. The R

range greater than 1.5 for all pp

dependence of each contribution is shown in the middle panel. VH greatly increases with
larger R for the Higgs boson pr range greater than 200 GeV, but not for Higgs boson pr
greater than 500 GeV. The fractional cross section for gluon-gluon fusion with a minimum
Ay;j cut of 3 decreases as the Higgs boson pr increases.
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Figure 10. Fractional cross sections of the various production channels as a function of the minimal
dijet rapidity separation using the two leading jets (Ay;; 12), for different Higgs boson pr cuts. In
the bottom panel we show the acceptance probability for the VBF production as a function of

Ay;?ljfrl‘Q for different jet radii.

The acceptance for the VBF process as a function of Ay?]‘-in

panel of figure 10. There is essentially no R-dependence for inclusive production. The

is shown in the bottom

R-dependence becomes larger with higher Higgs boson transverse momentum. The impact
of the low Ay;; bump on the VBF acceptance decreases as the jet radius increases, as
expected from the semi-collinear nature of the hard gluon radiation. The acceptance for
the VBF cross section decreases as the Higgs boson pr increases, as for boosted topologies
the two leading jets tend to be close in rapidity.
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As discussed previously, configurations with a boosted Higgs are very likely to have, at
the Born level, an original leading jet balancing almost entirely the Higgs pr, with a second
jet produced with smaller pr. Radiative corrections can lead to the formation of two or
more high-pp jets from the original leading jet, and as a result the original second leading
jet will not be tagged. To avoid this, the two jets with the largest rapidity separation can be
used instead, as illustrated in the top panel of figure 11, where we show the fractional cross
section as a function of Ay;; between the most forward and backward jets (fb) for the three
different Higgs boson pr cuts. In general, the distributions look similar to those shown in
figure 10. VBF becomes the dominant process in the Ay;; range greater than 1.5 for all pr
cuts, but again the VH process increases in importance at higher pp. The fractional cross
section for VBF (and EW Hjj) for a Ay;; ~ 3 actually decreases slightly compared to the
use of the two most energetic jets. Indeed, comparing figure 10 and figure 11, we notice
min

that the yield of the gluon-gluon fusion channel for larger Ay?”

5 increases when using the

two jets with the largest rapidity.

The R-dependence is shown in the middle panel of figure 11, and it is milder for VH
compared to the previous case using the two most energetic jets to tag. The acceptance
for the VBF process as a function of minimum Ay;; ¢, using the two jets with the largest
rapidity separation is shown in the bottom panel. As before, there is no R-dependence
for inclusive production and the R-dependence becomes larger with higher Higgs boson
transverse momentum. The acceptance using the two most forward-backward jets above the
pr threshold is only very slightly improved over using the two jets with largest transverse
momentum. Thus, there appears to be no significant gain with the use of the two jets with
largest rapidity separation for the separation of VBF and gluon-gluon fusion at high Higgs
boson pr. Furthermore, using the most-forward rapidity jets can enhance the sensitivity to
soft physics effects [102].

The A¢;; distribution is shown in figure 12. We notice that any shape differences
between VBF and gluon-gluon fusion decrease as the Higgs boson transverse momentum
increases. The R-dependence is relatively mild for VBF production, but can be significantly
larger for VH and gluon-gluon fusion.

5.1 Resonance mass vetoes

As already discussed, a significant fraction of the Hjj cross section is produced through
VH production, with the vector boson decaying hadronically. This contribution is enhanced
when the W or Z boson is on its mass-shell, as shown in figure 7 which shows that the VH
channel contribution is peaked for m;; ~ 100 GeV. However, as we observe in the right
panel of figure 7, when the boson is highly boosted, all its decay products are clustered
in a single jet. Thus, to reduce the VH background, we can exclude configurations where
the mass of any of three hardest jets, or of the system comprising two of the three hardest
jets, or all the three hardest jets, is between 50 and 150 GeV. We remark that we need to
consider the three hardest jets, and not only the first two, because initial-state radiation
may produce a jet with larger transverse momentum than those arising from the weak
boson decay, or because three jets can arise from the V' decay due to final state radiation.
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Figure 11. Fractional cross sections of the various production channels as a function of the minimal
dijet rapidity separation using the two most forward/backward jets (Ay;; ¢5). In the bottom panel
we show the acceptance probability for the VBF production as a function of Ay;njif}b for different
jet radii.

