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Fixed Order, Parton Showers and Variations

Figure 4 . Left panel: Generic picture for components of MC event generators. Right panel:
Generic structure of distributions with kinematic threshold structures in the soft-collinear re-
gion with top mass sensitivity obtained by NLO-matched MMCs (NLO+PS) and unmatched
MMCs (LO+PS). The matching procedure adds the di! erence between the NLO expanded PS
(LO+PS NLO _ FO ) and the NLO Þxed-order (NLO_FO) results to the tail of the distribution pop-
ulated by hard radiation events (grey). (With courtesy of Simon PlŠtzer.)

branching (CB) [79] (as used as the default in theHerwig [74] MMC family) or on trans-
verse momentum ordered dipole showering [80] (as used in thePythia [75] and Sherpa
MMCs [76] and optionally also in Herwig [81]). Differences between the two PS types
arise for example in the treatment of non-global observables, where CB has restrictions,
or in momentum recoil effects, where dipole showering is based on a local treatment for
each parton branching. The hadronization models implemented in MMCs are based on
the concepts of decaying clusters [82] or the breaking of QCD strings [83]. Their param-
eters are not Þxed from Þrst principles QCD but through the tuning procedure, i.e. by
demanding that the MMCs reproduce a certain set of experimental differential cross sec-
tions. This allows the MC generators to provide adequate descriptions even when the PS
description is less precise. The precision of PSs in MMCs can be elevated by matching
them with NLO matrix elements (referred to as NLO+PS). Such matched generators such
as MacGraph5_aMC@NLO [84, 85] or POWHEG [86] improve the description of the Þrst
hard PS emission (typically with transverse momenta larger than10 GeV) but leave the
soft and collinear emissions and hadronization provided by the underlying MC generators
unchanged, see the right panel of Fig4. MMCs share in an observable-dependent way
the aspects of Þrst-principle calculations as well as model-descriptions, where the primary
aim is on providing good descriptions for experimental observable quantities. There is an
ongoing effort to improve the theoretical basis of MMCs and the methods to estimate their
uncertainties for observable quantities, see e.g. [77, 87Ð89].

For top quark physics mostly thePythia [75] and Herwig [74, 90] event generators are
employed. It is an essential aspect of all experimental top quark measurements to properly
estimate the theoretical or model uncertainties arising from the theoretical approximations
encoded in the employed MMCs. The common approach of the experimental collaborations
is to analyse the variations obtained from a few different MC implementations that are con-
sidered reasonable. Limitations in state-of-the-art MCCs, particularly relevant for LHC top
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We have here considered the freedom of ensuring sup-
pression of such emissions by an arbitrary function" . We
call this weighting function a proÞle scale choice. One of
the subjects of the present study is to identify sensible
proÞle scale choices; we stress that such a choice is ofalgo-
rithmic nature and not an intrinsic source of uncertainty.
We will consider the following choices, depicted in Fig. 2:
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ferred to as damping factor within the POWHEG-BOX
implementation [7]; and

Ð power shower: imposing nothing but the phase-space
restrictions inherent to the shower algorithm consid-
ered.

Di! erent combinations of R2
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! can be achieved
within the two showers. In particular, the dipole shower
is able to populate the region up to K 2
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4 Typically, the splitting kernel for exact phase-space factori-
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towards the edge of phase space.
5 In principle ! should be varied with a reasonable range,

though we do not expect a big e! ect from this variation, given
the similarities between ! = 0 .3 and ! = 0 corresponding to
the theta proÞle; see the following sections.
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Fig. 2. The di ! erent proÞle scale shapes considered in this
study at a veto scale of Q! = 100 GeV (solid) and Q! =
50, 200 GeV (dashed).

showerÕ), while, for 2" 1 processes at hadron colliders
the angular-ordered phase space, by construction, imposes
K 2
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! to be the mass of the singlet which is produced.
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a number of limitations on " and the other scale choices
need to be imposed. Clearly, the limiting cases for small
and large transverse momenta need to be reproduced;
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While this is the case for all of the proÞles we considered
in this study, it is not su " cient to produce the desired
tower of logarithms. Imposing the former restriction we
still require that:

Ð K 2
! % Q2

! is imposed by thez boundaries;and
Ð " (Q2

! , q2
! ) % const wheneverq2

! is not of the order of
Q2

! for the term involving the derivative of " to become
subleading.
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Fig. 8. The relative rapidity of the third leading jet with re-
spect to the tagging jets. See Fig. 3 and the text for more
details.

Fig. 9. The relative rapidity of the third jet with respect to the
two tagging jets, comparing the Þxed order parton level result
(black) to the results obtained with the subtractive (blue) and
multiplicative (dark cyan) matching algorithms. The ratio plot
shows the ratio with respect to the Þxed order result. The
band denotes the change of the di↵erential cross section when
varying the factorization, renormalization and hard veto scale
jointly around the central value, µF /µ 0 = µR /µ 0 = µQ /µ 0 2
[ 1
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EW relations. The Cabibbo–Kobayashi–Maskawa matrix
is assumed to be diagonal, i.e. mixing e↵ects between dif-
ferent quark generations are neglected.

The renormalisation scale, µren, and the factorisation
scale, µfac, are identified with ⇠renµ0 and ⇠facµ0, where the
parameters ⇠ren and ⇠fac are to be varied between 1/2 and
2, and the central scale µ0, obtained from

µ
2

0
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2
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MH

2

◆2

+ p
2

T,H
, (2)

is computed from the mass and transverse momentum
pT,H of the Higgs boson event by event. We do not in-
clude e↵ects of hadronisation or underlying events in our
simulations.

3.2 Selection cuts

For the simulation of VBF events we employ a set of cuts
that ensure that the considered fiducial volumes can suit-
ably be accurately described despite the approximations
used in (some of) the generators of this study, such as
the VBF approximation that only works in a setup that
disfavours Higgs-strahlung topologies.

In order to define a H + n jets event we require the
presence of at least n jets, obtained from partons via the
anti-kT algorithm [62] using the FastJet package [63] with
a distance parameter R. Unless specified otherwise, the
value of R is set to 0.4. The thus produced jets need to
exhibit a minimum transverse momentum and be located
within the pseudo-rapidity range covered by the detector,

pT,j > 25GeV, |⌘j| < 4.5 . (3)

The hardest two jets fulfilling this criterion are called “tag-
ging jets”. These two tagging jets are furthermore required
to be located in opposite hemispheres of the detector, well
separated in rapidity, and exhibit a significant invariant
mass,

⌘j1 á⌘j2 < 0 , |�⌘j1 j2 | > 4.5 , mj1 j2
> 600GeV .

(4)

4 Numerical analysis

In the following we will present the numerical results of
our study. We will first discuss uncertainties specific to the
individual generators. In the second part of this section, we
will compare representative predictions of the individual
generators with each other.

4.1 Discussion of generator-specific uncertainties

4.1.1 Results from MadGraph5aMC@NLO

We now discuss results for VBF obtained with MadGraph-
5 aMC@NLO, and elaborate on e↵ects due to the specific

SMC employed and to the shower starting scale, on top
of the usual estimate of theoretical uncertainties from the
variation of the hard (renormalisation and factorisation)
scales. As SMCs, we consider the angular-ordered HERWIG7
generator and PYTHIA8with a global-recoil scheme. Con-
cerning the shower starting scale Qsh, it assigns (on an
event-by-event basis) the maximum hardness of the radi-
ation that the shower can generate in terms of the spe-
cific evolution variable, and is computed from a reference
shower scale µsh. In general, one has Qsh = µsh for the
so-called H-events, while for the S-events Qsh is generated
from a probability distribution of which µsh is the upper
endpoint 2. In order to assess the sensitivity of VBF ob-
servables on the shower scale, we choose to present results
where either µsh is not changed from its default value, or
where it is halved 3.
All plots, except those depicting properties of the third jet,
which will be presented later, have the following layout:
four histograms are displayed, with predictions obtained
using PYTHIA8(HERWIG7) in blue (red). Solid (dashed)
histograms correspond to the default (halved) reference
shower scale. In the inset, we show the bin-by-bin ra-
tio over the prediction matched to HERWIG7with nominal
shower scale. A blue band, corresponding to the hard-scale
variations (the renormalisation and factorisation scales are
varied independently by a factor of two around the cen-
tral value giving rise to a nine-point variation) is displayed
for the prediction matched to PYTHIA8with the nominal
shower scale.

