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Weak vector-boson fusion provides a unique channel to directly probe the mechanism of electroweak

symmetry breaking at hadron colliders. We present a method that allows to calculate total cross sections to

next-to-next-to-leading order (NNLO) in QCD for an arbitrary V�V� ! X process, the so-called structure

function approach. By discussing the case of Higgs production in detail, we estimate several classes of

previously neglected contributions and we argue that such method is accurate at a precision level well

above the typical residual scale and PDF uncertainties at NNLO. Predictions for cross sections at the

Tevatron and the LHC are presented for a variety of cases: the standard model Higgs (including anomalous

couplings), neutral and charged scalars in extended Higgs sectors and (fermiophobic) vector resonance

production. Further results can be easily obtained through the public use of the VBF@NNLO code.
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I. INTRODUCTION

The central theme of the physics program at the Large
Hadron Collider (LHC) is the search for the standard
model (SM) Higgs boson and, more in general, the eluci-
dation of the mechanism of electroweak symmetry break-
ing. The three dominant production mechanisms for the
SM Higgs boson are, (in order of importance) gluon-gluon
fusion via a top-quark loop, vector-boson fusion (VBF) and
Higgs-Strahlung, i.e. associated production with W and
Z-bosons (see e.g. [1,2]). In extensions of the SM with a
richer Higgs sector, such as in supersymmetry, or in
strongly interacting light Higgs scenarios [3], the relative
importance of the various channels might depend on the
details or parameters of the model. In any case, VBF
remains of primary importance, being the channel where
longitudinal vector-boson scattering gives rise to violation
of unitarity at around 1 TeV, if no other particle or inter-
action is present than what it is currently known from
experiments.

Precise knowledge of the expected rates for the Higgs
boson production processes is an essential prerequisite for
any experimental search and, after discovery, will be a
crucial input to proceed to accurate measurements. At a
hadron collider such as the LHC, precision predictions
need to include higher-order radiative corrections which
usually implies the next-to-next-to-leading-order (NNLO)
quantum chromodynamics (QCD) and the next-to-leading
order (NLO) as far as electroweak corrections are con-
cerned. If accounted for, these higher-order quantum cor-
rections generally stabilize the theoretical predictions
through an apparent convergence of the perturbative ex-
pansion and a substantially reduced dependence on the
choice of the factorization and renormalization scales.

For inclusive Higgs boson production in gluon-gluon
fusion and the WH and ZH mode, the exact NNLO cor-
rections in QCD are available [4–7] and have been shown
to be very important (see e.g. [8]).
Higgs boson production via VBF is the mechanism with

the second largest rate in the SM and offers a clean
experimental signature with the presence of at least two
jets in the forward/backward rapidity region [9–11] and a
variety of Higgs boson decay modes to be searched for
[12–15]. In extensions of the SM which feature scalar or
vector state(s) with reduced couplings to fermions, VBF
can become the leading production mechanism. VBF is a
pure electroweak process at leading order (LO) and it
acquires corrections at NLO in QCD [16,17] as well as
in the electroweak sector [18,19] leading to a typical
accuracy for the total cross section in the 5–10% range.
Recently, the NNLO QCD corrections for the VBF process
have been computed [20] in the so-called structure function
approach [16], which builds upon the approximate,
although very accurate, factorization of the QCD correc-
tions between the two parton lines associated with the
colliding hadrons. At NNLO, the results are very stable
with respect to variations of the renormalization and facto-
rization scales, �r and �f, and can take full advantage of

modern sets of precise parton distribution functions (PDFs)
at the same accuracy. The small theoretical uncertainty for
the inclusive rate due to missing higher-order QCD cor-
rections as well as the parton distribution function (PDF)
uncertainties are estimated to be at the 2% level each for a
wide range of Higgs boson masses.
The purpose of the present article is twofold. First, it

provides an extensive documentation of the NNLO com-
putation of Refs. [20,21] and a broad phenomenological
study for the LHC at various center-of-mass energies and
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for the Tevatron. Second, it exploits the universality of the
structure function approach to describe the production of
any color-neutral final state from the fusion of vector
bosons and applies it to a number of new physics models,
e.g. with an extended Higgs sector, or to vector resonance
production (see e.g., [22,23]).

