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Vector Boson Fusion 

2

o Energetic jets in the 
forward/backward 
directions.

o Higgs decays products 
in central rapidity 
region.

o Suppressed QCD 
radiation in central 
rapidity region.
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Vector Boson Fusion + Jet  
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incoming protons [8]. The QCD backgrounds can be reduced by imposing a lower bound

on the invariant mass of the tagging jets of

mjj =
√

(ptag 1
j + ptag 2

j )2 > 600 GeV. (3.7)

The cross section for Higgs production via VBF in association with three jets or more

(Hjjj), within the cuts of Eqs. (3.1)-(3.7), is shown in Fig. 7. The scale dependence of

the NLO and LO cross sections is shown for factorization and renormalization scales, µF

and µR, which are tied to a fixed reference scale µ0 = 40 GeV,

µR = ξRµ0, µF = ξF µ0. (3.8)

The value µ0 = 40 GeV was chosen to minimize the scale dependence of the NLO predic-

tions and at the same time it provides optimal agreement of the LO approximation with

the NLO result.

Figure 7: Scale dependence of the total cross section at LO and NLO within the cuts of Eqs. (3.1)-
(3.7) for VBF Hjjj production at the LHC. The factorization scale µF and the renormalization
scale µR are taken as multiples, ξµ0, of the fixed reference scale µ0 = 40 GeV. The NLO curves
are for µR = µF = ξµ0 (solid red line), µF = µ0 and µR = ξµ0 (dashed green line), and µF = ξµ0

and µR = ξµ0 (dot-dashed blue line ). The dotted black curve shows the scale dependence of the
LO cross section for µR = µF = ξµ0.

The LO cross section depends on both the factorization and renormalization scale.

For µR = µF = ξµ0 with 0.5 < ξ < 2 the scale variation is +26% to −19% for the

LO cross section. The large scale variation is primarily due the fact that the LO Hjjj

production cross section is proportional to αs. This is in contrast to Hjj production in

VBF, which only depends on the factorization scale at LO. At NLO three choices are

shown: (a) ξR = ξF = ξ (solid red line); (b) ξR = ξ, ξF = 1 (dashed green line); (c) ξR = 1,
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Total Cross Section

Scale Variations: 
§ LO: +26% to -

19%

§ NLO: less than 
5%

H+3 Jets via VBF (only t-channels)
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H+3 Jets via VBF (only t-channels)
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JHEP 0802 (2008) 076 [arXiv:0710.5621]

• No pentagon or 
hexagon 
diagrams 
included.

• Approximate as 
two deeply 
inelastic 
scattering 
processes that 
exchange a 
gauge boson. 
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Going for all of it: EW H+3 Jets
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Going for all of it: EW H+3 Jets
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Virtual Corrections
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Going for all of it: EW H+3 Jets

9

Real Corrections
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Going for all of it: EW H+3 Jets
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EW H+3 Jets: Implementation Details    
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§ Matchbox [S. Platzer and S. Gieseke, arXiv:1109.6256]
§ Catani-Seymour Dipole subtraction [hep-ph/9605323]
§ Subtractive and POWHEG style matching to parton shower
§ ColorFull [M. Sjodahl, arXiv:1211.2099, 

http://colorfull.hepforge.org]
§ Tensorial Reduction [F. Capanario, arXiv:1105.0920]
§ Scalar Loop Integrals: OneLOop [A. van Hameren

arXiv:1007.4716 ]

F. Campario, T. M. Figy, S. Platzer, and M. Sjodahl,  PRL 111, 211802
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Stress Testing the VBF Approximation 
with H+3 Jets
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In collaboration with Simon Platzer, Peter Schichtel, 
Michael Rauch, Malin Sjodahl, and Francisco 
Campanario. 
https://arxiv.org/abs/1802.09955
https://arxiv.org/abs/1308.2932
https://arxiv.org/abs/0710.5621
https://arxiv.org/abs/1610.07922

https://arxiv.org/abs/1802.09955
https://arxiv.org/abs/1308.2932
https://arxiv.org/abs/0710.5621
https://arxiv.org/abs/1610.07922
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Simulation Tools and Matrix Elements

• Herwig 7 Event Generator (https://herwig.hepforge.org)

• HJETS++ (https://hjets.hepforge.org)

• VBFNLO (https://www.itp.kit.edu/vbfnlo)

https://herwig.hepforge.org/
https://hjets.hepforge.org/
https://www.itp.kit.edu/vbfnlo
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Inclusive Jet Selection Cuts

