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Abstract

MadGraph5 is used to generate events with Higgs boson pairs from vector boson fusion

(VBF) at leading-order (LO) and next-to-leading-order (NLO) accuracy in QCD. The

simulations are used to compute fiducial cross-sections in proton-proton collisions at

a centre-of-mass energy of 13 TeV, using several kinematic cuts on the outgoing jets,

e.g. the jet transverse momenta and pseudorapidity. The resulting cross-sections for

NLO and LO are compared and their ratio, the K-factor, is calculated for every kine-

matic cut. An attempt is made to extend the NLO simulation for non-Standard Model

(SM) couplings between two vector bosons and two Higgs bosons (VVHH), however the

corresponding model was found to be only compatible with LO accuracy in QCD.

1 Introduction

The Higgs boson is a scalar particle and it was first observed in proton-proton collisions

by the ATLAS and CMS collaborations at CERN’s Large Hadron Collider in 2012 [1, 2],

proving the existence of the Higgs field and the mechanism for spontaneous electroweak

symmetry breaking. Measuring the properties of the Higgs boson is an important next step

to understand how the Higgs boson couples with fermions, gauge bosons, and with itself, along

with setting restrictions for new physics beyond the Standard Model (BSM). So far, coupling

measurements to gauge bosons and fermions have been consistent with SM predictions, and

no evidence for Higgs boson self-coupling could be established yet due to the limited LHC

dataset.

Higgs boson pair production is predicted by the SM as a result of its self-coupling, making

Higgs boson pairs essential to precisely measure the Higgs potential [3, 4]. In proton-proton

collisions, Higgs bosons pairs are produced dominantly from gluon-gluon fusion (ggF), fol-

lowed by vector boson fusion (VBF) [4]. VBF involves elastic scattering of two quarks, each

radiating one W or Z boson fusing to produce a final state of two Higgs bosons and two asso-

ciated jets. The process is uniquely able to probe the coupling between the vector and Higgs

bosons [3]. Three diagrams contribute to the VBF process, where the diagram in Figure 2c is

uniquely able to probe the coupling between two vector bosons and two Higgs bosons. Higgs

boson pairs can also be produced from top-quark pairs and the Higgsstrahlung process, these

production modes are shown in Figure 1.
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Figure 1: Higgs boson pair production modes. (a) Gluon-gluon fusion, (b) Vector boson

fusion, (c) Higgsstrahlung, and (d) Top-quark associated production. From Ref. [3].

This project involves simulating Higgs boson pair production from VBF in proton-proton

collisions at a centre-of-mass energy of 13 TeV, in order to estimate the cross-section under

different kinematic settings for the minimum jet transverse momentum and the maximum jet

pseudorapidity, ηj. Pseudorapidity is defined as the spatial coordinate describing the polar

angle of a particle relative to the beam axis detailed in the equation below.

η ≡ − ln

[
tan

(
θ

2

)]
Measuring experimentally the Higgs boson pair production requires a very large dataset,

beyond what is currently available at the LHC, because the Higgs boson pair production

rates are very small in the SM, particularly for VBF compared to ggF production. However

BSM theories predict that there can be higher cross-sections by modifying various couplings

entering the ggF and VBF production modes [4, 5].

In the VBF process, three kinds of couplings are relevant for Higgs boson pair production:

the Higgs boson self-coupling (HHH), the Higgs boson–vector boson pair coupling (VVH),

the quartic (vector boson pair – Higgs boson pair, VVHH) coupling, shown in Figure 2. One

may also consider new heavy resonances (X) decaying to HH. Various coupling modifiers

determine the cross-section, they are normalized to 1 in the SM [5].

2



Figure 2: Tree-level Feynman diagrams for Higgs boson pair production via VBF. Diagrams

(a), (b), and (c) illustrate the non-resonant production modes and they can be scaled by the

coupling modifiers. Diagram (d) shows the heavy resonant production mode. From Ref. [5]

.

While the Higgs boson self-interaction, HHH, is useful to constrain the shape of the

Higgs potential, mostly from ggF measurements of HH pairs, the quartic VVHH coupling

can uniquely increase the VBF production cross-section [3, 6]. Although the ggF production

mode is more sensitive to the κλ coupling modifier, VBF is uniquely sensitive to the κ2V

coupling modifier [5]. The VVHH quartic coupling can be constrained in the VBF process

and the dynamics of electroweak symmetry breaking can be tested [6]. The final jets in the

VBF production mode are also particularly useful because tagging them can help remove

experimental backgrounds [7].