The outline is as follows: In Sec. II we define the VBF
process as a signal, discuss carefully its contributions and
give arguments for the ultimate theoretical precision one
could possibly aim at in predictions of its rates.Section III
is devoted to a discussion of the structure function ap-
proach at NNLO in QCD along with detailed computations
of neglected contributions as a means of estimating the
accuracy. In particular, we study the nonfactorizable dia-
grams and the ones involving heavy quarks, all of which
are not accounted for in the structure function approach.
Phenomenological results for inclusive rates at the LHC
and Tevatron are presented in Sec. IV. Extensions of the
structure function approach to Higgs boson production via
VBF in specific classes of models beyond the SM (see
e.g., [24] for charged Higgs bosons) as well as modifica-
tions due to anomalous couplings (WWH, ZZH, etc.) and
vector resonances are discussed in Sec. V. Finally, we
conclude in Sec. VI and document some technical aspects
and tables with VBF cross sections in the Appendices.

II. SETTING THE STAGE

Processes in collider physics are always defined on
simple conventions typically based on leading-order
Feynman diagrams. While this normally poses no prob-
lems, it might lead to ambiguities when decays of resonant
states and/or higher-order effects are included. Consider, as
a simple example, the class of processes which involve
only the electroweak coupling �EW at the leading order,
such as Drell-Yan (with the decay into two jets), single-top
production and Higgs boson production via coupling with a
vector boson. Most of such processes can be easily defined
at leading order considering the corresponding resonant
intermediate or final states, while some, such as VBF, are
(quantum-mechanically) ambiguous already at the leading
order: pp ! Hjj with vector bosons in the t-channel can

interfere with pp ! HVð�Þ ! Hjj, i.e., with Higgs asso-
ciated production with a vector boson then decaying into
two jets. Such interference, however, is quite small every-
where in the phase space and it can formally be reduced to
zero by just taking the narrow width limit. This suggests
that considering the two processes distinct is a handy
approximation, at least at the leading order. For all of the
processes in this class, i.e., single-top and Higgs electro-
weak production, aiming at a better precision by including
higher-order QCD effects creates further ambiguities as it
opens up more possibilities for interferences (one notable
example is tW at NLO overlapping with t�t production) and
the reliability of the approximations made has to be care-
fully assessed.

In general, two complementary approaches can be fol-
lowed. The first is to consider all interferences exactly, and
introduce a gauge-invariant scheme to properly handle the
width effects. This can be consistently done at NLOorder in
QCD and electroweak corrections, following well-known
and established techniques, such as the use of the complex-
mass scheme [25]. This is the path followed for instance in
Ref. [19] for the calculation ofQCDand electroweak effects
in the order �3

EW process pp ! Hjj. The advantage of this
approach is that all interference effects are correctly taken
into account in any region of phase space, including where
tight cuts might create significant enhancements. This is the
only way to proceedwhen interference effects are similar to
or larger than the corrections from higher orders. However,
when such effects are small, it offers several drawbacks.
The first is the unnecessary complexity of the calculation
itself. The second is that the operational separation between
the two processes, which can be quite useful at the practical
level, for example, in experimental analyses, is lost. In this
context, even the definition of signal and background might
not be meaningful and the distinction possibly leads to
confusion. In this case another approach can be followed.
Use a simple process definition and systematically check
the impact of higher-order corrections as well as those from
interferences to set the ultimate practical precision that can
be achieved. In this section we argue that for vector-boson
fusion this procedure is sound and can lead to a definition
which is unambiguous to better than 1%, i.e. more than
sufficient for all practical applications at hadron colliders.
In short, we define VBF as the Higgs production for