The first observable we consider is the exclusive4 jet
multiplicity, in the left panel of Fig. 2. When looking at
this figure, one should bear in mind that the two-jet bin
is the only bin with genuine NLO accuracy. The three-
jet bin is only LO accurate, while higher multiplicities of
jets are entirely due to the SMC. A consequence of this
is the agreement among predictions in the two-jet bin,
where predictions lie within 10% of each other, with those
matched to PYTHIA8predicting a lower rate than those
with HERWIG7. In the three-jet bin, on the other hand, we
observe large discrepancies, not covered by the hard-scale
uncertainty: the predictions matched with PYTHIA8ex-
hibits a 60% excess with respect to the one matched with
HERWIG7. Such a large e↵ect is due to the global recoil
scheme employed by PYTHIA8in order to be consistent
with the matching in MadGraph5aMC@NLO, which is not
suitable for VBF/VBS-type processes, c.f. our discussion
in Sec. 2.5. For higher-multiplicity bins discrepancies and
scale uncertainties become huge. Finally, we remark that

2 Details can be found in Sect. 2.4.4 of Ref. [19] and, for a
process-specific example, in Sect. 3.2 of Ref. [64]. In particular,
for processes without light jets at the Born level one has µsh =
H T / 2 (H T being the total transverse energy of the event); in
the case relevant for VBF, where there are n jets already at
Born level, µsh = dn ! dn +1 / 2, where di is the i -th kT distance
of the jets obtained by clustering the partons.

3 This can be done by setting the shower scale factor vari-
able to 0.5 inside the run card of MadGraph5aMC@NLO.

4 For this observable the bin corresponding to n jets is filled
when there are exactly n jets in an event.
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4 For this observable the bin corresponding to n jets is filled
when there are exactly n jets in an event.
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EW relations. The CabibboÐKobayashiÐMaskawa matrix
is assumed to be diagonal, i.e. mixing e! ects between dif-
ferent quark generations are neglected.

The renormalisation scale,µren , and the factorisation
scale,µfac , are identiÞed with ! ren µ0 and ! facµ0, where the
parameters! ren and ! fac are to be varied between 1/2 and
2, and the central scaleµ0, obtained from

µ2
0 =

M H

2

! "
M H

2

# 2

+ p2
T,H

, (2)

is computed from the mass and transverse momentum
pT,H of the Higgs boson event by event. We do not in-
clude e! ects of hadronisation or underlying events in our
simulations.

3.2 Selection cuts

For the simulation of VBF events we employ a set of cuts
that ensure that the considered Þducial volumes can suit-
ably be accurately described despite the approximations
used in (some of) the generators of this study, such as
the VBF approximation that only works in a setup that
disfavours Higgs-strahlung topologies.

In order to deÞne aH + n jets event we require the
presence of at leastn jets, obtained from partons via the
anti-kT algorithm [62] using theFastJet package [63] with
a distance parameterR. Unless speciÞed otherwise, the
value of R is set to 0.4. The thus produced jets need to
exhibit a minimum transverse momentum and be located
within the pseudo-rapidity range covered by the detector,

pT ,j > 25 GeV, |" j | < 4.5. (3)

The hardest two jets fulÞlling this criterion are called Òtag-
ging jetsÓ. These two tagging jets are furthermore required
to be located in opposite hemispheres of the detector, well
separated in rapidity, and exhibit a signiÞcant invariant
mass,

" j1 · " j2 < 0, |#" j1 j2 | > 4.5, mj1 j2 > 600 GeV.
(4)

4 Numerical analysis

In the following we will present the numerical results of
our study. We will Þrst discuss uncertainties speciÞc to the
individual generators. In the second part of this section, we
will compare representative predictions of the individual
generators with each other.

4.1 Discussion of generator-specific uncertainties

4.1.1 Results from MadGraph5 aMC@NLO

We now discuss results for VBF obtained withMadGraph-
5 aMC@NLO, and elaborate on e! ects due to the speciÞc

SMC employed and to the shower starting scale, on top
of the usual estimate of theoretical uncertainties from the
variation of the hard (renormalisation and factorisation)
scales. As SMCs, we consider the angular-orderedHERWIG7
generator andPYTHIA8 with a global-recoil scheme. Con-
cerning the shower starting scaleQsh, it assigns (on an
event-by-event basis) the maximum hardness of the radi-
ation that the shower can generate in terms of the spe-
ciÞc evolution variable, and is computed from a reference
shower scaleµsh. In general, one hasQsh = µsh for the
so-calledH-events, while for theS-eventsQsh is generated
from a probability distribution of which µsh is the upper
endpoint 2. In order to assess the sensitivity of VBF ob-
servables on the shower scale, we choose to present results
where either µsh is not changed from its default value, or
where it is halved 3.
All plots, except those depicting properties of the third jet,
which will be presented later, have the following layout:
four histograms are displayed, with predictions obtained
using PYTHIA8 (HERWIG7) in blue (red). Solid (dashed)
histograms correspond to the default (halved) reference
shower scale. In the inset, we show the bin-by-bin ra-
tio over the prediction matched to HERWIG7 with nominal
shower scale. A blue band, corresponding to the hard-scale
variations (the renormalisation and factorisation scales are
varied independently by a factor of two around the cen-
tral value giving rise to a nine-point variation) is displayed
for the prediction matched to PYTHIA8 with the nominal
shower scale.

The Þrst observable we consider is the exclusive4 jet
multiplicity, in the left panel of Fig. 2. When looking at
this Þgure, one should bear in mind that the two-jet bin
is the only bin with genuine NLO accuracy. The three-
jet bin is only LO accurate, while higher multiplicities of
jets are entirely due to the SMC. A consequence of this
is the agreement among predictions in the two-jet bin,
where predictions lie within 10% of each other, with those
matched to PYTHIA8 predicting a lower rate than those
with HERWIG7. In the three-jet bin, on the other hand, we
observe large discrepancies, not covered by the hard-scale
uncertainty: the predictions matched with PYTHIA8 ex-
hibits a 60% excess with respect to the one matched with
HERWIG7. Such a large e! ect is due to the global recoil
scheme employed byPYTHIA8 in order to be consistent
with the matching in MadGraph5 aMC@NLO, which is not
suitable for VBF/VBS-type processes, c.f. our discussion
in Sec. 2.5. For higher-multiplicity bins discrepancies and
scale uncertainties become huge. Finally, we remark that

2 Details can be found in Sect. 2.4.4 of Ref. [19] and, for a
process-speciÞc example, in Sect. 3.2 of Ref. [64]. In particular,
for processes without light jets at the Born level one has µsh =
HT /2 (HT being the total transverse energy of the event); in
the case relevant for VBF, where there are n jets already at
Born level, µsh = dn�dn+1/2, where di is the i-th kT distance
of the jets obtained by clustering the partons.

3 This can be done by setting the shower scale factor vari-
able to 0.5 inside the run card of MadGraph5 aMC@NLO.

4 For this observable the bin corresponding to n jets is Þlled
when there are exactly n jets in an event.
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the choice and settings of the SMC, thePOWHEG-BOXis
matched to. To explore this e! ect we present a system-
atic comparison of NLO+PS predictions obtained with
PYTHIA8(both default and dipole recoil scheme, c.f. Sec. 2.5),
angular orderedHERWIG7, and Þxed-order results at NNLO-
QCD accuracy obtained with the proVBFHprogram. We
expect only a small impact of the SMC choice on observ-
ables with little sensitivity to soft radiation e ! ects, such as
the transverse momenta of the tagging jets and related dis-
tributions. Indeed, as illustrated by Fig. 7, the transverse-
momentum distribution of the second tagging jet is very
stable with respect to the choice of SMC, and indeed the
NLO+PS simulation provides a very good approximation
for the NNLO prediction. Small di ! erences are also ob-
served in the rapidity separation of the two tagging jets,
shown in the right-hand-side of Fig. 7. We notice, how-
ever, that in this case the results obtained with the dipole
recoil scheme inPYTHIA8lie clearly above theHERWIG7re-
sults, while the default version of PYTHIA8resembles the
HERWIG7predictions in the region of highly separated jets,
but reproduces the PYTHIA8results in the dipole scheme
for smaller rapidity separations.

Much more pronounced di! erences between the vari-
ous SMC choices are found for distributions related to the
subleading jets. Figure 8 shows the transverse-momentum
distribution of the system formed by the Higgs boson and
the two tagging jets, which reßects the transverse momen-
tum of the remaining objects produced in the scattering
process, in particular the non-tagging jets. Since such sub-
leading jets in the Hjj simulation can only be accounted
for by the real-emission matrix elements or parton-shower
emission they are only described at leading order or parton-
shower accuracy. In the tail of thepT,H,j1,j2 distribution,
the PYTHIA8default results by far exceed the reference re-
sults constituted by the NNLO prediction, while no such
large di! erences are observed in theHERWIG7and PYTHIA8
results using the dipole recoil scheme.

