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Overview H0 production via VBF Results Concluding Remarks

SM Higgs boson
Spontaneous Symmetry Breaking: SU(2)L × U(1)Y → U(1)em

SM Higgs Doublet

Φ = U(x)
1√
2

(

0
v + H

)

The remormalizable Lagrangian

L = |DµΦ|2 + µ2Φ†Φ− λ(Φ†Φ)2

leads to the vacuum expectiation value v =
√

µ2

λ
for the Higgs

field H.

T. Figy H0 production via VBF
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SM Higgs boson
Higgs couplings to gauge bosons

Kinetic energy term of the Higgs doublet field:

(DµΦ)† (DµΦ) =
1

2
∂µH∂µH +

[

(gv

2

)2
W µ+W−

µ

+
1

2

(g2 + g ′2)v2

4
ZµZµ

](

1 +
H

v

)2

W ,Z mass generation: m2
W =

(

gv
2

)2
,m2

Z =
(g2+g ′2)v2

4

WWH and ZZH couplings are generated:coupling
strength = 2m2

V/v ≈ g 2v within SM

T. Figy H0 production via VBF
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SM Higgs boson
Higgs couplings to fermions

Fermion masses arise from Yukawa couplings via

Φ† →
(

0, v+H√
2

)

.

LYukawa = −
∑

f

mf f̄ f

(

1 +
H

v

)

Test SM prediction: f̄ fH Higgs coupling strength = mf /v

Observation of Hf f̄ Yukawa coupling is no proof that a
v.e.v exists

T. Figy H0 production via VBF
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Happy Higgsdependence Day!
”I think we have it” -Rolf-Dieter Heuer, 4 July 2012

ATLAS-CONF-2012-170

CMS-PAS-HIG-12-045

T. Figy H0 production via VBF



The Royal Swedish Academy of Sciences has decided to award 
the Nobel Prize in Physics for 2013 to François Englert and 
Peter W. Higgs “for the theoretical discovery of a mechanism 
that contributes to our understanding of the origin of mass of 
subatomic particles, and which recently was confirmed through 
the discovery of the predicted fundamental particle, by the ATLAS 
and CMS experiments at CERN’s Large Hadron Collider”.

FURTHER READING! More information on the Nobel Prize in Physics 2013: http://kva.se/nobelprizephysics2013 and http://nobelprize.org REVIEW ARTICLES:  Rose, J. (2013) I mörkret bortom Higgs, Forskning & Framsteg, nr 6 (Swedish).   Llewellyn-Smith, C. (2000) The Large Hadron Collider, Scientific American, July.   Weinberg, S. (1999) A Unified Physics by 2050?, Scientific American, December. 
BOOKS:  Randall, L. (2013) Higgs Discovery: The Power of Empty Space, Bodley Head.   Sample, I. (2013) Massive: The Higgs Boson and the Greatest Hunt in Science, Virgin Books.   Carroll, S. (2012) The Particle at the End of the Universe, Dutton.   Close, F. (2011) The Infinity Puzzle, Oxford University Press.   Wilczek, F. (2008) The Lightness of Being: Mass, Ether, and the Unification of Forces, Basic Books.  
LINKS:  Link TV (2012) CERN Scientists Announce Higgs Boson: The Moment: http://www.youtube.com/watch?v=0CugLD9HF94   CERN (2010) CERN LHC Brochure: http://cds.cern.ch/record/1278169?In=en   Cham, J. (2012) The Higgs Boson Explained. (animation): http://www.phdcomics.com/comics/archive.php?comicid=1489  Higgs, Peter W. (2010) My Life as a Boson. (transcribed speech):  
http://www.kcl.ac.uk/nms/depts/physics/news/events/MyLifeasaBoson.pdf   More references can be found in the Scientific Background: http: //kva.se/nobelprizephysics2013