We can investigate if the imposition of this resonance veto can lead to a smaller Ay;;
cut to isolate the VBF contribution. The Ay;; distribution is shown in figure 13, where
dashed (solid) lines have been obtained with(out) this veto. We notice that applying a
jet mass cut constructed looking at any combination of the three hardest jets significantly
reduces the relative size of the VH contribution for very small Ay;;. However, without
imposing any pr cuts the minimum value Ay;; at which the VH contribution becomes
negligible is not appreciably decreased by the imposition of a jet mass veto, but we notice
a small improvement for boosted topologies, where the decay products of a vector boson
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Figure 12. Inclusive A¢;; distribution, using the two leading jets.

The left panels show inclusive

predictions, while the middle and right panels show results for a minimum Higgs transverse momentum
of 200 and 500 GeV. See figure 3 and the main text for details.

resonance are more likely to be clustered in the same jet. Thus we concluded that when

looking at very boosted topologies, imposing a cut on the mass of the hardest jets and not

only on the dijet system, would allow for a better signal-to-background ratio. Our findings

also indicate that in phase space regions which cannot distinguish efficiently between the

different contributions, a full calculation including all interferences and off-shell effects

should be preferred over an approximate one which is appropriate for a strict VBF or VH

selection.

6 Further event topology cuts

In ref. [103] it was suggested to use variables sensitive to the rapidity-gap between the

two hardest jets to discriminate processes which proceed via a colorless t-channel signal
exchange from the QCD background. Distributions of the so-called Zeppenfeld variable y*,
defined as the shifted rapidity of the third leading jet, i.e.

Y=

Y T Y

yj 3 2

9

(6.1)

are shown in figure 14 for the different Higgs boson production processes for the three

different Higgs boson transverse momentum cuts. We notice that the gluon-gluon and VH

contributions, which essentially are s-channel processes, are peaked at y* = 0, while VBF

is peaked around y* ~ 2.3. For increasing Higgs pr cuts however the VBF distribution

becomes more and more flat.
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Figure 13. Ay;; distribution, using the two leading jets for three Higgs boson transverse-momentum
cuts: pr.p > 0 (left panels), pr, > 200 GeV (middle) and prj, > 500 GeV (right). Predictions with
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Since requiring only two tagged jets in the final state allows for a higher signal-to-
background ratio, and jets in gluon-fusion are predominantly produced in the central region,
one can think about adding to this sample events with at least three jet with y* >y, . This
is commonly referred to as a central jet veto. The corresponding fractional cross sections
and cut efficiencies are shown in figure 16, where the abscissa represents the minimal value
of y* employed to define the integrated contribution for the events with at least three
jets, such that the bin corresponding to y&., = 0 coincides with the two-jets inclusive
results, while for y;, > 0 we recover the exclusive two-jet cross-section. We notice that
the fractional cross sections becomes essentially flat for large y;;,. Marginal improvements
in the VBF (EW Hjj) separation can be achieved with cuts on y*, more effective at high
Higgs boson pr. In particular, for prj > 500 GeV, we notice that the relative size for VBF
is larger than 50% for v, > 3.5. Adding the vetoed 3-jets sample with ;. = 3.5 increases
the VH acceptance to 10-20% (larger increase for smaller R), thus it does not lead to a
significant improvement on the sample statistics.