A variable particularly suitable to indicate the rela-
tive position of the third jet with respect to the centre
of the tagging-jet system is constituted by the so-called
Zeppenfeld variable, deÞned as

z
?

j3
=

! j3 ! ⌘j1+⌘j2
2

|"! j1j2
|

. (7)

For small values of zj3 the third jet is right in between
the two tagging jets, while larger zj3 values correspond to
more peripheral conÞgurations. Thez?

j3
distribution helps

to understand where the large di! erences between the var-
ious SMC simulations stem from. Obviously, thePYTHIA8
default scheme produces an abundance of radiation for
small values ofz?

j3
, i.e. in between the two tagging jets.

4.1.3 VBFNLO and HJets + Herwig7/Matchbox

Within the setup using the HERWIG7interface to VBFNLO
and HJets we perform the subtractive, MC@NLO-type
matching and assess the uncertainties by varying the hard
scale of the shower evolution as well as the factorisation

and renormalisation scales of the hard process. For a de-
tailed discussion of these uncertainties see [55,65], where
VBS processes have been considered as well. We also in-
vestigate the di! erence between the default, angular or-
dered ÷q shower, as well as the dipole-type evolution which
is available as an alternative module. Since theHJets
module [25] implements the calculation without any VBF
approximation, we can perform a comparison toVBFNLO,
which resorts to the VBF approximation that is also used
in the POWHEG-BOXand MadGraph5aMC@NLOgenerators.
We Þnd quite similar results of the showering in between
the two HERWIG7shower modules, as well as similar vari-
ations and stability with respect to the Þxed order input.

We Þrst compare the VBF approximation for both a
tight and a loose cut setup with subsequent parton show-
ering, including the variations from the renormalisation
and factorisation scales. The tight setup is deÞned by the
cuts of Sec. 3.2, while for the loose setup we relax the
selection to

|"! j1j2 | > 1 , mj1j2 > 200 GeV, (8)

with all other cuts identical to the general setup. Exam-
ples are depicted in Fig. 9, where we generally Þnd a large
discrepancy betweenVBFNLOand HJets for the third jet in
a loose setup, and a very good agreement in between the
two for a tight VBF selection. Similar Þndings at Þxed
order also apply to the third jet distributions, see [66].
Within a tight VBF selection, the shower uncertainties in
the NLO matched case are at the few-percent level for ob-
servables involving the hardest three jets, but can still be
signiÞcant for higher jet multiplicities, something which
we exemplify in Fig. 10, where we include the minimum
rapidity di ! erence of the third jet with respect to the tag-
ging jets, deÞned by

x
⇤
j3

= min {| ! j1 ! ! j3 |, |! j2 ! ! j3 |} , (9)

where x
⇤
j3

receives a minus sign if the third jet is outside
the dijet window, i.e. if z

?

j3
> 0.5. We also show the dijet

invariant mass distribution.

4.2 Comparison of di↵erent generators

Having investigated variations within the individual SMCs
we now turn to a study of the three generators in the rec-
ommended default setup. A summary of the setups used
with the three di ! erent generators is given in Tab. 1. Given
the above discussion we show results forMadGraph5aMC-
@NLOinterfaced to HERWIG7, the POWHEG-BOXinterfaced to
PYTHIA8using the dipole recoil strategy, andVBFNLO+-
Herwig7/Matchbox. All three generators use the VBF ap-
proximation, and have been checked to agree within statis-
tical uncertainties when run at Þxed-order (at the inclusive
and di! erential level). Hence we expect any disagreement
to arise only from di! erences in matching procedure and
shower details rather than the Þxed-order matrix elements
for the hard scattering. We recall that we do not include
hadronisation or underlying event e! ects in the compari-
son.
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generator matching SMC shower recoil used in Sec. 4.2

VBFNLO+Herwig7/Matchbox � HERWIG 7.1.5 global (q̃) / local (dipole) (q̃)
HJets+Herwig7/Matchbox � HERWIG 7.1.5 global (q̃) / local (dipole)
MadGraph5 aMC@NLO 2.6.1 � HERWIG 7.1.2 global
MadGraph5 aMC@NLO 2.6.1 � PYTHIA 8.230 global
POWHEG BOX V2 ⌦ PYTHIA 8.240 local (dipole)
POWHEG BOX V2 ⌦ PYTHIA 8.240 global
POWHEG BOX V2 ⌦ HERWIG 7.1.4 global (q̃)

Table 1. The various generators used in the comparisons throughout this paper and their respective settings. The column
‘matching’ refers to either MC@NLO (�) or POWHEG (⌦) style matching. For a more detailed discussion of the setup of the
various generators please see sections 4.1.1-4.1.3. The last column indicates which setup is being used in the final comparison
of Sec. 4.2.

In Fig. 11 we show the typical VBF observables; tag-
ging jet rapidity separation, !" j 1 ,j 2 , and invariant mass,
mj 1 ,j 2 , for MadGraph5aMC@NLO(blue), POWHEG-BOX(green),
and VBFNLO+ Herwig7/Matchbox (orange). We also show
the Þxed order NNLO-QCD prediction obtained usingpro-
VBFH(black). The plot shows a spread in predictions of
less than 10%. BothPOWHEG-BOXand MadGraph5aMC@NLO
show the same shape distortion with respect toproVBFH
although they have di! erent normalisation. VBFNLO+ Her-
wig7/Matchbox , on the other hand, exhibits a di! erent
slope behaviour in both observables with respect to the
other two generators.

There are also some di! erences between the three gen-
erators when considering more inclusive observables. How-
ever in this case the discrepancies are mostly due to di! er-
ences in normalisations. To illustrate that point, in Fig. 12
we show the transverse momentum of the Higgs boson and
of the Þrst tagging jet in the event. All three generators
agree within 10% and have very similar shapes. In par-
ticular, all three generators are comparable in shape with
respect to the Þxed order NNLO-QCD prediction.

Lastly we show a comparison of the Zeppenfeld vari-
ablez!

j 3
and the exclusive jet multiplicity in Fig. 13. We re-

mind the reader that all three considered generators have
LO accuracy for three-jet observables and pure shower ac-
curacy for observables with more than three jets. Although
there are larger di! erences between the generators forz!

j 3
,

of the order of 20%, they have fairly similar shapes up
to about z!

j 3
! 0.8 and, in particular, none of the predic-

tions exhibits a large excess in the smallz!
j 3

region. For
the exclusive jet cross section it is clear that matched cal-
culations predict a much smaller number of jets than the
Þxed order prediction in the three and four jet bins. They
do, however, agree amongst each other at the 10% level
for the 2, 3 and 4 jet rates. The discrepancy with respect
to the Þxed order prediction is related to soft radiation
produced by the shower that is lost outside of the rather
narrow jet cone.

4.3 Jet radius dependence

In this section we consider the dependence of the VBF
cross sections on the jet radiusR after showering, but

without any hadronisation or underlying event for which
we expect a parametrically di! erent dependence on the jet
radius. From parton showering, and higher order correc-
tions in general, we expect a leading log(1/R ) dependence,
which has previously been studied for VBF processes in
[67], and for more general processes involving hard jets
the interplay with scale choices and variations at Þxed or-
der has also been investigated [68]. We show some of the
results in Fig. 14. While we have not attempted to per-
form any Þt of the R-dependence, the general pattern we
see is that after parton showering leading, as well as next-
to-leading order matched predictions show a similar, and
signiÞcant R dependence. This dependence does not only
a! ect the normalisation of the cross section due to the
jet selection criteria, but also the shapes even for inclu-
sive distributions like the Higgs boson transverse momen-
tum. A comprehensive discussion of the jet radius depen-
dence needs not only to include a study of the behaviour
of NLO QCD corrections, but also to include the impact
of hadronisation and multi-parton interactions. Prelimi-
nary results for investigating the jet radius dependence at
NNLO have also been reported in [69].

5 Recommendations and conclusions

In this work we performed a quantitative investigation of
parton-shower and matching uncertainties for the produc-
tion of a Higgs boson plus two jets via VBF. The relevance
of such a study is supported by the fact that, already
in analyses based only on part of the data taken during
Run II of the LHC, for VBF the dominant source of uncer-
tainties are theoretical ones. Improving on Higgs analyses
in the VBF channel thus crucially requires a quantitative
understanding of the tools used for the simulation of Higgs
production via VBF.

