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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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Vector Boson Fusion + Jet 
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Overview H0 production via VBF Results Concluding Remarks

Vector Boson Fusion
Central Jet Veto

Example: Gluon fusion vs vector boson fusion

JHEP 05 (2004) 064

yrel = yvetoj − (y tag 1
j + y

tag 2
j )/2

T. Figy H0 production via VBF
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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,

– 18 –

JHEP 0802 (2008) 076 [arXiv:0710.5621]

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)

7
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
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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.	Campanario,	arXiv:1105.0920]
§ Scalar	Loop	Integrals: OneLOop [A.	van	Hameren
arXiv:1007.4716	]

F. Campanario, T. M. Figy, S. Platzer, and M. Sjodahl,  PRL 111, 211802
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EW H+3 Jets: Publicly Available 

13

§HJets++	(https://hjets.hepforge.org)

§ Herwig	7	(https://herwig.hepforge.org)
§ Herwig	7/Herwig++	3.0	Release	Note
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Input Parameters

14

Ø 14	TeV (proton	- proton	LHC)

Ø At	least	three	anti-KT	D=0.4	(E-scheme	recombination)	of	20	
GeV	and	rapidity	within	-4.5	and	4.5	using	FastJet
[arXiv:0802.1189,	arXiv:1111.6097]

Ø PDF	choices:	CT10	for	NLO	and	CTEQ	6L1	for	LO	[arXiv:hep-
ph/0201195,	arXiv:1007.2241]

Ø Scales:	W-boson	mass	(MW)	and	sum	of	transverse	
momentum	of	reconstructed	jets	(HT)
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Notation: 
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EW H+3 Jets: Scale Uncertainties 
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2

which supports complex masses to calculate the scalar
integrals. For the reduction of the tensor coefficients up
to four-point functions, we apply the Passarino-Veltman
approach [22], and for the numerical evaluation of the five
and six point coefficients, we use the Denner-Dittmaier
scheme [23], following the layout and notation of [18].
To ensure the numerical stability of our code, we have

implemented a test based on Ward identities [18]. These
Ward identities are applied to each phase space point and
diagram, at the expense of a small additional computing
time and using a cache system. If the identities are not
fulfilled, the amplitudes of gauge related topologies are
set to zero. The occurrence of these instabilities are at
the per-mille level, and therefore well under control. This
method was also successfully applied in other two to four
processes [24, 25]. In the present work, it is applied for
the first time to a process which involves loop propagators
with complex masses.
The color algebra has been performed using ColorFull

[26] and double checked using ColorMath [27]. Within
the same framework, we have implemented the corre-
sponding calculation of electroweak Hjj production and
performed cross checks against Hawk [15, 16].

III. NUMERICAL RESULTS

In our calculation, we choose mZ = 91.188GeV,
mW = 80.419002GeV, mH = 125GeV and GF =
1.16637 × 10−5GeV−2 as electroweak input parameters
and derive the weak mixing angle sin θW and αQED from
standard model tree level relations. All fermion masses
(except the top quark) are set to zero and effects from
generation mixing are neglected. The widths are calcu-
lated to be ΓW = 2.0476 GeV and ΓZ = 2.4414 GeV.
We use the CT10 [28] parton distribution functions with
αs(MZ) = 0.118 at NLO, and the CTEQ6L1 set [29] with
αs(MZ) = 0.130 at LO.We use the five-flavor scheme and
the center-of-mass energy is fixed to

√
s = 14TeV.

To study the impact of the QCD corrections, we use
minimal inclusive cuts. We cluster jets with the anti-
kT algorithm [30] using FastJet [31] with D = 0.4, E-
scheme recombination and require at least three jets with
transverse momentum pT,j ≥ 20 GeV and rapidity |yj | ≤
4.5. Jets are ordered in decreasing transverse momenta.
In Figure 2, we show the LO and NLO total cross-

sections for inclusive cuts for different values of the fac-
torization and renormalization scale varied around the
central scale, µ for two scale choices, MW /2, and the
scalar sum of the jet transverse momenta, µR = µF =
µ = HT /2 with HT =

∑
j pT,j . In general, we see a

somewhat increased cross section and - as expected - de-
creased scale dependence in the NLO results. We also
note that the central values for the various scale choices
are closer to each other at NLO. The uncertainties ob-
tained by varying the central value a factor two up and
down are around 30% (24%) at LO and 2% (9%) at NLO
using HT /2 (MW /2) as scale choice. At µ = HT /2, we
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FIG. 2. The Hjjj inclusive total cross section (in fb) at LO
(cyan) and at NLO (blue) for the scale choices, µ = ξMW

(dashed) and µ = ξHT (solid). We also show the K-factor,
K = σNLO/σLO for µ = ξMW (dashed) and µ = ξHT (solid).