Distributions of the normalized Zeppenfeld variable z* = y*/Ay;, ;, are shown in
figure 15 for the different Higgs boson production processes for the three different Higgs
boson transverse momentum cuts. Again we notice that ggF and VH are peaked for z* = 0,
while VBF is peaked around z* = 0.6. The fractional cross sections and cut efficiencies are
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Zeppenfeld variable z*. . The offset is given by the exclusive two-jets contribution, which has been

min*
*

added to the three-jets inclusive predictions with z* > 2z}, . In the bottom panel we show the
acceptance probability for the VBF contribution for three different jet radii.

shown in figure 17. We notice that, conversely to the y* case, the fractional cross section
does not reach the asymptotic value given by the 2-jets exclusive sample fast enough, thus
adopting a jet veto with a 27 ;, cut that increases significantly the VBF yield is less effective
than using yy,-

We conclude that the addition of events of large y* or z* to the exclusive 2-jet sample
only yields marginal improvements in terms of signal-to-background ratio. On the other
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hand, it significantly complicates the event analysis due to the more intricate structure of the
resummed higher-order QCD corrections, which contain non-global logarithms [104, 105], as
it is not yet fully clear to which level of accuracy they are accounted for in parton showers.
We caution that the small improvement in statistics from events with y* > 3.5 for very
large values of the Higgs transverse momentum will only be effective if it is matched by the
theoretical precision, and that in absence of accurate predictions for non-global logarithms
the global jet veto will be more practical. The corresponding computations can in principle
be performed in an automated fashion with current technology [96-99].

7 The Higgs boson transverse momentum and its dependence on the jet
cone size

With the comparisons of characteristic observables from gluon-gluon fusion, VBF and VH
production channels of the Higgs boson, we haved revealed distinct properties of QCD
activity accompanying Higgs boson production. Due to its t-channel topology, VBF stands
out among gluon-gluon fusion and VH production channels in fiducial regions with large
dijet invariant mass and rapidity separation. However, we would like to also emphasize
the sizable event rates in all three production channels for boosted Higgs (pr, > 500 GeV)
with small di-jet invariant mass (figure 7) and rapidity separation (figure 9). Traditional
fiducial cuts known as “VBF cuts” suggested in [9, 106, 107], are likely to veto a significant
number of events and alter acceptances of boosted Higgs boson production that might
bear hints of new physics. In the following we perform a more detailed analysis of the
VBF production channel in order to assess the stability and systematic uncertainty of the
theoretical predictions.

As a result of two jets being present already at the Born level, it is interesting to further
investigate jet-radius-dependent effects. In a previous study, some of us compared the effects
of varying the jet radius R in the anti-k; jet algorithm for two-to-two scattering processes at
both fixed-order (with up to NNLO QCD corrections) and for NLOPS predictions, for dijet,
Higgs-plus-jet and vector-boson-plus-jet productions [37]. Here we present a complementary
study for two-to-three processes from VBF production. The jet-radius-dependent effects of
VBF production were first studied in [108] with up to NNLO QCD corrections for fiducial
total cross sections with “VBF-cuts”. In this work, we extend the study to differential
observables. We apply different scenarios of fiducial cuts to exam their impact on the
Higgs transverse momentum distribution and compare the fixed order predictions with
parton shower corrections. The fixed-order calculations include corrections up to NNLO
QCD using NNLOJET, and NLOPS simulations are obtained from the Sherpa framework
(Catani-Seymour dipoles).® We observe in general good agreement between the NNLO and
NLOPS predictions, with the exception of very large Higgs transverse momentum region
with the application of VBF cuts. We will return to this mismatch later in this section.

The left panels of figure 18 illustrate the Higgs boson pr distribution as a function of
the jet radius R, normalized to the results obtained with R = 0.4, for inclusive selection cuts.

SNLOPS predictions obtained with Sherpa, Herwig, POWHEG (matched to Pythia or Herwig) are found
to be in excellent agreement, thus in this section we only show Sherpa predictions.
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Figure 18. The Higgs boson transverse momentum distribution from the VBF production channel
as a function of jet radius. The left panel is inclusive in the dijet final state phase space while the
right panel is with VBF fiducial cuts used by ATLAS.
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Figure 19. The Higgs boson transverse momentum distribution from the VBF sub-process as a

function of jet radius using the heavy-center (left), heavy-intermediate (middle) and heavy-forward
(right) cuts.