In the study of matching uncertainties, we found that,
within a single generator and SMC, theoretical uncertain-
ties estimated by the usual renormalisation and factorisa-
tion scale variations, possibly supplemented by variations
in a variable that controls the shower hardness (shower
starting scale for MadGraph5aMC@NLOor hdampfor the
POWHEG-BOX), turn out to be small, hardly above the few-
percents Þgure. This also applies to the hard shower scales

[JŠger, Karlberg, PlŠtzer, Scheller, Zaro Ñ 2003.12435]
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Fig. 8. Transverse-momentum of the Higgs-plus-tagging-jets system (left) and Zeppenfeld variable of the third jet (right) as
deÞned in Eq. (7), within the cuts of Eqs. (3)Ð(4) at NNLO, and at NLO+PS accuracy using the POWHEG-BOX matched with
HERWIG7 and PYTHIA8 using two di ! erent recoil schemes. No hadronisation e! ects are taken into account.
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Fig. 9. Transverse-momentum distribution of the hardest jet (left) and the third jet (right) in the loose selection of Sec. 4.1.3,
comparing HJets and VBFNLO with the angular ordered shower of HERWIG7. The coloured bands are obtained by varying the
renormalisation and factorisation scales of the hard process by a factor of two around their central values.
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Fig. 12. Transverse-momentum distribution of the Higgs boson (left) and of the hardest tagging jet (right) within the cuts of
Eqs. (3)Ð(4) at NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+ Herwig7/Matchbox generators matched
with HERWIG7 and PYTHIA8 using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with
proVBFH.
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Fig. 13. Zeppenfeld variable of the third jet (left) and exclusive number of jets (right) within the cuts of Eqs. (3)Ð(4) at
NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+ Herwig7/Matchbox generators matched with HERWIG7
and PYTHIA8 using using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with proVBFH.
The ratio shown in the exclusive number of jets plots is taken with respect to the MadGraph5 aMC@NLO prediction.

Different setups agree well in tight VBF 
selection, if colour ßow respected.

Herwig seems somewhat less ÔjettyÕ, but 
all consistent within 10%, shapes of hard 
spectra not altered.

Pythia global recoil not compatible with 
other results. Pythia dipole recoil NLO 
matching only available via Powheg.

[JŠger, Karlberg, PlŠtzer, Scheller, Zaro Ñ 2003.12435]
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Fig. 14. The jet radius dependence illustrated for the pseudorapidity di ! erence between the tagging jets, and the transverse
momentum of the Higgs boson. Inclusive quantities also show a signiÞcant dependence on the jet radius due to selection criterion
involving jets.
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Fig. 10. Relative pseudo-rapidity di ! erence between the third jet and the tagging jets (left) and tagging jet invariant mass
(right). We use the setup of HERWIG7 + VBFNLO within the tight VBF selection of Sec. 4.1.3 and compare the dipole and angular
ordered showers.
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Fig. 11. Separation in pseudo-rapidity (left) and invariant-mass distribution of the two tagging jets (right) within the cuts of
Eqs. (3)Ð(4) at NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+ Herwig7/Matchbox generators matched
with HERWIG7 and PYTHIA8 using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with
proVBFH.

Still signiÞcant shower variations shedding 
light on jet activity after showering, 
otherwise distributions stable at NLO+PS.

More careful investigation of shower scale 
proÞles and cut migration needed.

Jet radius dependence shows expected 
perturbative behaviour.

Need to confront with perturbative 
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. Ñ EPJ C80 (2020) 93]

[JŠger, Karlberg, PlŠtzer, Scheller, Zaro Ñ 2003.12435]



Shower Variations and Jet Radius Dependence

Barbara J¬ager et al.: Parton-shower e! ects in Higgs production via Vector-Boson Fusion 15

R = 0.1
R = 0.3
R = 0.5
R = 0.7
R = 0.9
R = 1.1
R = 1.3

0

50

100

150

200

250

300

350

400

Pseudo-rapidity difference of the two leading jets

d
! H

jj
/

d
!

" j
1,

j2
[fb

]

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

1

1.2

1.4
1.6

1.8

2

! " j1,j2
R

at
io

to
R

=
0.

1

R = 0.1
R = 0.3
R = 0.5
R = 0.7
R = 0.9
R = 1.1
R = 1.3

10�2

10�1

1

10 1
Transverse momentum of the Higgs boson

d
s

H
j
j
/d

p
T

,H
[f

b/
G

eV
]

0 100 200 300 400 500 600

1
1.2

1.4
1.6
1.8

2

pT,H [GeV]

R
at

io
to

R
=0

.1

Fig. 14. The jet radius dependence illustrated for the pseudorapidity di ! erence between the tagging jets, and the transverse
momentum of the Higgs boson. Inclusive quantities also show a signiÞcant dependence on the jet radius due to selection criterion
involving jets.
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ordered showers.
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Fig. 11. Separation in pseudo-rapidity (left) and invariant-mass distribution of the two tagging jets (right) within the cuts of
Eqs. (3)Ð(4) at NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+ Herwig7/Matchbox generators matched
with HERWIG7 and PYTHIA8 using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with
proVBFH.

Still signiÞcant shower variations shedding 
light on jet activity after showering, 
otherwise distributions stable at NLO+PS.

More careful investigation of shower scale 
proÞles and cut migration needed.

Jet radius dependence shows expected 
perturbative behaviour.

Need to confront with perturbative 
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. Ñ EPJ C80 (2020) 93]

[Rauch et al. For VBSCAN study Ð EPJ C78 (2018) 671]

[JŠger, Karlberg, PlŠtzer, Scheller, Zaro Ñ 2003.12435]
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Fig. 14. The jet radius dependence illustrated for the pseudorapidity di ! erence between the tagging jets, and the transverse
momentum of the Higgs boson. Inclusive quantities also show a signiÞcant dependence on the jet radius due to selection criterion
involving jets.
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Fig. 10. Relative pseudo-rapidity di ! erence between the third jet and the tagging jets (left) and tagging jet invariant mass
(right). We use the setup of HERWIG7 + VBFNLO within the tight VBF selection of Sec. 4.1.3 and compare the dipole and angular
ordered showers.
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Fig. 11. Separation in pseudo-rapidity (left) and invariant-mass distribution of the two tagging jets (right) within the cuts of
Eqs. (3)Ð(4) at NLO+PS accuracy for the MadGraph5 aMC@NLO, POWHEG-BOX, and VBFNLO+ Herwig7/Matchbox generators matched
with HERWIG7 and PYTHIA8 using a dipole recoil scheme, respectively. Also shown are the NNLO-QCD predictions obtained with
proVBFH.

Still signiÞcant shower variations shedding 
light on jet activity after showering, 
otherwise distributions stable at NLO+PS.

More careful investigation of shower scale 
proÞles and cut migration needed.

Jet radius dependence shows expected 
perturbative behaviour.

Need to confront with perturbative 
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. Ñ EPJ C80 (2020) 93]

[Rauch et al. For VBSCAN study Ð EPJ C78 (2018) 671]
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Fig. 8. Transverse-momentum of the Higgs-plus-tagging-jets system (left) and Zeppenfeld variable of the third jet (right) as
deÞned in Eq. (7), within the cuts of Eqs. (3)Ð(4) at NNLO, and at NLO+PS accuracy using the POWHEG-BOX matched with
HERWIG7 and PYTHIA8 using two di ! erent recoil schemes. No hadronisation e! ects are taken into account.
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Fig. 9. Transverse-momentum distribution of the hardest jet (left) and the third jet (right) in the loose selection of Sec. 4.1.3,
comparing HJets and VBFNLO with the angular ordered shower of HERWIG7. The coloured bands are obtained by varying the
renormalisation and factorisation scales of the hard process by a factor of two around their central values.
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H

V

V

V

V

H

Fig. 1. Representative diagrams for electroweak production of
a H + 2 jet final state.

ble, for di↵erential distributions in the presence of VBF
specific cuts. Residual scale uncertainties are tiny at this
order in QCD and can be further reduced by the consider-
ation of the next-to-next-to-next-to-leading order (N3LO)
QCD corrections [15]. Many of the quoted QCD calcula-
tions rely on the so-called “VBF approximation”, which
assumes the absence of colour exchange between the two
fermion lines connected by the weak gauge bosons, and
neglecting the interferences among H + 2 jet final states
produced via s-channel and t- or u-channel topologies,
c.f. Fig. 1. At NLO accuracy, the quality of this approx-
imation has been explicitly tested in Ref. [7] and found
to be very good once VBF-specific cuts are imposed that
force the two tagging jets to be well separated from each
other. The impact of di↵erent kind of corrections which
violate this assumption has been investigated in Refs. [16,
12] and recently in Ref. [17]. In all cases, it is found to be
of the order of a percent at most.