Here, MadGraph5 is used to calculate non-SM cross-sections while varying the κ2V cou-

pling constant at LO accuracy in QCD using CMS and ATLAS kinematic cuts. The VBF

Higgs boson pair production is also simulated at NLO accuracy using MadGraph5@NLO and

cross-sections for the same kinematic cuts as the LO simulations are calculated. The vector

boson fusion model needed to modify the κ2V coupling constant in MadGraph5 used in the

LO simulations is not able to calculate the loop corrections for NLO accuracy, therefore it is

not currently possible to vary the coupling modifiers for the VBF HH process at NLO. The

Feynman diagrams for VBF HH production at NLO accuracy in QCD are shown in Figure

3 from Ref. [3].
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Figure 3: Feynman diagrams for Higgs boson pair production VBF at NLO accuracy in QCD,

compared to LO production in the top left; the NLO corrections are only shown on the top

quark line. From Ref. [3]

Figure 3 shows that at NLO accuracy in QCD, VBF-like diagrams do not have a gluon

exchange between the quark lines due to color conservation. Therefore NLO corrections only

apply to the quark lines, hence one can in principle factorize the NLO corrections of the VBF-

like diagrams from the dependence on the coupling modifiers. The high-order factorization

only holds at NLO but not beyond. One original goal of the project was to verify this

factorization of NLO effects, by showing that the dependence of the cross-section with the

VVHH coupling modifier was similar at LO and NLO; the ratios of NLO and LO cross-sections

(K-factors) should not show any dependency on κ2V . On the other hand, kinematical cuts on

the transverse momenta and pseudorapidity (η) of VBF jets are not expected to be factorized

in the computation of cross-sections, i.e. there should be a dependency of K-factors on those

kinematic cuts.
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2 VBF Higgs boson pair event process in Madgraph

The program Madgraph5 aMC@NLO (MG5) [8, 9] generates processes to calculate tree-

level LO and NLO cross-sections in a command line shell interface using self-contained code

generated on the fly. MG5 generates hard-scatter events for cross-section calculations. For

final-state Higgs boson decays and parton showers, an additional package such as Pythia or

Herwig is needed [10, 11, 12]. To simulate a proton-proton collision the syntax is ”p p >”,

the exact process to be generated from the collision can be set by entering particles after

”>”. The names of the SM particles in MG5 are shown in Table 1 below.

Fermions (Anti-fermions) Bosons

Type 1st 2nd 3rd name symbol

Quarks u(u∼) c (c∼) t (t∼) gluon g

d (d∼) s (s∼) b (b∼) photon a

Leptons ve (ve∼) vm (vm∼) vt (vt∼) weak bosons w+, w-, z

e- (e+) mu- (mu+) ta- (ta+) higgs h

Table 1: Naming scheme for SM particles in MG5.

To generate specifically the VBF HH process, the command is [13]:

p p > h h j j $ $ z w + w − / a j QED = 4

Here p and the jets (j) are defined as gluons, quarks and anti-quarks by the commands

below, third generation quarks are not included.

define p = g u c d s u ∼ c ∼ d ∼ s ∼

define j = g u c d s u ∼ c ∼ d ∼ s ∼

In the syntax, $ $ is used to exclude the Z and W± bosons from the s-channel, the / is

used to exclude Feynman diagrams with jets and photons as internal propagators, and up to

4 QED vertices are allowed. This allows the suppression of the production of Higgsstrahlung

events, which would otherwise survive and contaminate the signal sample.

To generate a VBF process at LO accuracy, first the models for VBF and SM have to be

imported with the commands import model sm and import model HHVBF UFO. The VBF

model makes use of specific parameter configuration files where the VBF coupling constants

5



can be modified. The process can be saved to a directory with the output command and

one can assign a name to the processes. From there the process can be accessed with the

launch command. In addition, variations of the process can be run. Every launch command

generates a run within the original process. At the beginning of the launch it is possible to

change all model parameters and all parameters relevant to the collider and run settings. The

generated process is also divided into sub-processes for each of the defined particles. Some

of the LO Feynman diagrams produced from MG5 are shown in Figure 4.

(a) (b)

(c) (d)

Figure 4: LO Feynman diagrams for VBF HH production in MG5.
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The NLO process is generated similarly, as p p >h h j j $$ z w+ w- / a QED=4 [QCD].

Generating the process at NLO accuracy in QCD requires including [QCD] at the end of the

command. Additionally, for the process to function at NLO, the jets have to be included as

internal propagators, as shown by Feynman diagrams of the sub-processes in Figure 5.

(a) (b)

(c) (d)

Figure 5: NLO Feynman diagrams for VBF HH production in MG5.

7



The NLO cross-sections are computed and compared with those at LO for various kine-

matic settings, together with the K-factors. The settings are varied for the minimum jet

transverse momentum, ptj, and the maximum jet pseudorapidity, ηj.

• Maximum ηj: 4.0, 4.5 and 5.0

• Minimum ptj: 20, 40, 60, 80 and 100 GeV

Example pseudorapidity values are shown in Figure 6, particles with higher pseudorapidity

values are along the beam axis and are more likely to be lost as they escape the detector.

Figure 6: Pseudorapidity values shown in a polar plot, indicating that higher values are closer

to the beamline.

Along with probing VBF HH cross-sections while varying the kinematic cuts, another

set of simulations was performed to investigate the cross-section variation with the coupling

modifier, κ2V . This was done for the standard kinematic settings used by ATLAS and

CMS. Here the VVHH coupling modifier is varied by considering the following values for the

minimum jet transverse momentum, maximum jet pseudorapidity, and κ2V .