The top panel shows a comparison between the central scale predictions from fixed-order
calculations and Sherpa (NLOPS). The higher order corrections and their scale uncertainties
are normalized to those at NLO in the second row. Within the structure function approach,
the LO results have only a factorization scale dependence that arises from the DGLAP
evolution of the quark PDFs. For a Higgs boson produced with zero pr, the center of
mass energy is approximately 200 GeV (accounting for the mass of the Higgs boson and
the transverse momenta of the two (or more) jets). This mass/energy scale results in a
small DGLAP evolution dependence. For larger Higgs boson transverse momenta (200
to 600 GeV), DGLAP evolution occurs with a larger scale and the LO scale uncertainty
increases from 5% to 10%. With the addition of higher order corrections, new initial state
partonic channels contribute and the resulting scale uncertainties depend on their interplay
with the Born level subprocesses, as well as on virtual corrections and the running of the
strong coupling a;. We observe significant corrections from LO to NLO, with the NLO
scale variation band outside the range of LO uncertainties, throughout the full transverse
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Figure 20. The Higgs boson transverse momentum distribution from the VBF sub-process as a
function of jet radius using the light-center (left), light-intermediate (middle) and heavy-forward
(right) cuts.

momentum region. Perturbative corrections start to converge at prj > 200 GeV from NLO
with scale uncertainty about +2 ~ 3%. The NNLO corrections further reduce the scale
uncertainty, to the level of £1%. The NNLO corrections also modify the central predictions,
for pr;, < 200GeV, so that the cross sections lie outside the NLO scale variation band.
For pr 5 > 200 GeV, the NNLO scale variation band overlaps with the NLO uncertainty
band. NLOPS predictions in this range agree well with the NNLO fixed-order results. The
effects of multiple gluon radiation from the parton shower seem to agree well with the
modifications of the NLO distribution resulting from the NNLO corrections.

In the third to the fifth row, we present normalized distributions (with respect to the
cross sections for R = 0.4) for eight different R values from 0.3 to 1.0. Jet-radius-dependent
effects are shown for NLO (third row), NLO plus parton shower (fourth row) and NNLO
(fifth row). For ppj > 150 — 200 GeV, there is a relatively small dependence of the cross
section on the jet size. However, there is a sizable variation of the cross section in the small
transverse momentum region. This is due to the requirement that there be at least two
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jets in the event, each with pr > 30 GeV. For small m;; and Ay;1 j2, the two leading jets
and the accompanying real radiation tend to be combined into a single jet as the jet radius
increases, and thus the event fails the minimum two jet requirement (this can be seen also
in figures 22 and 23). In the large m;; and the large Ay;; jo regions, the final state partons
are well separated and more likely to be identified as separate jets. With increasing jet
radius, more radiation is added to the tagging jets, allowing the event to more easily pass
the threshold pr requirement for the two final-state jets. For prj; < 200 GeV, the two
leading jets tend to have a moderate value of m;; (peaked at 300 GeV in figure 23) and
large Ay;1 2 (peaked at 4.2 in figure 22) resulting in the enhancements (or reduction for
R=0.3) for the various cone sizes shown in the third to fifth row of figure 18. There is a
shoulder for prj on the order of 70 GeV due to the minimum two jet requirement, after
which all ratios converge to unity.

For prn, > 200 GeV, according to figures 22 and 23, the two leading transverse momenta
jets often originate from the same parent parton (due to hard gluon radiation off of the
lead quark jet, and the relative softness of the 2nd quark tagging jet at high Higgs boson
pr). As a result, the enhancement in the small m;; (peaked at 100 GeV) and small Ay;; jo
(peaked at 0.5) region results in the differential pr g cross section decreasing mildly with
increasing jet radius, due to the merging of the two jets arising from the same quark line.

Compared to the inclusive cross section with R= 0.4, we observe a “pinch point”, for
NLO, NLOPS and NNLO, where the VBF cross sections are insensitive to the jet cone size.
At this pinch point, the predictions also have the minimum scale variation. In the vicinity
of the pinch point, most of the events have two well-separated jets, for which a variation
of jet radius or a variation of the evolution scale would not affect the cuts applied to the
inclusive Higgs pp cross section. As a result, the scale uncertainty is also reduced.