Ideally, such accurate calculations are provided in the
form of public Monte-Carlo programs that can be used
by the experimental collaborations directly in their analy-
ses. To make the most of these programs it is important to
understand their systematic uncertainties and limitations,
for instance due to underlying approximations. In order
to provide a systematic assessment of the di↵erences and
similarities between commonly used public Monte-Carlo
programs designed for VBF-induced Higgs boson produc-
tion at NLO+PS accuracy, in this article we perform an
in-depth comparison of key observables in VBF analy-
ses using realistic input parameters and selection cuts for
the respective implementations [8,10,9,18] in the three
generators MadGraph5aMC@NLO[19,20], POWHEG-BOX[8],
and HERWIG7[21,22] VBFNLO+Herwig7/Matchbox [23,24]
as well as
HJets+Herwig7/Matchbox [25].

We start with a description of the three generators
considered in this study in Sec. 2, describe the setup of
our analyses in Sec. 3, and discuss the main results of our
study in Sec. 4. We conclude with recommendations for
the optimal use of the considered generators and a realistic
assessment of the associated uncertainties in Sec. 5

2 Generators

2.1 MadGraph5aMC@NLO

MadGraph5aMC@NLO[19,20] is a meta-code (i.e. a code
that generates codes) which makes it possible to auto-
matically simulate arbitrary scattering processes at NLO
accuracy in the strong and electroweak couplings, either at
fixed order or including matching to parton showers (when
one considers only corrections of strong origin), using the
MC@NLO method [26]. It employs the FKS subtraction
method [27,28] (as automated in MadFKS [29,30]) for
the local subtraction of IR singularities. One-loop ampli-
tudes are evaluated by switching dynamically between two
integral-reduction techniques, the OPP method [31] or a
Laurent-series expansion [32], and tensor-integral reduc-
tion [33–35]. All such techniques have been automated
in the module MadLoop [36], which in turn links Cut-
Tools [37], Ninja [38,39], IREGI [40], or Collier [41],
together with an in-house implementation of the Open-
Loops technique [42]. Uncertainties associated with fac-
torisation and renormalisation scales or parton-distribution
functions (PDFs) can be obtained without any approxima-
tion thanks to reweighting, at negligible additional CPU
cost [43].
The simulation of Higgs production via VBF at NLO-
QCD accuracy can be performed with the following com-
mands:

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

For the case of Higgs plus three jets production via VBF,
one should simply add a j to the generate command, i.e.:

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

While results for the first process have been already pub-
lished in Ref. [9] (although with rather old parton-shower
programs), for the second they have been only briefly com-
mented upon in Ref. [19]. In both cases, the $$ syntax
forbids W

± and Z bosons to appear in s-channel prop-
agators. Details of the approximation employed in Mad-
Graph5 aMC@NLOfor VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA8.230 [45] and
HERWIG7.1.2 [46] compiled with ThePEG2.1.2.

2.2 POWHEG-BOX

The POWHEG-BOX[47] is a general framework for the match-
ing of NLO calculations with parton shower programs
making use of the POWHEGmatching formalism [48,49].
Process-specific components have to be provided on a case-
by-case basis. Higgs-boson production via VBF in asso-
ciation with two jets was one of the first processes be-
ing implemented in the POWHEG-BOX[8]. More recently,
also code for VBF-induced Higgs production in association

In loose setup we see signiÞcant 
deviations between VBF approximation 
and full calculation available from HJets + 
Herwig 7 / Matchbox.
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the choice and settings of the SMC, thePOWHEG-BOXis
matched to. To explore this e! ect we present a system-
atic comparison of NLO+PS predictions obtained with
PYTHIA8(both default and dipole recoil scheme, c.f. Sec. 2.5),
angular orderedHERWIG7, and Þxed-order results at NNLO-
QCD accuracy obtained with the proVBFHprogram. We
expect only a small impact of the SMC choice on observ-
ables with little sensitivity to soft radiation e ! ects, such as
the transverse momenta of the tagging jets and related dis-
tributions. Indeed, as illustrated by Fig. 7, the transverse-
momentum distribution of the second tagging jet is very
stable with respect to the choice of SMC, and indeed the
NLO+PS simulation provides a very good approximation
for the NNLO prediction. Small di ! erences are also ob-
served in the rapidity separation of the two tagging jets,
shown in the right-hand-side of Fig. 7. We notice, how-
ever, that in this case the results obtained with the dipole
recoil scheme inPYTHIA8lie clearly above theHERWIG7re-
sults, while the default version of PYTHIA8resembles the
HERWIG7predictions in the region of highly separated jets,
but reproduces the PYTHIA8results in the dipole scheme
for smaller rapidity separations.

Much more pronounced di! erences between the vari-
ous SMC choices are found for distributions related to the
subleading jets. Figure 8 shows the transverse-momentum
distribution of the system formed by the Higgs boson and
the two tagging jets, which reßects the transverse momen-
tum of the remaining objects produced in the scattering
process, in particular the non-tagging jets. Since such sub-
leading jets in the Hjj simulation can only be accounted
for by the real-emission matrix elements or parton-shower
emission they are only described at leading order or parton-
shower accuracy. In the tail of thepT,H,j1,j2 distribution,
the PYTHIA8default results by far exceed the reference re-
sults constituted by the NNLO prediction, while no such
large di! erences are observed in theHERWIG7and PYTHIA8
results using the dipole recoil scheme.

A variable particularly suitable to indicate the rela-
tive position of the third jet with respect to the centre
of the tagging-jet system is constituted by the so-called
Zeppenfeld variable, deÞned as

z
?

j3
=

! j3 ! ⌘j1+⌘j2
2

|"! j1j2
|

. (7)

For small values of zj3 the third jet is right in between
the two tagging jets, while larger zj3 values correspond to
more peripheral conÞgurations. Thez?

j3
distribution helps

to understand where the large di! erences between the var-
ious SMC simulations stem from. Obviously, thePYTHIA8
default scheme produces an abundance of radiation for
small values ofz?

j3
, i.e. in between the two tagging jets.

4.1.3 VBFNLO and HJets + Herwig7/Matchbox

Within the setup using the HERWIG7interface to VBFNLO
and HJets we perform the subtractive, MC@NLO-type
matching and assess the uncertainties by varying the hard
scale of the shower evolution as well as the factorisation

and renormalisation scales of the hard process. For a de-
tailed discussion of these uncertainties see [55,65], where
VBS processes have been considered as well. We also in-
vestigate the di! erence between the default, angular or-
dered ÷q shower, as well as the dipole-type evolution which
is available as an alternative module. Since theHJets
module [25] implements the calculation without any VBF
approximation, we can perform a comparison toVBFNLO,
which resorts to the VBF approximation that is also used
in the POWHEG-BOXand MadGraph5aMC@NLOgenerators.
We Þnd quite similar results of the showering in between
the two HERWIG7shower modules, as well as similar vari-
ations and stability with respect to the Þxed order input.

We Þrst compare the VBF approximation for both a
tight and a loose cut setup with subsequent parton show-
ering, including the variations from the renormalisation
and factorisation scales. The tight setup is deÞned by the
cuts of Sec. 3.2, while for the loose setup we relax the
selection to

|"! j1j2 | > 1 , mj1j2 > 200 GeV, (8)

with all other cuts identical to the general setup. Exam-
ples are depicted in Fig. 9, where we generally Þnd a large
discrepancy betweenVBFNLOand HJets for the third jet in
a loose setup, and a very good agreement in between the
two for a tight VBF selection. Similar Þndings at Þxed
order also apply to the third jet distributions, see [66].
Within a tight VBF selection, the shower uncertainties in
the NLO matched case are at the few-percent level for ob-
servables involving the hardest three jets, but can still be
signiÞcant for higher jet multiplicities, something which
we exemplify in Fig. 10, where we include the minimum
rapidity di ! erence of the third jet with respect to the tag-
ging jets, deÞned by

x
⇤
j3

= min {| ! j1 ! ! j3 |, |! j2 ! ! j3 |} , (9)

where x
⇤
j3

receives a minus sign if the third jet is outside
the dijet window, i.e. if z

?

j3
> 0.5. We also show the dijet

invariant mass distribution.