The Nobel Prize 2013 in Physics

Editors: Lars Bergström, Lars Brink and Olga Botner, The Nobel 
Committee for Physics, The Royal Swedish Academy of Sciences; 
Sara Strandberg and Oscar Stål, Stockholm University; Joanna Rose, 
Science Writer; Victoria Henriksson, Editor and Linnéa Wallgren, 
Nobel Assistant, The Royal Swedish Academy of Sciences.  
Graphic design: Ritator Illustrations: Johan Jarnestad/ 
Swedish Graphics Print: Åtta45  
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Here, at last! 
François Englert and Peter W. Higgs are jointly awarded the Nobel 
Prize in Physics 2013 for the theory of how particles acquire mass.  
In 1964, they proposed the theory independently of each other (Englert 
did so together with his now-deceased colleague Robert Brout).  
In 2012, their ideas were confirmed by the discovery of a so-called 
Higgs particle, at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part 
of the Standard Model of particle physics 
that describes how the world is constructed. 
According to the Standard Model, everything – 
from flowers and people to stars and planets 
– consists of just a few building blocks: matter 
particles which are governed by forces mediated 
by force particles. And the entire Standard Model 
also rests on the existence of a special kind of 
particle: the Higgs particle.

The Higgs particle is a vibration of an 
invisible field that fills up all space. Even when 
our universe seems empty, this field is there. 
Had it not been there, nothing of what we know 

would exist because particles acquire mass 
only in contact with the Higgs field. Englert and 
Higgs proposed the existence of the field on 
purely mathematical grounds, and the only way 
to discover it was to find the Higgs particle.

The Nobel Laureates probably did not imagine 
that they would get to see the theory confirmed 
in their lifetimes. To do so required an enormous 
effort by physicists from all over the world. 
Almost half a century after the proposal was 
made, on July 4, 2012, the theoretical prediction 
could celebrate its biggest triumph, when the 
discovery of the Higgs particle was announced.

Broken Symmetry 
The Higgs mechanism relies on the concept of 
spontaneous symmetry breaking. Our universe 
was probably born symmetrical (1), with a zero 
value for the Higgs field in the lowest energy 
state – the vacuum. But less than one billionth 
of a second after the Big Bang, the symmetry 
was broken spontaneously as the lowest energy 
state moved away (2) from the symmetrical 
zero-point. Since then, the value of the Higgs 
field in the vacuum state has been non-zero (3).

The Field 
Matter particles acquire mass in contact with 
the invisible field that fills the whole universe. 
Particles that are not affected by the Higgs 
field do not acquire mass, those that interact 
weakly become light, and those that interact 
strongly become heavy. For example, electrons 
acquire mass from the field, and if it suddenly 
disappeared, all matter would collapse as the 
suddenly massless electrons dispersed at the 
speed of light. The weak force carriers, W and 
Z particles, get their masses directly through 
the Higgs mechanism, while the origin of the 
neutrino masses still remains unclear.

François Englert 
Belgian citizen. Born 
1932 in Etterbeek, 
Belgium. Professor 
emeritus at Université 
Libre de Bruxelles, 
Brussels, Belgium. 

Peter W. Higgs  
British citizen. Born 
1929 in Newcastle 
upon Tyne, United 
Kingdom. Professor 
emeritus at University 
of Edinburgh, United 
Kingdom. 

The Particle Collider LHC
Protons – hydrogen nuclei – travel at almost the 
speed of light in opposite directions inside the 
circular tunnel, 27 kilometres long. The LHC 
(Large Hadron Collider) is the largest and most 
complex machine ever constructed by humans. 
In order to find a trace of the Higgs particle, two 
huge detectors, ATLAS and CMS, are capable of 
seeing the protons collide over and over again, 
40 million times a second.

top quark

Heavier Lighter

bottom 
quark

tau

charm 
quark

muon

strange 
quark

down 
quark

up quark

electron

electron 
neutrino

muon neutrino

tau 
neutrino

The Puzzle
The Higgs particle (H) was the last missing 
piece in the Standard Model puzzle. But the 
Standard Model is not the final piece in the 
cosmic puzzle. One of the reasons for this is 
that the Standard Model only describes visible 
matter, accounting for one sixth of all matter in 
the universe. To find the rest – the mysterious 
so-called dark matter – is one of the reasons 
why scientists continue to chase unknown 
particles at CERN.