The pinch point is at 150 GeV for NLO compared to 200 GeV for NNLO. One possible
explanation for the difference is that the additional gluon radiation present at NNLO
provides extra recoil for the Higgs boson. The scale uncertainties around the pinch point
are reduced from +0.2% at NLO to +0.1% at NNLO, with the numerical integration error
at the same level.

In general for the Higgs pr spectrum, the scale variations are smaller for larger values of
jet R. This supports the argument that there is a better cancellation of the real and virtual
corrections as the VBF phase space becomes more inclusive (more radiation absorbed
in larger R jets). This is in contrast to the gluon-gluon fusion channel of Higgs-plus-
jet, vector-boson-plus-jet or dijet production in the study of [37], where, instead, scale
variation uncertainties mildly increase with a larger choice of jet radius. We attribute
the phenomenology to the accidental cancellation among the virtual and real radiation at
smaller values of jet radius. In general, the impact of such behavior needs to be studied on
a process-by-process basis.

The R-dependence for the NNLO VBF cross section using the ATLAS fiducial selection
criteria for VBF production is shown in the right panel of figure 18. In comparison to the
inclusive case (in the left panel), the requirement that the two leading jets be well separated
(Ayj; > 3, Aopmj,, > 2.8 and m;j; > 400 GeV) results in increasingly positive corrections as
the jet radius increases. The enhancement observed for Higgs transverse momenta near zero,
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for the largest cone sizes, has increased from 10% (15%) to 70% (80%) at NLO (NNLO).
The pinch point disappears at both NLO and NNLO. The NLOPS predictions agree with
the NNLO fixed-order results for prj; < 400 GeV, and differ from NNLO by 10% as the
Higgs boson pr approaches 1TeV. Both the R-dependence of the jet cross sections and the
size of the NLO and NNLO corrections depend on the amount of real radiation. Thus, it
is no surprise that there are similarities between the NLO and NNLO K-factors, and the
observed normalized R variations for the cross sections.

In order to investigate further the dynamics of the VBF production mode for different
kinematics, we now analyze the differential distributions of the Higgs boson transverse
momenta using the following fiducial selections for m ;2 and Ay;;:

o light: mjq2 < 350 GeV

o heavy: mjijo > 350 GeV

o center: Ay;; <2
 intermediate: 2 < Ay;; <4
o forward: Ay;; > 4.

In figure 19 and 20, the double differential prj, distributions are shown in the six fiducial
regions that arise from combining the cuts described above: heavy-center, heavy-intermediate,
heavy-forward, light-center, light-intermediate and light-forward. Typical experimental VBF
cuts correspond to the heavy-forward case. From the distributions, it can be observed that
the application of the heavy-forward cuts captures the bulk of the VBF cross section, while
the heavy-intermediate, light-center and light-intermediate fiducial regions contain smaller,
but still significant, fractions.

Figure 19 reveals similar higher order corrections as observed in figure 18, as well as
a similar jet radius dependence in the heavy-intermediate and the heavy-forward fiducial
regions. However, the agreement between fixed order and NLOPS predictions deteriorates
in the heavy-forward case at large transverse momenta. This effect is identical to the one
observed in figure 18 (right) and seems worrisome because it occurs in a region that should
nominally not be affected by resummation effects. We have analyzed it in detail and found
it to be related to an inappropriate choice of the factorization scales.