obtained σLO = 1520(8)+208
−171 fb σNLO = 1466(17)+1

−35

fb. Studying differential distributions, we find that these
generally vary less using the scalar transverse momentum
sum choice, used from now on.
In the following, we show some of the differential dis-

tributions which characterize the typical vector boson fu-
sion selection cuts and central jet veto strategies as well
as the pT spectrum of the Higgs.
For the leading jets (defined to be the two jets with

highest transverse momenta pT,1 and pT,2), we show the
rapidity difference in Fig. 3. Generally, we find small
differences in shape compared to the LO results.
In Figure 4, the differential distribution for the pT of

the Higgs is shown. The NLO corrections are moderate
over the whole spectrum and the scale uncertaities are
clearly smaller.
In Figure 5, the differential distribution of the third jet,

the vetoed jet for a CJV analysis, is presented. Here we
find large differences in the high energy tail of the trans-
verse momentum distribution. Such high energy jets are
significantly enhanced at NLO.
We also study the normalized centralized rapidity dis-

tribution of the third jet w.r.t. the tagging jets, z∗3 =
(y3 − 1

2
(y1 + y2))/(y1 − y2). This variable beautifully

displays the VBF nature present in the process. One
clearly sees how the third jet tends to accompany one of

µR = µF = HT /2 (MW /2):

30% (24%) at LO and 2% (8%) at NLO

HT =
P

j pT,jµ0 = HT (MW )

⇠ = µ/µ0

K = �NLO/�LO



17

EW H+3 Jets: The Third Jet

17

NLO QCD Corrections to EW H j j j Production at the LHC Terrance M. Figy
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Figure 3: Differential cross section and K factor for the pT of the third hardest jet (left) and the normalized
centralized rapidity distribution of the third jet w.r.t. the tagging jets (right). Cuts are described in the text.
The bands correspond to varying µF = µR by factors 1/2 and 2 around the central value HT/2.
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Figure 4: Differential cross section and K factor for the pT of the third hardest jet (left) and the normalized
centralized rapidity distribution of the third jet w.r.t. the tagging jets (right) with µR = µF = HT . Beyond
the inclusive cuts described in the text, we include the set of VBF cuts: m12 =

√

(p1+ p2)2 > 600 GeV and
|∆y12|= |y1− y2|> 4.0.

On the left-hand side of Figure 3, the differential distribution of the third jet, the vetoed jet
for a CJV analysis, is shown. Here we find large K factors in the high energy tail of the transverse
momentum distribution. However, when VBF cuts 1 are included the K factor is almost flat for
the transverse momentum of the third jet (see the left-hand side of Figure 4). On the right-hand
side of Figure 3, we show the normalized centralized rapidity distribution of the third jet w.r.t. the
tagging jets, z∗3 = (y3− 1

2(y1+ y2))/(y1− y2). This variable beautifully displays the VBF nature

1For the VBF cuts we have chosen to include the following cuts in addition to the inclusive cuts described in the
main text : m12 =

√

(p1+ p2)2 > 600 GeV and |∆y12|= |y1−y2|> 4.0

5

z?3 = (y3 �
1

2
(y1 + y2))/(y1 � y2)
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EW H+3 Jets: The Third Jet
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EW H+3 Jets: Higgs Boson

19
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Comparison to VBFNLO

20

• Collider Energy and Cuts used:  Anti-kt jet clustering with R=0.4

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

p
S = 13 TeV

|yj | < 4.4pTj > 30 GeV

In collaboration with Simon Platzer, Peter Schichtel, Michael Rauch, 
Malin Sjodahl, and Francisco Campanario
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Comparison to VBFNLO: Inclusive Cuts
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Comparison to VBFNLO: Inclusive Cuts
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Comparison to VBFNLO: VBF cuts 

VBFNLO
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Comparison to VBFNLO: VBF cuts 

m12 > 600 GeV �y12 = |y1 � y2| > 3

HJets VBFNLO
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LO Comparison to VBFNLO

Inclusive Cuts VBF cuts
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LO Comparison to VBFNLO

Inclusive Cuts VBF cuts
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NLO Comparison to VBFNLO

Inclusive Cuts VBF Cuts
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NLO Comparison to VBFNLO

Inclusive Cuts VBF Cuts
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NLO+Parton Shower Results

29

• Compared HJETS++ with POWHEG BOX at the level of 
NLO+PS. 

• Deviations between the results of HJETS++ and POWHEG BOX 
due the various approximations implemented in POWHEG 
BOX. (The core matrix elements in POWHEG BOX are 
essentially taken from VBFNLO). 
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NLO+Parton Shower Results 

30

• Collider Energy and Cuts used:  Anti-kt jet clustering with R=0.4

• PDF set: four flavor CT10 
• Results included in the “Handbook of LHC Higgs Cross Section: 

4”, LHC HXWG, arXiv:1610.07922.

|yj | < 5.0

mjj > 130 GeV

p
S = 13 TeV

�yjj > 3.0

pTj > 20 GeV
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NLO+Parton Shower Results 
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Herwig 7 & HJets++ NLO
Herwig 7 & HJets++ NLO ⊕ PS
POWHEG-BOX & Herwig 7
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NLO+Parton Shower Results 
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Conclusions 

• I have discussed the implementation of the full 
NLO QCD corrections for electroweak Higgs 
boson production in association with three jets 
at the LHC within the Matchbox framework of 
Herwig 7.

• Kinematic distributions have been presented at 
fixed order at NLO and at NLO+PS.

• Questions? 
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Auxiliary Slides