Potential energy of the Higgs field

CMS 
A short-lived Higgs 
particle is created 
in the collision and 
decays into four 
muons (tracks in red).

ATLAS 
In the collision,  
a short-lived Higgs 
particle is created, 
which decays into two 
muons (tracks in red) 
and two electrons 
(tracks in green).

1. 2. 3.

ATLAS

LHC

CMS
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Total SM Higgs cross sections at the LHC
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Vector Boson Fusion

Event Characteristics

Energetic jets in the forward and backward directions
(pT > 20 GeV)

Higgs decay products between tagging jets

Little gluon radiation in the central-rapidity region, due to
colorless W /Z exchange (central jet veto: no extra jets
with pT > 20 GeV and |η| < 2.5)

T. Figy H0 production via VBF
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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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Hjjj via VBF at NLO (only t-channels)
Total Cross section

µ0 = 40 GeV

ξ = 2∓1 scale variations:

LO: +26% to −19%

NLO: less than 5%

JHEP 0802 (2008) 076 [arXiv:0710.5621]

T. Figy H0 production via VBF

role of the polarization vector for the weak boson is taken by a current, hµ, which, for the

first two diagrams in Fig. 1, is given by

hµ(pbτb, p2τ2) = δτ2τb
(−e)gHV V gV f2fb

τ2 DV [p2
a13]DV [p2

b2]ψ̄(p2)γ
µPτ2ψ(pb) (2.4)

with pijk = pi − pj − pk and pij = pi − pj, while DV [q2] = 1/[q2 − M2
V ] is the weak boson

propagator, which, in our calculation, only occurs with space-like momentum. In terms of

the Compton amplitude of Eq. (2.3) the A3 are then given by

A3(1q, 3g, aq; 2Q, bQ) = MB(p1, p3, pa13; ϵ3, h(pbτb, p2τ2)),

A3(2Q, 3g, bQ; 1q, aq) = MB(p2, p3, pb23; ϵ3, h(paτa, p1τ1)). (2.5)

The gQ → qq̄QH subprocess is obtained by crossing the initial state quark q(pa) with

the final state gluon in Eq. (2.2) and dropping the s-channel graphs which result from

crossing the diagrams in the second line of Fig. 1. The 3-parton matrix elements M3 have

been computed using the helicity amplitude method of Ref. [23].

The real emission corrections to VBF Hjjj production consist of four subprocess

classes with four final state partons. These classes are (a) qQ → qQggH, (b) qQ →

qQq′q̄′H, (c) gQ → qq̄QgH, and (d) gg → qq̄QQ̄H. The generalization to the crossed

processes with q → q̄ and/or Q → Q̄ is straightforward.

Figure 2: The dominant virtual QCD corrections. The “blobs” correspond to the sum of all virtual
corrections to the basic Q → QgV Compton amplitude and are given more explicitly in Fig. 6. The
first diagram and the second pair of diagrams in each line form gauge invariant subsets.

The above subprocesses lead to soft and collinear singularities when integrated over

the phase space of the final state partons. We use the Catani-Seymour dipole subtraction

method to regulate these divergences [26] and to cancel them against those originating from

the virtual corrections. The virtual corrections can be divided into two classes of gauge

– 5 –

No pentagon or hexagon 
diagrams included. 

Approximate as two DIS 
reactions.
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Hjjj via VBF at NLO

T. Figy H0 production via VBF

colored, are expected to radiate off more gluons.