4.2 Comparison of di↵erent generators

Having investigated variations within the individual SMCs
we now turn to a study of the three generators in the rec-
ommended default setup. A summary of the setups used
with the three di ! erent generators is given in Tab. 1. Given
the above discussion we show results forMadGraph5aMC-
@NLOinterfaced to HERWIG7, the POWHEG-BOXinterfaced to
PYTHIA8using the dipole recoil strategy, andVBFNLO+-
Herwig7/Matchbox. All three generators use the VBF ap-
proximation, and have been checked to agree within statis-
tical uncertainties when run at Þxed-order (at the inclusive
and di! erential level). Hence we expect any disagreement
to arise only from di! erences in matching procedure and
shower details rather than the Þxed-order matrix elements
for the hard scattering. We recall that we do not include
hadronisation or underlying event e! ects in the compari-
son.
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Fig. 4. Transverse momentum distribution of the third jet at NLO+PS accuracy as obtained with MadGraph5 aMC@NLO. Left:
predictions for the production of a Higgs boson plus two jets via VBF, with the same colour-code as Fig. 2, together with the
prediction for Higgs plus three jets via VBF matched with HERWIG7 (orange). Right: predictions for the production of a Higgs
boson plus three jets via VBF, matched with HERWIG7 (orange) or PYTHIA8 (green), with nominal (solid) or halved (dashed)
shower scale. In the same plot, the prediction for Higgs plus two jets via VBF matched with HERWIG7 (red solid) is shown. For
the PYTHIA8 prediction for Higgs plus two jets via VBF with default shower scale, a blue band shows the renormalisation and
factorisation scale dependence.
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Fig. 5. Same as in Fig. 4, for the rapidity of the third jet.
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Fig. 8. Transverse-momentum of the Higgs-plus-tagging-jets system (left) and Zeppenfeld variable of the third jet (right) as
deÞned in Eq. (7), within the cuts of Eqs. (3)Ð(4) at NNLO, and at NLO+PS accuracy using the POWHEG-BOX matched with
HERWIG7 and PYTHIA8 using two di ! erent recoil schemes. No hadronisation e! ects are taken into account.
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Fig. 9. Transverse-momentum distribution of the hardest jet (left) and the third jet (right) in the loose selection of Sec. 4.1.3,
comparing HJets and VBFNLO with the angular ordered shower of HERWIG7. The coloured bands are obtained by varying the
renormalisation and factorisation scales of the hard process by a factor of two around their central values.
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Fig. 1. Representative diagrams for electroweak production of
a H + 2 jet final state.

ble, for di↵erential distributions in the presence of VBF
specific cuts. Residual scale uncertainties are tiny at this
order in QCD and can be further reduced by the consider-
ation of the next-to-next-to-next-to-leading order (N3LO)
QCD corrections [15]. Many of the quoted QCD calcula-
tions rely on the so-called “VBF approximation”, which
assumes the absence of colour exchange between the two
fermion lines connected by the weak gauge bosons, and
neglecting the interferences among H + 2 jet final states
produced via s-channel and t- or u-channel topologies,
c.f. Fig. 1. At NLO accuracy, the quality of this approx-
imation has been explicitly tested in Ref. [7] and found
to be very good once VBF-specific cuts are imposed that
force the two tagging jets to be well separated from each
other. The impact of di↵erent kind of corrections which
violate this assumption has been investigated in Refs. [16,
12] and recently in Ref. [17]. In all cases, it is found to be
of the order of a percent at most.

Ideally, such accurate calculations are provided in the
form of public Monte-Carlo programs that can be used
by the experimental collaborations directly in their analy-
ses. To make the most of these programs it is important to
understand their systematic uncertainties and limitations,
for instance due to underlying approximations. In order
to provide a systematic assessment of the di↵erences and
similarities between commonly used public Monte-Carlo
programs designed for VBF-induced Higgs boson produc-
tion at NLO+PS accuracy, in this article we perform an
in-depth comparison of key observables in VBF analy-
ses using realistic input parameters and selection cuts for
the respective implementations [8,10,9,18] in the three
generators MadGraph5aMC@NLO[19,20], POWHEG-BOX[8],
and HERWIG7[21,22] VBFNLO+Herwig7/Matchbox [23,24]
as well as
HJets+Herwig7/Matchbox [25].

We start with a description of the three generators
considered in this study in Sec. 2, describe the setup of
our analyses in Sec. 3, and discuss the main results of our
study in Sec. 4. We conclude with recommendations for
the optimal use of the considered generators and a realistic
assessment of the associated uncertainties in Sec. 5

2 Generators

2.1 MadGraph5aMC@NLO

MadGraph5aMC@NLO[19,20] is a meta-code (i.e. a code
that generates codes) which makes it possible to auto-
matically simulate arbitrary scattering processes at NLO
accuracy in the strong and electroweak couplings, either at
fixed order or including matching to parton showers (when
one considers only corrections of strong origin), using the
MC@NLO method [26]. It employs the FKS subtraction
method [27,28] (as automated in MadFKS [29,30]) for
the local subtraction of IR singularities. One-loop ampli-
tudes are evaluated by switching dynamically between two
integral-reduction techniques, the OPP method [31] or a
Laurent-series expansion [32], and tensor-integral reduc-
tion [33–35]. All such techniques have been automated
in the module MadLoop [36], which in turn links Cut-
Tools [37], Ninja [38,39], IREGI [40], or Collier [41],
together with an in-house implementation of the Open-
Loops technique [42]. Uncertainties associated with fac-
torisation and renormalisation scales or parton-distribution
functions (PDFs) can be obtained without any approxima-
tion thanks to reweighting, at negligible additional CPU
cost [43].
The simulation of Higgs production via VBF at NLO-
QCD accuracy can be performed with the following com-
mands:

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

For the case of Higgs plus three jets production via VBF,
one should simply add a j to the generate command, i.e.:

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

While results for the first process have been already pub-
lished in Ref. [9] (although with rather old parton-shower
programs), for the second they have been only briefly com-
mented upon in Ref. [19]. In both cases, the $$ syntax
forbids W

± and Z bosons to appear in s-channel prop-
agators. Details of the approximation employed in Mad-
Graph5 aMC@NLOfor VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA8.230 [45] and
HERWIG7.1.2 [46] compiled with ThePEG2.1.2.

2.2 POWHEG-BOX

The POWHEG-BOX[47] is a general framework for the match-
ing of NLO calculations with parton shower programs
making use of the POWHEGmatching formalism [48,49].
Process-specific components have to be provided on a case-
by-case basis. Higgs-boson production via VBF in asso-
ciation with two jets was one of the first processes be-
ing implemented in the POWHEG-BOX[8]. More recently,
also code for VBF-induced Higgs production in association

In loose setup we see signiÞcant 
deviations between VBF approximation 
and full calculation available from HJets + 
Herwig 7 / Matchbox.

6 Barbara Jäger et al.: Parton-shower e! ects in Higgs production via Vector-Boson Fusion

the choice and settings of the SMC, thePOWHEG-BOXis
matched to. To explore this e! ect we present a system-
atic comparison of NLO+PS predictions obtained with
PYTHIA8(both default and dipole recoil scheme, c.f. Sec. 2.5),
angular orderedHERWIG7, and Þxed-order results at NNLO-
QCD accuracy obtained with the proVBFHprogram. We
expect only a small impact of the SMC choice on observ-
ables with little sensitivity to soft radiation e ! ects, such as
the transverse momenta of the tagging jets and related dis-
tributions. Indeed, as illustrated by Fig. 7, the transverse-
momentum distribution of the second tagging jet is very
stable with respect to the choice of SMC, and indeed the
NLO+PS simulation provides a very good approximation
for the NNLO prediction. Small di ! erences are also ob-
served in the rapidity separation of the two tagging jets,
shown in the right-hand-side of Fig. 7. We notice, how-
ever, that in this case the results obtained with the dipole
recoil scheme inPYTHIA8lie clearly above theHERWIG7re-
sults, while the default version of PYTHIA8resembles the
HERWIG7predictions in the region of highly separated jets,
but reproduces the PYTHIA8results in the dipole scheme
for smaller rapidity separations.

Much more pronounced di! erences between the vari-
ous SMC choices are found for distributions related to the
subleading jets. Figure 8 shows the transverse-momentum
distribution of the system formed by the Higgs boson and
the two tagging jets, which reßects the transverse momen-
tum of the remaining objects produced in the scattering
process, in particular the non-tagging jets. Since such sub-
leading jets in the Hjj simulation can only be accounted
for by the real-emission matrix elements or parton-shower
emission they are only described at leading order or parton-
shower accuracy. In the tail of thepT,H,j1,j2 distribution,
the PYTHIA8default results by far exceed the reference re-
sults constituted by the NNLO prediction, while no such
large di! erences are observed in theHERWIG7and PYTHIA8
results using the dipole recoil scheme.

A variable particularly suitable to indicate the rela-
tive position of the third jet with respect to the centre
of the tagging-jet system is constituted by the so-called
Zeppenfeld variable, deÞned as

z
?

j3
=

! j3 ! ⌘j1+⌘j2
2

|"! j1j2
|

. (7)

For small values of zj3 the third jet is right in between
the two tagging jets, while larger zj3 values correspond to
more peripheral conÞgurations. Thez?

j3
distribution helps

to understand where the large di! erences between the var-
ious SMC simulations stem from. Obviously, thePYTHIA8
default scheme produces an abundance of radiation for
small values ofz?

j3
, i.e. in between the two tagging jets.