We remind the reader that the fixed-order calculations are performed in the structure
function approach, which is an excellent approximation to the full Standard Model result
for VBF-type processes in the phase-space regions singled out by the heavy-forward jet
requirements. It implies in particular that there are two entirely independent sets of
higher-order QCD corrections to the perturbatively computed hadronic tensor for each
incoming beam. In order to minimize these corrections, the perturbative calculation should
be performed using the characteristic energy scale at which the hadronic tensor is probed by
the reaction. This energy scale should be set by the ¢-channel virtualities of the exchanged
electroweak bosons which fuse into the Higgs boson. In the case of large Higgs pr and
heavy-forward jet cuts, these t-channel virtualities will exhibit a large hierarchy, because the
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Higgs boson tends to recoil against a single, high-pr leading jet, with the second jet having
a small transverse momentum. This effect is not captured by the global factorization scale
in eq. (2.4). Similar effects also appear in the higher order corrections to single top quark
production in the ¢-channel [109]. In order to reflect the true dynamics of the reaction,
one would need to define two scales, HP*"'", related to the two independent beams. Any
longitudinally boost invariant global scale will inevitably induce potentially large logarithmic
corrections that are due to the DGLAP evolution of the PDFs. These are corrected for at
fixed order, leading to very stable results when going from NLO to NNLO. However, the
agreement between LO and NLO could be improved substantially by choosing appropriate
independent factorization scales. The same is true for the agreement between NNLO and
NLOPS predictions, because the latter suffer from the fact that the resummed higher-
order corrections implemented by the NLOPS are assumed to be associated with a single,
global factorization scale of the form of eq. (2.4). We have verified this hypothesis using a
leading-order parton shower simulation that was equipped with a true structure function
approximation in the sense that we chose ppr to be the individual t-channel virtualities of
the electroweak bosons.

For the heavy-center fiducial region, at small pr,, the jet cone size dependence and
the higher order corrections are similar to those observed in the heavy-intermediate and
heavy-forward region, while being substantially different at large pr . The rapidly falling
LO contribution at large prj indicates that events are being discarded for not satisfying
the requirement of reconstructing two jets from two partons. With the presence of multiple
real emissions from higher order corrections and parton showers, we observe a sensitivity
to the choice of jet radius in the NLOPS and NNLO predictions. An enhancement of the
cross section with increasing jet cone size at high pr ) is observed, which is due to the
inclusion of more energy in the two leading jets, leading to a greater potential for passing
the requirement of m;1;2 > 350 GeV.

For the light sector shown in figure 20, the steeply falling distributions at large Ay,
indicate that the two leading jets rapidly run out of available phase space to recoil from a
Higgs boson with large pr ;. Higher order, as well as parton shower corrections, are essential
to provide more phase space volume. Increasing the jet radius results in more partonic
emissions being clustered into one jet, which tends to remove the event from the defined
light phase space. We observe that the effects described above result in a decrease of the
cross section in the light-center region of more than 600% when the jet radius changes from
0.3 to 1.0 (for prj at 1 TeV).

With a comprehensive study on the Higgs boson transverse momentum distributions in
this section, we have quantified the phenomenological impact of different choices of jet cone
size, as well as the properties of pr, distributions outside the fiducial region defined by the
“VBF-cuts”. With the observation of excellent agreement between NLOPS and NNLO in
general, we also discover mild deviations in the boosted pr region when requiring large
mj; and Ay;;. To further quantify the consistency between various NLOPS tools and
fixed-order calculations, we present comparisons of characteristic differential observables
from the VBF production channel in the following section.
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Code | o (] (inc) o [fh] (excl 2§) Code | o [b] (incl) o [b] (excl 2))
NNLOJET (NLO) | 1963.97125 £ 0.1 164527509 £ 0.1 ~ POWHEG+Herwig | 1814.6 £ 0.3 1534.9 + 0.3
NNLOJET (NNLO) | 1891.9F183 + 2.9 1550.67%05 + 28 ~ POWHEGHPythia | 1821.9 + 0.3 1555.1 + 0.3
Herwig Dipole | 1851.1  +3.2  1561.1 =+ 3.2 Sherpa CSS 1860.1 + 0.7 1586.5 + 0.6
Herwig § 1858.7  +89 15552 + 8.8 Sherpa Dire 1860.1 + 2.7 1594.0 + 2.6

Table 2. Cross sections for R = 0.4 at NLO+PS accuracy, in comparison to fixed-order results.
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Figure 21. Higgs boson transverse momentum (left) and Higgs plus leading jet transverse momentum
(right) distribution. We compare NLO and NNLO fixed-order predictions to NLOPS calculations
from various event generators. The reference NLOPS generator is taken to be Herwig 7 standalone
(MC@NLO matching, dipole shower). See the main text for details.