14

• (Inclusive cuts) Collider Energy and Cuts used:  At least three 
anti-kt jets with R=0.4

• PDF set: MMHT2014
• Scales: HT(jets)

p
S = 13 TeV

|yj | < 4.4pTj > 30 GeV
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H+ 3 Jets: Inclusive Cuts

HJets VBFNLO

LO
NLO

10
−5

10
−4

10
−3

10
−2

d
σ

/
d

p
T

,3
(p

b
/

G
eV

)

0 50 100 150 200
0

0.5

1

1.5

2

pT,3 (GeV)

K

LO
NLO

10
−5

10
−4

10
−3

10
−2

d
σ

/
d

p
T

,3
(p

b
/

G
eV

)
0 50 100 150 200

0

0.5

1

1.5

2

pT,3 (GeV)
K



16

NLO H+3 Jets: VBF Cuts
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H+ 3 Jets: VBF cuts 

m12 > 600 GeV �y12 = |y1 � y2| > 3

HJets VBFNLO
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NLO H+3 Jets

Inclusive Cuts VBF Cuts
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NLO H+3 Jets

Inclusive Cuts VBF Cuts
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VBF Cuts and Resonant Cuts

2

FIG. 1. In the VBF region interferences among certain t-
channel topologies (top diagram) as well as t/s-channel (lower
diagram, and t/u-channel, not depicted) interferences are ne-
glected.

Matchbox framework [38] of the Herwig 7 event genera-
tor [39–41], and can be compared to calculations based
on the VBF approximation [42] as implemented in the
VBFNLO program [43–45]. In this letter we quantify the
reliability of the VBF approximation, i.e. the neglec-
tion of the diagrams which are not of the VBF t-channel
topology along with interference e↵ects with u-channel
topologies.

Outline of the calculation – We use the Herwig 7 event
generator in its recent release 7.1.2 [40, 41], together
with HJets++ 1.1 [46] to provide the amplitudes for elec-
troweak Higgs boson plus jets production. The colour
structure is treated using ColorFull [47] and the loop in-
tegrals are computed following Ref. [48]. For the VBF
approximation we rely on the approximate calculation
provided by VBFNLO version 3.0 beta 5. Both cal-
culations have recently also been interfaced to parton
showers using di↵erent matching paradigms, for a ded-
icated comparison see [49, 50]. The one-loop matrix ele-
ments of HJets++ and VBFNLO have been cross-checked
against those of MadLoop [51], GoSam 2.0 [52], and Open-
Loops [53] at the level of phase space points.

We have ensured that both programs run with the
same set of electroweak parameters in a Gµ scheme
with input parameters GF = 1.16637 ⇥ 10�5 GeV�2 ,
MZ = 91.1876 GeV andMW = 80.403 GeV. The electro-
magnetic coupling constant and the weak-mixing angle
are calculated via tree level relations. We take the Higgs
boson as stable, with a mass fixed to mH = 125.7 GeV.
The widths of the bosons are fixed to �Z = 2.4952 GeV
and �W = 2.141 GeV. We consider proton-proton col-
lissions at 13 TeV center of mass energy and employ
a four-flavour scheme with the MMHT 2014 68% C.L.
PDF set at NLO [54] with a two-loop running ↵s set at

↵s(MZ) = 0.12 with mc = 1.4 GeV and mb = 4.75 GeV.
We select jets using the anti-k? algorithm as imple-

mented in the fastjet library [55, 56], with a cone radius
of R = 0.4, and accept jets ordered in transverse mo-
mentum, with a transverse momentum p?,j > 30 GeV
inside a rapidity range of |yj | < 4.4. No restrictions are
applied to the Higgs boson acceptance, nor any other jet
kinematic variable. We then use this baseline acceptance
to scan through possible cuts. Specifically, we consider
tagging jet acceptances in intervals of the leading dijet
invariant mass m12 =

p
(p1 + p2)2, and the leading jet

pair rapidity separation �y12 = |y1 � y2|,

m12 > m
cut
12 2 {0, 100, 200, 300, 400, 500, 600} GeV ,

�y12 > �cut
y12 2 {0, 1, 2, 3} . (1)

The central renormalization, µR, and factorization, µF ,
scales are chosen to be H?(jets), which we here define as