4.1.3 VBFNLO and HJets + Herwig7/Matchbox

Within the setup using the HERWIG7interface to VBFNLO
and HJets we perform the subtractive, MC@NLO-type
matching and assess the uncertainties by varying the hard
scale of the shower evolution as well as the factorisation

and renormalisation scales of the hard process. For a de-
tailed discussion of these uncertainties see [55,65], where
VBS processes have been considered as well. We also in-
vestigate the di! erence between the default, angular or-
dered ÷q shower, as well as the dipole-type evolution which
is available as an alternative module. Since theHJets
module [25] implements the calculation without any VBF
approximation, we can perform a comparison toVBFNLO,
which resorts to the VBF approximation that is also used
in the POWHEG-BOXand MadGraph5aMC@NLOgenerators.
We Þnd quite similar results of the showering in between
the two HERWIG7shower modules, as well as similar vari-
ations and stability with respect to the Þxed order input.

We Þrst compare the VBF approximation for both a
tight and a loose cut setup with subsequent parton show-
ering, including the variations from the renormalisation
and factorisation scales. The tight setup is deÞned by the
cuts of Sec. 3.2, while for the loose setup we relax the
selection to

|"! j1j2 | > 1 , mj1j2 > 200 GeV, (8)

with all other cuts identical to the general setup. Exam-
ples are depicted in Fig. 9, where we generally Þnd a large
discrepancy betweenVBFNLOand HJets for the third jet in
a loose setup, and a very good agreement in between the
two for a tight VBF selection. Similar Þndings at Þxed
order also apply to the third jet distributions, see [66].
Within a tight VBF selection, the shower uncertainties in
the NLO matched case are at the few-percent level for ob-
servables involving the hardest three jets, but can still be
signiÞcant for higher jet multiplicities, something which
we exemplify in Fig. 10, where we include the minimum
rapidity di ! erence of the third jet with respect to the tag-
ging jets, deÞned by

x
⇤
j3

= min {| ! j1 ! ! j3 |, |! j2 ! ! j3 |} , (9)

where x
⇤
j3

receives a minus sign if the third jet is outside
the dijet window, i.e. if z

?

j3
> 0.5. We also show the dijet

invariant mass distribution.

4.2 Comparison of di↵erent generators

Having investigated variations within the individual SMCs
we now turn to a study of the three generators in the rec-
ommended default setup. A summary of the setups used
with the three di ! erent generators is given in Tab. 1. Given
the above discussion we show results forMadGraph5aMC-
@NLOinterfaced to HERWIG7, the POWHEG-BOXinterfaced to
PYTHIA8using the dipole recoil strategy, andVBFNLO+-
Herwig7/Matchbox. All three generators use the VBF ap-
proximation, and have been checked to agree within statis-
tical uncertainties when run at Þxed-order (at the inclusive
and di! erential level). Hence we expect any disagreement
to arise only from di! erences in matching procedure and
shower details rather than the Þxed-order matrix elements
for the hard scattering. We recall that we do not include
hadronisation or underlying event e! ects in the compari-
son.
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Fig. 4. Transverse momentum distribution of the third jet at NLO+PS accuracy as obtained with MadGraph5 aMC@NLO. Left:
predictions for the production of a Higgs boson plus two jets via VBF, with the same colour-code as Fig. 2, together with the
prediction for Higgs plus three jets via VBF matched with HERWIG7 (orange). Right: predictions for the production of a Higgs
boson plus three jets via VBF, matched with HERWIG7 (orange) or PYTHIA8 (green), with nominal (solid) or halved (dashed)
shower scale. In the same plot, the prediction for Higgs plus two jets via VBF matched with HERWIG7 (red solid) is shown. For
the PYTHIA8 prediction for Higgs plus two jets via VBF with default shower scale, a blue band shows the renormalisation and
factorisation scale dependence.
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Fig. 5. Same as in Fig. 4, for the rapidity of the third jet.
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Fig. 1. Representative diagrams for electroweak production of
a H + 2 jet final state.

ble, for di↵erential distributions in the presence of VBF
specific cuts. Residual scale uncertainties are tiny at this
order in QCD and can be further reduced by the consider-
ation of the next-to-next-to-next-to-leading order (N3LO)
QCD corrections [15]. Many of the quoted QCD calcula-
tions rely on the so-called “VBF approximation”, which
assumes the absence of colour exchange between the two
fermion lines connected by the weak gauge bosons, and
neglecting the interferences among H + 2 jet final states
produced via s-channel and t- or u-channel topologies,
c.f. Fig. 1. At NLO accuracy, the quality of this approx-
imation has been explicitly tested in Ref. [7] and found
to be very good once VBF-specific cuts are imposed that
force the two tagging jets to be well separated from each
other. The impact of di↵erent kind of corrections which
violate this assumption has been investigated in Refs. [16,
12] and recently in Ref. [17]. In all cases, it is found to be
of the order of a percent at most.

Ideally, such accurate calculations are provided in the
form of public Monte-Carlo programs that can be used
by the experimental collaborations directly in their analy-
ses. To make the most of these programs it is important to
understand their systematic uncertainties and limitations,
for instance due to underlying approximations. In order
to provide a systematic assessment of the di↵erences and
similarities between commonly used public Monte-Carlo
programs designed for VBF-induced Higgs boson produc-
tion at NLO+PS accuracy, in this article we perform an
in-depth comparison of key observables in VBF analy-
ses using realistic input parameters and selection cuts for
the respective implementations [8,10,9,18] in the three
generators MadGraph5aMC@NLO[19,20], POWHEG-BOX[8],
and HERWIG7[21,22] VBFNLO+Herwig7/Matchbox [23,24]
as well as
HJets+Herwig7/Matchbox [25].

We start with a description of the three generators
considered in this study in Sec. 2, describe the setup of
our analyses in Sec. 3, and discuss the main results of our
study in Sec. 4. We conclude with recommendations for
the optimal use of the considered generators and a realistic
assessment of the associated uncertainties in Sec. 5

2 Generators

2.1 MadGraph5aMC@NLO

MadGraph5aMC@NLO[19,20] is a meta-code (i.e. a code
that generates codes) which makes it possible to auto-
matically simulate arbitrary scattering processes at NLO
accuracy in the strong and electroweak couplings, either at
fixed order or including matching to parton showers (when
one considers only corrections of strong origin), using the
MC@NLO method [26]. It employs the FKS subtraction
method [27,28] (as automated in MadFKS [29,30]) for
the local subtraction of IR singularities. One-loop ampli-
tudes are evaluated by switching dynamically between two
integral-reduction techniques, the OPP method [31] or a
Laurent-series expansion [32], and tensor-integral reduc-
tion [33–35]. All such techniques have been automated
in the module MadLoop [36], which in turn links Cut-
Tools [37], Ninja [38,39], IREGI [40], or Collier [41],
together with an in-house implementation of the Open-
Loops technique [42]. Uncertainties associated with fac-
torisation and renormalisation scales or parton-distribution
functions (PDFs) can be obtained without any approxima-
tion thanks to reweighting, at negligible additional CPU
cost [43].
The simulation of Higgs production via VBF at NLO-
QCD accuracy can be performed with the following com-
mands:

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

For the case of Higgs plus three jets production via VBF,
one should simply add a j to the generate command, i.e.:

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

While results for the first process have been already pub-
lished in Ref. [9] (although with rather old parton-shower
programs), for the second they have been only briefly com-
mented upon in Ref. [19]. In both cases, the $$ syntax
forbids W

± and Z bosons to appear in s-channel prop-
agators. Details of the approximation employed in Mad-
Graph5 aMC@NLOfor VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA8.230 [45] and
HERWIG7.1.2 [46] compiled with ThePEG2.1.2.

2.2 POWHEG-BOX

The POWHEG-BOX[47] is a general framework for the match-
ing of NLO calculations with parton shower programs
making use of the POWHEGmatching formalism [48,49].
Process-specific components have to be provided on a case-
by-case basis. Higgs-boson production via VBF in asso-
ciation with two jets was one of the first processes be-
ing implemented in the POWHEG-BOX[8]. More recently,
also code for VBF-induced Higgs production in association
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More Perturbative Studies

2 Barbara Jäger et al.: Parton-shower e↵ects in Higgs production via Vector-Boson Fusion

H

V

V

V

V

H

Fig. 1. Representative diagrams for electroweak production of
a H + 2 jet final state.

ble, for di↵erential distributions in the presence of VBF
specific cuts. Residual scale uncertainties are tiny at this
order in QCD and can be further reduced by the consider-
ation of the next-to-next-to-next-to-leading order (N3LO)
QCD corrections [15]. Many of the quoted QCD calcula-
tions rely on the so-called “VBF approximation”, which
assumes the absence of colour exchange between the two
fermion lines connected by the weak gauge bosons, and
neglecting the interferences among H + 2 jet final states
produced via s-channel and t- or u-channel topologies,
c.f. Fig. 1. At NLO accuracy, the quality of this approx-
imation has been explicitly tested in Ref. [7] and found
to be very good once VBF-specific cuts are imposed that
force the two tagging jets to be well separated from each
other. The impact of di↵erent kind of corrections which
violate this assumption has been investigated in Refs. [16,
12] and recently in Ref. [17]. In all cases, it is found to be
of the order of a percent at most.