8 Comparison of theoretical approaches

In this section we compare the different computational approaches in some more detail,
and in particular we examine fixed-order and NLOPS predictions for the specific case of
VBF production for a jet size of R = 0.4, also quantifying the differences between different
NLOPS simulations. Table 2 lists the fiducial cross sections in the various approaches.
The top panels of figure 21 show a comparison between fixed-order calculations from
NNLOJET for the Higgs boson and Higgs plus jet transverse momentum to Herwig 7
standalone (MC@NLO matching, dipole shower) results. The green uncertainty band
corresponds to the envelope of all the NLOPS predictions considered in this study. The
second panels display the ratio of the fixed-order and the reference NLOPS predictions
to the NNLO. The bottom panels display the ratio of several NLOPS distributions to
the reference one. In the left panels, i.e. for the Higgs transverse-momentum spectrum,
we notice a good agreement between the NLOPS and NNLO results. If instead we look
at the transverse momentum of the system comprising the Higgs boson and the hardest
jet, that corresponds to the transverse momentum of the second leading jet at LO, (right
panels), we notice a good agreement only for prp; > 50GeV. This is expected as the
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the middle and right panels show results for a minimum Higgs transverse momentum of 200 and
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Figure 25. kp jet rates at R = 0.4.

small transverse-momentum region is sensitive to the resummation of soft and collinear
radiation. We also notice that for prp;, < 15GeV the difference between the several NLOPS
predictions is smaller than 20%, indicating a relatively small residual uncertainty.

In figure 22 we display the jet rapidity separation at the inclusive level, and with cuts
on the Higgs pr of 200 and 500 GeV. Again, the NLOPS predictions agree to the percent
level, except at small Ay;;, where differences can grow up to 10%. In comparison to NNLO
fixed-order results, we find larger differences at high Higgs pp. All the NLOPS simulations
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predict a larger peak at low Ay;; than the fixed-order predictions, as perhaps expected due
to the radiative nature of that peak. It is surprising that the NLOPS predictions agree
better with NLO than with NNLO for the highest Higgs boson pr cut. Note that matching
scheme and parton-shower scheme variations are larger in relative size at large Higgs pr.
This is expected based on the additional scale hierarchies present in these configurations.

Figure 23 shows similar comparisons between fixed-order calculations from NNLOJET
and the various NLOPS simulations for the dijet invariant mass spectrum at the inclusive
level, and with cuts on the Higgs pr of 200 and 500 GeV. The NLOPS predictions agree to
the percent level, except in the region around m;; ~ 0, where differences can grow up to
10%. In comparison to NNLO fixed-order results, we find differences of up to 20% in the
low-m; region, depending on the Higgs transverse momentum cut. The differences arise
from the same source as for figure 22.

Figure 24 shows a comparison between fixed-order calculations from NNLOJET and
the various MC event generators for the jet azimuthal angle separation at the inclusive
level, and with cuts on the Higgs pr of 200 and 500 GeV. The MC predictions agree to the
percent level throughout, and the agreement with fixed-order NNLO calculations is at the
same level, except for Higgs pr larger than 500 GeV, where differences can reach 10%.

Most observables shown in this section are sensitive to physics simulations at large scales,
and are dominated by radiative effects that are best described by fixed-order calculations
at higher jet multiplicity. In order to demonstrate the behavior of the simulations at low to
intermediate momentum scales, where Sudakov effects become important, we investigate
the 2 — 3 and 3 — 4 jet resolution scales in the longitudinally invariant k7 algorithm [110]
with R = 0.4. The resolution variables d,,,—1 are similar to the Durham jet resolution
scales Ynn—1 in eTe™ collisions and are defined as the scale at which n subjets merge into
n — 1. The predictions from the various MC event generators are shown in figure 25. These
observables are highly sensitive to the QCD radiation pattern and show differences at
the 10-20% level between most NLOPS simulation, except POWHEG+Pythia which predicts
more radiation at smaller scales. It will be interesting to investigate these differences in
more detail and compare the NLOPS results with NLL resummed predictions, once these
become available.