H? =
1

2

X

i2jets
(p?>15 GeV)

p?,i , (2)

where jets are clustered as outlined above, and only
subject to a reduced transverse momentum cut with
q? = 15 GeV, which is required to make the scale defini-
tion infrared and collinear safe. Note that the jet cuts in
the scale definition are more inclusive than the analysis
jet cuts.
The full calculation contains Higgs-Strahlung (VH)

topologies, which interfere with the possible VBF-type
diagrams, as depicted in Fig. 1. While we expect these
contributions not to be relevant within tight VBF selec-
tion criteria, they might well contribute when relaxing
these constraints and as such yield a biased view on quan-
tifying the accuracy of the VBF approximation. Simula-
tions used by experimentalists also use a mix of VH and
VBF processes, but without interferences and without
the pentagon (Fig. 1) and hexagon topologies, implying
that biased simulations go into experimental decisions
and interpretation.
To work as closely as possible to the simulations used

by experimentalists we remove the VH contributions by
applying a resonance-veto on any single- and multi-jet
masses in the neighborhood of the W

± and Z masses,
i.e,

mV � �mV < mjets < mV + �mV (3)

with V = W
±
, Z, choosing �mZ = �mW = 5 GeV.

We stress that such an operational definition of elimi-
nating those contributions not taken into account in an
approximate setup is required, as neglecting individual
diagrams or interferences in the full calculation will result
in a non gauge-invariant prediction, unless one imposes
the full VBF approximation. We discuss results both
with, and without such a cut applied. All analyses have
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Matchbox framework [38] of the Herwig 7 event genera-
tor [39–41], and can be compared to calculations based
on the VBF approximation [42] as implemented in the
VBFNLO program [43–45]. In this letter we quantify the
reliability of the VBF approximation, i.e. the neglec-
tion of the diagrams which are not of the VBF t-channel
topology along with interference e↵ects with u-channel
topologies.

Outline of the calculation – We use the Herwig 7 event
generator in its recent release 7.1.2 [40, 41], together
with HJets++ 1.1 [46] to provide the amplitudes for elec-
troweak Higgs boson plus jets production. The colour
structure is treated using ColorFull [47] and the loop in-
tegrals are computed following Ref. [48]. For the VBF
approximation we rely on the approximate calculation
provided by VBFNLO version 3.0 beta 5. Both cal-
culations have recently also been interfaced to parton
showers using di↵erent matching paradigms, for a ded-
icated comparison see [49, 50]. The one-loop matrix ele-
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against those of MadLoop [51], GoSam 2.0 [52], and Open-
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with input parameters GF = 1.16637 ⇥ 10�5 GeV�2 ,
MZ = 91.1876 GeV andMW = 80.403 GeV. The electro-
magnetic coupling constant and the weak-mixing angle
are calculated via tree level relations. We take the Higgs
boson as stable, with a mass fixed to mH = 125.7 GeV.
The widths of the bosons are fixed to �Z = 2.4952 GeV
and �W = 2.141 GeV. We consider proton-proton col-
lissions at 13 TeV center of mass energy and employ
a four-flavour scheme with the MMHT 2014 68% C.L.
PDF set at NLO [54] with a two-loop running ↵s set at

↵s(MZ) = 0.12 with mc = 1.4 GeV and mb = 4.75 GeV.
We select jets using the anti-k? algorithm as imple-

mented in the fastjet library [55, 56], with a cone radius
of R = 0.4, and accept jets ordered in transverse mo-
mentum, with a transverse momentum p?,j > 30 GeV
inside a rapidity range of |yj | < 4.4. No restrictions are
applied to the Higgs boson acceptance, nor any other jet
kinematic variable. We then use this baseline acceptance
to scan through possible cuts. Specifically, we consider
tagging jet acceptances in intervals of the leading dijet
invariant mass m12 =

p
(p1 + p2)2, and the leading jet

pair rapidity separation �y12 = |y1 � y2|,

m12 > m
cut
12 2 {0, 100, 200, 300, 400, 500, 600} GeV ,

�y12 > �cut
y12 2 {0, 1, 2, 3} . (1)

The central renormalization, µR, and factorization, µF ,
scales are chosen to be H?(jets), which we here define as