vanishing quark masses, through direct coupling to vector
bosons in the t-channel, and with no color exchange be-
tween the two colliding hadrons, i.e., all the processes that
can be represented by the diagram in Fig. 1, where no
heavy-quark loop is to be included in the blobs while
additional vector bosons in a color singlet state might
appear at one or more loops (not shown).
The definition above, while academic in nature, fits

extremely well with what is looked for and associated to

FIG. 1 (color online). Higgs production via the VBF process.
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in the current experimental searches. For example, it ex-
cludes the interfering effects with s-channel associated
production, but includes the additional exchange of two
gluons in a color singlet state in the t-channel. These two
effects, as we will argue in the following, are tiny and can
be neglected in the numerical evaluation of the total cross
section. However, it is useful to keep in mind that our
definition put them on a different ground. The main
reason/motivation is that among the most important char-
acteristics exploited in the experimental analyses is the
presence of two high-invariant mass forward-backward
jets and the absence of radiation in the central region.
Both these effects are present in the case of the color-singlet
component of double-gluon exchange in the t-channel,
while they are not typical of the s-channel contribution.

The definition given above allows us to systematically
classify processes for Higgs boson production as VBF and
non-VBF. In the latter we include also possible interfer-
ences between amplitudes belonging to the VBF class and
those in the non-VBF one.

‘‘VBF’’ processes:
(i) Factorizable contributions in QCD, see Fig. 1. This

class is evaluated exactly in this work for massless
quarks. It provides the bulk of all QCD corrections
up to order �2

s to a precision better than 1%.
(ii) Nonfactorizable contributions in QCD. This class

starts at order �2
s=N

2
c . It is estimated in Sec. III B to

contribute less than 1% to the total VBF cross
section.

(iii) Electroweak corrections to diagrams in Fig. 1.
These are relevant corrections which have been
calculated in Ref. [19]. A combination with the
NNLO QCD ones calculated in this work has
been reported in Ref. [8].

‘‘Non-VBF’’ processes:
(i) Single-quark line contributions, as calculated in

Ref. [26]. These effects are smaller than 1% in
differential cross sections.

(ii) Interferences in VBF itself known at NLO in QCD
and electroweak, as calculated in Ref. [19]. These
effects can be calculated at LO and are found to be
very small.

(iii) Interferences between VBF and associatedWH and
WZ production at NLO in QCD and electroweak, as
calculated in Ref. [19]. These effects can be easily
calculated at LO and are found to be very small.

(iv) Interferences with the top-loop mediated Higgs
production, Refs. [27,28] and contributions calcu-
lated in Sec. III C. These effects are found to con-
tribute less than 1% to the total cross section.

(v) t-channel vector boson production in presence of
heavy-quark loops (triangles and boxes), see
Sec. III C. These effects are estimated to contribute
less than 1% to the total cross section.

We conclude this section by mentioning that the same
kind of difficulties/ambiguities arises when the Higgs
width becomes non-negligible, i.e. for large Higgs masses,
let us say mH > 500 GeV. Apart from the need of a Breit-
Wigner smearing of cross sections calculated in the
narrow-width limit that can be easily implemented, inter-
ference effects with ‘‘background’’ processes can become
important and need to be accounted for. Such effects have
been considered in full generality at LO in studies of vector
boson scattering [29,30] and, for leptonic final states of the
vector bosons, in EW production of V1V2jj at NLO in
QCD [31–34].