For the analysis of the Higgs boson coupling to gauge bosons, Higgs boson + 2 jet

production via gluon fusion may also be treated as a background to VBF. When the two

jets are separated by a large rapidity interval, the scattering process is dominated by gluon

exchange in the t-channel. Therefore, like for the QCD backgrounds, the bremsstrahlung

radiation is expected to occur everywhere in rapidity. An analogous difference in the

gluon radiation pattern is expected in Z + 2 jet production via VBF fusion versus QCD

production [50]. In order to analyze this feature, in ref. [51] the distribution in rapidity

of the third jet was considered in Higgs + 3 jet production via VBF and via gluon fusion,

using cuts similar to the ones in eqs. (3.3) and (3.4). The analysis was done at the parton

level only. It showed that, in VBF, the third jet prefers to be emitted close to one of the

tagging jets, while, in gluon fusion, it is emitted anywhere in the rapidity region between

the tagging jets. Thus, at least with regard to the hard radiation of a third jet, the analysis

of refs. [51, 52, 53] confirmed the general expectations about the bremsstrahlung patterns

in Higgs production via VBF versus gluon fusion.

To study the distribution of the third hardest jet (the one with highest pT after the

two tagging jets), we plot in fig. 7 its rapidity and its rapidity with respect to the average

of the rapidities of the two tagging jets

yrelj3 = yj3 −
yj1 + yj2

2
. (3.6)

The distributions obtained using POWHEG interfaced to HERWIG and PYTHIA, are very similar

and turn out to be well modeled by the respective distributions of the NLO jet: the third

jet generally tends to be emitted in the vicinity of either of the tagging jets.

Figure 8: Jet-multiplicity distribution for jets that pass the cuts of eqs. (3.3) and (3.4) (left
panel) and those that fall within the rapidity interval of the two tagging jets, min (yj1 , yj2) < yj <
max (yj1 , yj2) (right panel).

In order to quantify the jet activity, we plot the jet-multiplicity distribution for jets

that pass the cuts of eqs. (3.3) and (3.4) in the left panel of fig. 8. Again, the first two

tagging jets and the third jet are well represented by the NLO cross section, that obviously

cannot contribute to events with more than three jets. From the 4th jet on, the showers

– 11 –

Figure 6: Transverse momentum (pj3T ) distribution of the third hardest jet (left panel) and
azimuthal-distance distribution of the two tagging jets, ∆φjj (right panel).

where MV is the mass of the exchanged t-channel vector boson, and is dominated by

the contribution in the forward region, where the dot-products in the denominator are

small. Since the dependence of m2
jj on ∆φjj is mild, we have the flat behavior depicted in

fig. 6. Good agreement is found in the two POWHEG results and both agree with the NLO

differential cross section.

Figure 7: Rapidity yj3 of the third hardest jet (the one with highest pT after the two tagging jets)
on the left panel and rapidity of the same jet with respect to the average of the rapidities of the
two tagging jets yrelj3

= yj3 − (yj1 + yj2) /2 on the right panel.

An additional feature characterizing VBF Higgs boson production is the fact that,

at leading order, no colored particle is exchanged in the t channel so that no t-channel

gluon exchange is possible at NLO, once we neglect, as stated in section 2.1, the small

contribution due to equal-flavour quark scattering with t ↔ u interference. The different

gluon radiation pattern expected for Higgs boson production via VBF compared to its

major backgrounds (tt̄ production, QCD WW + 2 jet and QCD Z + 2 jet production) is

at the core of the central-jet veto proposal, both for light [8] and heavy [49] Higgs boson

searches. A veto of any additional jet activity in the central-rapidity region is expected

to suppress the backgrounds more than the signal, because the QCD backgrounds are

characterized by quark or gluon exchange in the t-channel. The exchanged partons, being

– 10 –

p
S = 14 TeV mh = 120 GeV



HJETS++ 	


• Our aim was to compute the 
missing pieces (s, t,and u-channel 
one-loop amplitudes) in H+3 Jets 
production where the Higgs 
boson is produced via the HVV 
coupling (a.k.a VBF+Jet).	