H? =
1

2

X

i2jets
(p?>15 GeV)

p?,i , (2)

where jets are clustered as outlined above, and only
subject to a reduced transverse momentum cut with
q? = 15 GeV, which is required to make the scale defini-
tion infrared and collinear safe. Note that the jet cuts in
the scale definition are more inclusive than the analysis
jet cuts.
The full calculation contains Higgs-Strahlung (VH)

topologies, which interfere with the possible VBF-type
diagrams, as depicted in Fig. 1. While we expect these
contributions not to be relevant within tight VBF selec-
tion criteria, they might well contribute when relaxing
these constraints and as such yield a biased view on quan-
tifying the accuracy of the VBF approximation. Simula-
tions used by experimentalists also use a mix of VH and
VBF processes, but without interferences and without
the pentagon (Fig. 1) and hexagon topologies, implying
that biased simulations go into experimental decisions
and interpretation.
To work as closely as possible to the simulations used

by experimentalists we remove the VH contributions by
applying a resonance-veto on any single- and multi-jet
masses in the neighborhood of the W

± and Z masses,
i.e,

mV � �mV < mjets < mV + �mV (3)

with V = W
±
, Z, choosing �mZ = �mW = 5 GeV.

We stress that such an operational definition of elimi-
nating those contributions not taken into account in an
approximate setup is required, as neglecting individual
diagrams or interferences in the full calculation will result
in a non gauge-invariant prediction, unless one imposes
the full VBF approximation. We discuss results both
with, and without such a cut applied. All analyses have

Res. Veto:

VBF Cuts: 
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Transverse Momentum of the Third Jet
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Di-jet invariant mass and rapidity gap
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The Chi-Squared Test
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5

is shown in the lower ratio plots. Deviations of the order
of several ten per cent are visible for small rapidity sep-
arations and/or small dijet invariant masses. Increasing
values of �cut

y12 result in better agreement between the
full and approximate results (left). However, the full and
approximate calculations are not guaranteed to agree in
the presence of a cut on the dijet invariant mass alone
(right plot with �y > 0).

While we have so far only presented a few observ-
ables to quantify the impact of QCD corrections and the
validity of the VBF approximation, the calculation we
performed has actually involved a large number of ob-
servables sensitive to the kinematic distribution of the
third jet as well as dedicated VBF observables. In or-
der to quantify the quality of the approximation across
the whole set of these observables we consider a metric
inspired by a statistical test and calculate

�
2 =

1

Nbins

X

bins i

(�i,HJets � �i,VBF)2

max (�µ�2
i
, �stat�

2
i
) ,

(4)

where we consider the maximum of scale variation �µ�i

or statistical deviation �stat�i per bin to set the scale
of fluctuations within which we want to measure agree-
ment. This is important to check the compatibil-
ity of both calculations within their intrinsic uncer-
tainties, or within statistical uncertainties where not
avoidable due to the presence of a small cross section.
The results are presented in Fig. 5, where we include
pT,3, y

?

3 , y
?

h
,�yh,12,��h,12, and m123 in the goodness-of-

fit calculation as a function of �cut
y12 and m

cut
12 with-

out (left column) and with (right column) the resonance-
veto on the Higgs-Strahlung-type events Eq. (3). We
can clearly observe that the VBF approximation can be
considered valid only for dijet invariant mass cuts above
500GeV and for rapidity gaps above 2. It would seem
as if the VBF cuts do not remove the HV j events ef-
fectively even in tight VBF selections. In contrast, for
the resonance-veto case agreement starts near m12 =
500GeV and a rapidity gap of 0, however only a rapidity
gap cut of at least 2 units guarantees decent agreement
between the full and approximate calculations.

Conclusions and outlook – In this letter, we have ad-
dressed the quality of the vector boson fusion approxi-
mation in three jet events by comparing full and approx-
imate calculations at NLO QCD. While moderate rapid-
ity separation cuts guarantee convergence at the percent
level, large dijet invariant mass cuts are not su�cient to
achieve the same accuracy. This important information
should be taken into account in experimental analyses.
In addition, we have shown that the NLO QCD correc-
tions of the full calculation can reach a factor of 3 and
are consistent with Higgs-Strahlung V Hj contributions.
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can clearly observe that the VBF approximation can be
considered valid only for dijet invariant mass cuts above
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between the full and approximate calculations.

Conclusions and outlook – In this letter, we have ad-
dressed the quality of the vector boson fusion approxi-
mation in three jet events by comparing full and approx-
imate calculations at NLO QCD. While moderate rapid-
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achieve the same accuracy. This important information
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Conclusions

• For the first time H+3 jets at NLO in the VBF approximation has 
been stress-tested for a variety of VBF cuts.

• We have implemented a resonance veto on HVj events in order to 
perform a fair comparison between VBFNLO and HJETS.

• We find that the rapidity gap cut alone gives a good 
approximation where a ditag mass cut alone does not.
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