• ATLAS: ptj = 20 GeV, ηj = 5

• CMS: ptj = 2 GeV, ηj = 10

• κ2V = ±5,±2,±1, 0
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3 Results

The LO and NLO cross-sections for VBF HH production and the associated K-factors are

shown in Table 2 for various kinematic cuts. The relation between the production cross-

sections and non-SM values for the VVHH coupling parameter, κ2V , is shown in Tables 3

and 4.

3.1 Computed cross-sections at LO and NLO accuracy

Table 2 shows that the K-factors are dependent on the kinematic cuts. At NLO accuracy, the

incoming quarks can radiate, thus the jet kinematics and thereby the phase-space selected

by the kinematic cuts at LO and NLO can differ. Hence, there is no factorization.

ηj ptj (GeV) LO cross-section (fb) NLO cross-section (fb) K-factor

4

20 0.7681 0.8537 1.111

40 0.4668 0.5022 1.076

60 0.2394 0.2569 1.073

80 0.1237 0.1298 1.049

100 0.06961 0.07018 1.008

4.5

20 0.9623 1.073 1.115

40 0.5526 0.5882 1.064

60 0.259 0.2751 1.062

80 0.1297 0.1388 1.07

100 0.06961 0.07226 1.038

5

20 1.07 1.165 1.088

40 0.5753 0.6129 1.065

60 0.2664 0.2798 1.05

80 0.2075 0.1343 0.647

100 0.07026 0.07166 1.012

Table 2: Cross-sections for LO and NLO for Higgs boson pair production as a function

of various kinematic cuts for the jet pseudorapidity and transverse momentum. K-factors

comparing the cross-sections are also given.
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3.2 LO coupling modifier scans

The following LO simulations for VBF HH use the default kinematic settings chosen by the

ATLAS and CMS collaborations to compute the production cross-sections for non-SM values

of the VVHH coupling. The relation between the resulting cross-sections and the κ2V coupling

modifier is shown in Figures 7 and 8. The relations follow a polynomial function because

the κ2V coupling modifier enters once in the amplitude, shown in the Feynman diagram in

Figure 2(c). The amplitudes are squared in the computation of cross-sections, which in turn

leads to the choice of a second-order polynomial fit function.

The SM result, where κ2V = 1, is in good agreement with the ATLAS and CMS re-

sults [13]. NLO simulations for the non-SM values for the VVHH coupling constant were

attempted, however the model for VBF HH does not currently support NLO accuracy.

κ2V cross-section (fb)

-5 474.1 ±1.376

-2 125.7 ±0.351

-1 58.7 ±0.186

0 17.6 ±0.054

1 1.07 ±0.003

2 9.53 ±0.027

5 185.3 ±0.5349

Table 3: Cross-sections for various κ2V

coupling settings for ptj=20 GeV and

ηj=5, the default ATLAS settings.

Figure 7: Relation between κ2V coupling set-

tings and the respective cross-sections. From

Table 3. The polynomial function is r(x) =

12.5x2 − 28.9x+ 17.5.
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κ2V cross-section (fb)

-5 653.1 ±2.272

-2 172.7 ±0.424

-1 81.3 ±0.212

0 24.44 ±0.082

1 1.52 ±0.003

2 12.99 ±0.039

5 252.1 ±0.750

Table 4: Cross-sections for various κ2V

coupling settings for ptj=2 GeV and

ηj=10, the default CMS settings.

Figure 8: Relation for the κ2V coupling set-

tings and respective cross-sections. From Ta-

ble 4. The polynomial function is r(x) =

17.3x2 − 40.1x+ 24.3.

4 Conclusion

It is important to probe the properties of the Higgs interactions in order to understand the

properties of electroweak symmetry breaking. Higgs boson pair production from VBF is able

to uniquely probe the coupling between the Higgs boson and vector bosons. Despite having

a lower production cross-section than ggF, the topology of VBF makes it possible to reduce

the background using the topology with two forward jets.

In this project, Madgraph5 aMC@NLO is used to simulate Higgs boson pair production in

proton-proton collisions at a centre-of-mass energy of 13 TeV. The VBF mode is considered,

with different settings related to the maximum jet pseudorapidity and minimum jet transverse

momentum at LO and NLO accuracy. The cross-sections at LO and NLO are compared via

the K-factor. No factorization of the kinematic cuts was observed, as expected.

The production cross-sections can be increased via non-SM quartic VVHH coupling

strengths [6]. This project also attempts to test different values for the coupling modifiers for

each kinematic setting in Table 2, however the VBF model in Madgraph is not currently able

to calculate cross-sections at NLO accuracy in non-SM cases. The production cross-sections

at LO in scans of different quartic coupling values are shown in Tables 3 and 4, accompanied

by a relation of the cross-sections and coupling strengths in Figures 7 and 8, showing how

the cross-section increases for different coupling strengths.

11



References

[1] ATLAS Collaboration, “Observation of a new particle in the search for the Standard

Model Higgs boson with the ATLAS detector at the LHC,” Physics Letters B, vol. 716,

p. 1–29, Sep 2012.

[2] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS

experiment at the LHC,” Physics Letters B, vol. 716, p. 30–61, Sep 2012.
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