• Virtuals: Hexagons, Pentagons, 
Boxes,  and Triangles	


• Reals: H+6 parton amplitudes (6 
quark + H, 4 quark + 2 gluons 
+H)	
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Electroweak Higgs plus Three Jet Production at NLO QCD

Francisco Campanario,1 Terrance M. Figy,2 Simon Plätzer,3 and Malin Sjödahl4

1Theory Division, IFIC, University of Valencia-CSIC, E-46100 Paterna, Valencia, Spain
2School of Physics and Astronomy, University of Manchester

3Theory Group, DESY Hamburg
4Dept. of Astronomy and Theoretical Physics, Lund University, Sölvegatan 14A, 223 62 Lund, Sweden

We calculate next-to-leading order (NLO) QCD corrections to electroweak Higgs plus three jet
production. Both vector boson fusion (VBF) and Higgs-strahlung type contributions are included
along with all interferences. The calculation is implemented within the Matchbox NLO framework
of the Herwig++ event generator.

PACS numbers: 12.38.Bx

I. INTRODUCTION

Higgs production via vector boson fusion (VBF) is an
essential channel at the LHC for disentangling the Higgs
boson’s coupling to fermions and gauge bosons. The ob-
servation of two tagging jets is crucial to reduce the back-
grounds. Furthermore, the possibility to identify Higgs
production via VBF is enhanced by being able to increase
the signal to background ratio by vetoing additional soft
radiation in the central region [1–7], since this suppresses
important QCD backgrounds, including Hjj via gluon
fusion.

To exploit the central jet veto (CJV) strategy for Higgs
coupling measurements, the reduction factor caused by
the CJV on the observable signal must be accurately
known. The fraction of VBF Higgs events with at least
one additional veto jet between the tagging jets provides
the relevant information, i.e., we need to know the ratio
of Hjjj production to the inclusive cross section of Hjj
production via VBF. Gluon fusion NLO QCD corrections
for Hjjj within the top effective theory approximation
have been recently computed in [8], a validation of the
effective theory approximation at LO for this process can
be found in [9].

At present, the NLO QCD corrections of Hjjj via
VBF were calculated [10] with several approximations
and without the inclusion of five- and six-point function
diagrams (Fig. 1, second row) and the corresponding real
emission cuts, which were estimated to contribute at the
per mille level. However, some studies [5] suggest that
the contribution of the missing pieces can be larger. Due
to the importance of the process to Higgs measurements,
a full calculation is necessary to ensure that integrated
cross sections and kinematic distributions are not under-
estimated.

In this letter, we present results for electroweak Higgs
plus three jet production at NLO QCD. In Section II,
we present technical details of our computation. In Sec-
tion III, we present numerical results and the impact
of the NLO QCD corrections on various differential dis-
tributions. Finally, we summarize our findings in Sec-
tion IV.

H H

H H

FIG. 1. Representative examples of diagrams of Hjjj pro-
duction via vector boson fusion.

II. CALCULATIONAL DETAILS

For the calculation of the LO matrix elements for Higgs
plus two (we have performed the Hjj calculation in par-
allel within the same framework), three and four jets,
we have used the builtin spinor helicity library of the
Matchbox module [11] to build up the full amplitude from
hadronic currents. For the Born-virtual interference the
helicity amplitude methods described in [12] have been
employed. Both methods resulted in two different im-
plementations of the tree level amplitudes which have
been validated against each other, including color cor-
related matrix elements. The LO implementation has
further been cross checked against Sherpa [13, 14] and
Hawk [15, 16]. The dipole subtraction terms [17] have
been generated automatically by the Matchbox mod-
ule [11], which is also used for a diagram-based mul-
tichannel phase space generation. For the virtual cor-
rections, we have used in-house routines, extending the
techniques developed in [18]. The amplitudes have been
cross checked against GoSam [19]. A representative set
of topologies contributing are depicted in Fig. 1.
For electroweak propagators, we have introduced finite

width effects following [20], using complex gauge boson
masses and a derived complex value of the sine of the
weak mixing angle. We used the OneLoop library [21]
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Higgs Production via Vector Boson Fusion at NLO
Dipole subtraction method