We conclude this section by noting that the differences among the various parton-
shower matched predictions, and also the differences between the fixed-order predictions and
matched results, rarely exceed the few percent level. Significant deviations are observed only
in the regions of large Higgs bosons pr, where the scale set by the transverse momentum
induces an additional hierarchy. This situation is very different from the observations in
ref. [111], where a large deviation between the different parton-shower matched predictions
was observed in the third jet rapidity, for example (see figure 19 ibidem). The deviations
observed in ref. [111] can be attributed to an inconsistent setting of parton shower parameters,
in particular a recoil scheme in Pythia 8 which does not maintain the virtuality of ¢-channel
electroweak propagators. We refer the reader to ref. [112] for a more detailed discussion of
this effect, and for a more comprehensive analysis of matching uncertainties in the Pythia
8 event generator.
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9 Conclusion

Electroweak Higgs boson plus two-jet production is one of the prime channels to study the
structure of the electroweak sector of the Standard Model at the Large Hadron Collider.
Future running at the LHC will allow the accumulation of a very large data sample, pushing
the Higgs boson measurements out to high transverse momentum, where the possibility of
the discovery of new physics exists. The vector-boson fusion production mode in particular
offers the opportunity for a detailed measurement of Higgs boson interactions involving
the massive gauge bosons. Precise theoretical predictions for both signal and background
processes are of utmost importance in order to harness the full statistical power of LHC
event samples. Experimental analyses do however depend on a more detailed modeling of
events, including in particular resummation effects, underlying event and hadronization.
The proper description of these aspects of QCD hinges on Monte Carlo event generators,
which describe the hard scattering process only at NLO accuracy. In this manuscript we
have presented a comparison of the two types of calculations, i.e. NLOPS and NNLO, and
we have compared a wide range of parton showers, including in particular Herwig, Pythia
and Sherpa, and both additive and multiplicative matching algorithms (MCQNLO and
POWHEG). We have studied the jet-radius dependence of the cross sections as a means of
better understanding the higher order corrections and the scale uncertainties at each order.
We have investigated the behavior of the cross sections at high Higgs boson transverse
momentum, a region not fully explored from the phenomenological perspective, but one
accessible with the data to be taken at the high-luminosity LHC.

We have found generally good agreement between NLOPS and NNLO predictions, apart
from some intricate effects related to choices of the factorization scale, which can induce
large logarithmic corrections. We have studied the VBF production mode and associated
backgrounds in detail over the full Higgs boson transverse momentum range. We have also
found that there is a large R-dependence on the VBF cross sections that can be understood
in terms of the kinematic cuts applied to the event. The R-dependent effects are largest at
low to moderate Higgs boson pT’, and with the application of typical VBF selection cuts.
We have examined the impact of a resonance dijet mass veto to reduce the VH contribution,
and have shown that at high pr, a broader definition of the veto must be considered to
achieve the best separation between the two processes. We have examined the effectiveness
of a Ayj;; cut, as a function of jet R, Higgs boson pr and definition of the dijet system and
have shown that the effectiveness of such cuts decreases as the Higgs boson pr increases.
At high pr, the Higgs boson recoils primarily against the lead tagging jet, with the second
(tagging) jet being relatively soft. The emission of an additional jet from the lead jet grows
with the lead jet transverse momentum. Given the softness of the second tagging jet, the
emitted jet often becomes the second highest pr jet in the event, often leading to low values
of Ayj;j, if the two highest pr jets are chosen to define the VBF kinematics. The further
improvement of the VBF Higgs boson signal to background is possible through application
of cuts on additional jets present in the event. We have proposed the usage of a global
rather than a central jet veto to enhance the signal-to-background ratio, both because of
the effectiveness of such a cut and the relative ease of understanding its impact on the
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accuracy of the theoretical predictions. This will provide the opportunity to further increase
the precision of perturbative calculations by combining existing NNLO predictions with
NLL resummation, also opening the possibility for further validation of Monte Carlo event
generators in the Sudakov region.

A better understanding of processes involving jets at the LHC can be gained by a
comprehensive study of the processes using both fixed order (NLO and NNLO) and NLOPS
calculations, all conducted within a common framework. The variation of the jet radius
allows a more detailed understanding of the higher order corrections and on the remaining
scale dependence. This paper follows a study [37] with a similar spirit carried out for dijet,
Z-boson + jet and Higgs boson + jet production at the LHC.
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