Ideally, such accurate calculations are provided in the
form of public Monte-Carlo programs that can be used
by the experimental collaborations directly in their analy-
ses. To make the most of these programs it is important to
understand their systematic uncertainties and limitations,
for instance due to underlying approximations. In order
to provide a systematic assessment of the di↵erences and
similarities between commonly used public Monte-Carlo
programs designed for VBF-induced Higgs boson produc-
tion at NLO+PS accuracy, in this article we perform an
in-depth comparison of key observables in VBF analy-
ses using realistic input parameters and selection cuts for
the respective implementations [8,10,9,18] in the three
generators MadGraph5aMC@NLO[19,20], POWHEG-BOX[8],
and HERWIG7[21,22] VBFNLO+Herwig7/Matchbox [23,24]
as well as
HJets+Herwig7/Matchbox [25].

We start with a description of the three generators
considered in this study in Sec. 2, describe the setup of
our analyses in Sec. 3, and discuss the main results of our
study in Sec. 4. We conclude with recommendations for
the optimal use of the considered generators and a realistic
assessment of the associated uncertainties in Sec. 5

2 Generators

2.1 MadGraph5aMC@NLO

MadGraph5aMC@NLO[19,20] is a meta-code (i.e. a code
that generates codes) which makes it possible to auto-
matically simulate arbitrary scattering processes at NLO
accuracy in the strong and electroweak couplings, either at
fixed order or including matching to parton showers (when
one considers only corrections of strong origin), using the
MC@NLO method [26]. It employs the FKS subtraction
method [27,28] (as automated in MadFKS [29,30]) for
the local subtraction of IR singularities. One-loop ampli-
tudes are evaluated by switching dynamically between two
integral-reduction techniques, the OPP method [31] or a
Laurent-series expansion [32], and tensor-integral reduc-
tion [33–35]. All such techniques have been automated
in the module MadLoop [36], which in turn links Cut-
Tools [37], Ninja [38,39], IREGI [40], or Collier [41],
together with an in-house implementation of the Open-
Loops technique [42]. Uncertainties associated with fac-
torisation and renormalisation scales or parton-distribution
functions (PDFs) can be obtained without any approxima-
tion thanks to reweighting, at negligible additional CPU
cost [43].
The simulation of Higgs production via VBF at NLO-
QCD accuracy can be performed with the following com-
mands:

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

For the case of Higgs plus three jets production via VBF,
one should simply add a j to the generate command, i.e.:

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

While results for the first process have been already pub-
lished in Ref. [9] (although with rather old parton-shower
programs), for the second they have been only briefly com-
mented upon in Ref. [19]. In both cases, the $$ syntax
forbids W

± and Z bosons to appear in s-channel prop-
agators. Details of the approximation employed in Mad-
Graph5 aMC@NLOfor VBF- and VBS-type processes can be
found in Ref. [44]. In this study we will consider matching
to the shower Monte Carlos (SMCs) PYTHIA8.230 [45] and
HERWIG7.1.2 [46] compiled with ThePEG2.1.2.

2.2 POWHEG-BOX

The POWHEG-BOX[47] is a general framework for the match-
ing of NLO calculations with parton shower programs
making use of the POWHEGmatching formalism [48,49].
Process-specific components have to be provided on a case-
by-case basis. Higgs-boson production via VBF in asso-
ciation with two jets was one of the first processes be-
ing implemented in the POWHEG-BOX[8]. More recently,
also code for VBF-induced Higgs production in association
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MPI & Colour Reconnection Ñ for example Herwig

[Gieseke, Kirchgaesser, PlŠtzer Ð EPJ C 78 (2018) 99] [Gieseke, Ršhr, Siodmok Ð EPJ C 72 (2012) 2225]

Assume some matter distribution in the 
proton, and effective multiplicity 
distribution of additional scatters.

Colour reconnection crucial to describe 
MinBias and UE data: lack of knowledge 
about colour correlations.
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MPI & Colour Reconnection

[Bittrich, Kirchgaesser, Papaefstathiou, PlŠtzer, Todt Ñ in progress]

Soft QCD effects are not absent: signiÞcant 
impact on interjet activity and jet shapes. 
On/off exercise will only hint at their 
relative importance. 

Questions to be raised:

¥Quantify impact (and how certain that is)
¥Determine interplay with perturbative 

variations and models
¥Watch out for lack of perturbative 

dynamics beyond current NLO+PS

Benchmark is VBF Z production, but Þndings should be ~ universal.
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Model variations

Strategy

¥Vary colour reconnection and MPI parameters to stay 
within ~ 10% agreement of typical tuning observables

¥Vary perturbative scales, speciÞcally shower hard scale
¥Full NLO+PS study including shower variations

[Bittrich, Kirchgaesser, Papaefstathiou, PlŠtzer, Todt Ñ in progress]

Tagging jet 
distributions 
mostly stable
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Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection,  R=0.7

Third jet rapidity

Third jet z

[Bittrich, Kirchgaesser, Papaefstathiou, PlŠtzer, Todt Ñ in progress]
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Third jet rapidity

Third jet z
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Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection,  R=0.7

Third jet rapidity

Third jet z
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Model variation surprises

Loose selection, R=1.0 Loose selection, R=0.7 Tight selection,  R=0.7

Third jet rapidity

Third jet z
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With NLO+PS, model variations can 

become comparable to perturbative 

variations.



Summary

NLO+PS tools are in good shape for VBF and VBS, though uncertainties remain at the 
10% level in between different algorithms for hard spectra. VBF speciÞcally sensitive to 
colour coherence and recoil effects.

VBF approximation is under control for a tight selections, but can become signiÞcant 
impact for loose(r) selections Ñ that not meaning ÔinclusiveÕ.

Perturbative variations at this level now need to be confronted with soft QCD effects 
from multi-parton interactions and hadronization.

Should not forget about more recent development on Glauber exchanges.
[Liu, Melnikov, Penin]



Thank you!



Coherent branching

emissions in an angular variable [54],

q̃
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2
i,?
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2
i
(1� zi)

2
, (3.7)

where p
2
i,? = �q

2
i,? is the magnitude of the transverse momentum, which is purely spacelike

and perpendicular to the emitter axis in the centre-of-mass system of the momenta ki and
n̄. The explicit restrictions of decreasing opening angle of subsequent emissions following a
branching at scale q̃i from the evolving quark or anti-quark at scale q̃

2
i+1, and the radiated

gluon at scale k̃
2
i

are imposed by the conditions
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In the context of these variables, the Altarelli-Parisi splitting functions explicitly show
the full Eikonal radiation pattern and the correct collinear limit, see e.g. Ref. [73] for an
overview and comparison to dipole-type parton showers. The formalism is appropriate to
resum higher order logarithmic corrections for observables that are inclusive concerning the
collinear radiation in the same jet and in the sense that the information that large-angle soft
gluon radiation originates from a particular collinear parton is unresolved and can hence
be described to originate from the net collinear color charge of the whole jet. Momentum
conservation in the branching i� 1 ! i implies
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2
i , (3.9)

where q
2
i

is the virtuality of the emitted gluon, the momentum of which is parametrized in
a decomposition similar to Eq. (3.2).

We follow Ref. [58] and start with an analytic approach for which the evolution equation
for the jet mass distribution starting at a hard scale q̃

2
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2 has the form
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where Jg(s,Q
2
) is the gluon jet mass distribution defined in analogy to the jet mass distri-

bution J(s,Q
2
) for the quarks. We have illustrated the evolution schematically in Fig. 2.

The splitting function is given by
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where the second equality makes the cusp and non-cusp terms explicit, which stem from
soft (z ! 1) and hard collinear emissions, respectively.
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Resummation of observables which
globally measure deviations from 2-jet limit.

Initial conditions & kinematics crucial to
get large-angle soft radiation right.

[n jets in large-N limit]



Non-global Observables

No global measure of deviation from jet conÞguration:
Coherent branching fails, full complexity of amplitudes strikes back.

If non-global bit is isolated can use dipole cascades to resum in the large-N limit.

[Dasgupta, Salam, BanÞ, Marchesini, Smye, Becher et al. É] 