Catani and Seymour, hep-ph/9605323

NLO cross section:

σNLO
ab (p, p̄) = σNLO{4}

ab (p, p̄) + σNLO{3}
ab (p, p̄)

+

∫ 1

0

dx [σ̂NLO{3}
ab (x , xp, p̄) + σ̂NLO{3}

ab (x , p, xp̄)]

σNLO{3}
ab (p, p̄) =

∫

3

[dσV
ab(p, p̄) + dσB

ab(p, p̄)⊗ I]ϵ=0

T. Figy H0 production via VBF
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Higgs Production via Vector Boson Fusion at NLO
Dipole subtraction method

Catani and Seymour, hep-ph/9605323

NLO cross section:

σNLO
ab (p, p̄) = σNLO{4}

ab (p, p̄) + σNLO{3}
ab (p, p̄)

+

∫ 1

0

dx [σ̂NLO{3}
ab (x , xp, p̄) + σ̂NLO{3}

ab (x , p, xp̄)]

∫ 1

0
dx σ̂NLO{3}

ab (x , xp, p̄) =
∑

a′

∫ 1

0
dx

∫

3
{dσB

a′b(xp, p̄)

⊗ [P(x) +K(x)]aa
′

}ϵ=0

T. Figy H0 production via VBF

Overview H0 production via VBF Results Concluding Remarks

Higgs Production via Vector Boson Fusion at NLO
Dipole subtraction method

Catani and Seymour, hep-ph/9605323

NLO cross section:

σNLO
ab (p, p̄) = σNLO{4}

ab (p, p̄) + σNLO{3}
ab (p, p̄)

+

∫ 1

0

dx [σ̂NLO{3}
ab (x , xp, p̄) + σ̂NLO{3}

ab (x , p, xp̄)]

σNLO{4}
ab (p, p̄) =

∫

4

[dσR
ab(p, p̄)ϵ=0 − dσA

ab(p, p̄)ϵ=0]

T. Figy H0 production via VBF

For the H+2,3, and 4 jet amplitudes we use the in-house spinor 
library of Matchbox.



HJETS++ 

• 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://home.thep.lu.se/~malin/
ColorMath.htm#ColorMath, ColorFull will soon be public.]  	


• Tensorial Reduction [F. Capanario, arXiv:1105.0920]	


• Scalar Loop Integrals:  OneLOop [A. van Hameren arXiv:1007.4716 ]



THE RESULTS

• Input parameters and selection cuts.	


• Scale variations for total cross section.	


• Kinematic distributions.



INPUT PARAMETERS	


• Ecm=14 TeV (proton - proton LHC)	


• 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] 	


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


• Scales: W-boson mass (MW) and sum of transverse 
momentum of reconstructed jets (HT)



yi: rapidity
�i: azimuthal angle

�yij = |yi � yj |: absolute rapidity di↵erence between i and j

��ij = |�i � �j |: absolute azimuthal angle di↵erence between i and j

mij =
p
(pi + pj)2: invariant mass of i and j

pi: four momentum vector of i



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

⇠ = µ/µ0

µ0 = HT (MW )

HT =
P

j pT,j

K = �NLO/�LO

Scale Variations on Integrated Cross-sections

�LO = 1520(8)+208
�171 fb �NLO = 1466(17)+1

�35 fb



JET DISTRIBUTIONS

z?3 = (y3 �
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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
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Higgs Boson Distributions

Transverse momentum Rapidity 
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Jet Masses
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Here we see fat jets.



Distributions with VBF cuts
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• mj1j2 > 600 GeV

• �yj1j2 > 4.0



Distributions with VBF cuts
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Distributions with VBF cuts
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OUTLOOK

• NLO + Parton Shower matching	


• Perform comprehensive phenomenology for Run 2	


• Matching H+2 jets and H+3 jets to parton shower
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