III. VBF AT HIGHER ORDERS

Let us discuss the radiative corrections to the VBF
process with emphasis on the QCD contributions. As men-
tioned above, at LO the Higgs production in VBF proceeds
purely through electroweak interactions (see Fig. 2), with
the cross section for pp ! Hjj being of order �3

EW.
In the QCD improved parton model, higher-order cor-

rections arise. All NLO QCD contributions to the VBF
cross section (order �3

EW�s) can be treated exactly in the
structure function approach, which we discuss in detail and
extend to NNLO below in Sec. III A. At NNLO, i.e. at
order �3

EW�
2
s , certain other contributions arise, which we

estimate. These are diagrams involving gluon exchange
between the two quark lines (cf. Sec. III B), and diagrams
involving closed heavy-quark loops (cf. Sec. III C). We
also comment briefly on electroweak corrections at one-
loop in Sec. III D.

A. Structure function approach

The structure function approach is based on the obser-
vation that to a very good approximation the VBF process
can be described as a double deep-inelastic scattering
(DIS) process, see Fig. 1, where two (virtual) vector bosons
Vi (independently) emitted from the hadronic initial states
fuse into a Higgs boson. This approximation builds on the
absence (or smallness) of the QCD interference between
the two inclusive final states X1 and X2. In this case the
total cross section is given as a product of the matrix
element M�� for VBF, i.e., V

�
1 V

�
2 ! H, which in the

SM reads

M �� ¼ 2ð ffiffiffi
2

p
GFÞ1=2M2

Vi
g��; (3.1)

and of the DIS hadronic tensor W��:FIG. 2. Higgs production via the VBF process at LO in QCD.
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d�¼ 1

2S
2G2

FM
2
V1
M2

V2

1

ðQ2
1þM2

V1
Þ2

� 1

ðQ2
2þM2

V2
Þ2W��ðx1;Q2

1ÞM��M���W��ðx2;Q2
2Þ

� d3PX1

ð2�Þ32EX1

d3PX2

ð2�Þ32EX2

ds1ds2
d3PH

ð2�Þ32EH

�ð2�Þ4�4ðP1þP2�PX1
�PX2

�PHÞ: (3.2)

Here, GF is Fermi’s constant and
ffiffiffi
S

p
is the center-of-mass

energy of the collider. Q2
i ¼ �q2i , xi ¼ Q2

i =ð2Pi � qiÞ are
the usual DIS variables, si ¼ ðPi þ qiÞ2 are the invariant
masses of the i-th proton remnant, and MVi

denote the

vector-boson masses, see Fig. 1. The three-particle phase
space dPS of the VBF process is given in the third and
fourth line of Eq. (3.2). It is discussed in detail in Sec. A 1.

Higgs production in VBF requires the hadronic tensor
W�� for DIS neutral and charged current reactions, i.e., the

scattering off a Z as well as off a W�-boson. It is com-
monly expressed in terms of the standard DIS structure
functions Fiðx; Q2Þ with i ¼ 1, 2, 3. i.e. FV

i with i ¼ 1, 2, 3
and V 2 fZ;W�g and we employ the particle data group
conventions [35]. Thus,

W��ðxi; Q2
i Þ ¼

�
�g�� þ

qi;�qi;�

q2i

�
F1ðxi; Q2

i Þ

þ P̂i;�P̂i;�

Pi � qi F2ðxi; Q2
i Þ

þ i����	

P�
i q

	
i

2Pi � qi F3ðxi; Q2
i Þ; (3.3)

where ����	 is the completely antisymmetric tensor and

the momentum P̂i reads

P̂ i;� ¼ Pi;� � Pi � qi
q2i

qi;�: (3.4)

The factorization underlying Eq. (3.2) does not hold
exactly already at LO, because interference can occur
either between identical final state quarks (i.e., uu !
Huu) or between processes where either a W or a Z can
be exchanged (i.e., ud ! Hud). However, at LO, these
contributions can be easily computed and they have been
included in our results. On the other hand, simple argu-
ments of kinematics (based on the behavior of the propa-
gators in the matrix element [36]) show that such
contributions are heavily suppressed already at LO and
contribute to the total cross section well below the 1%
level, a fact that has been confirmed by a complete calcu-
lation even through NLO [19]. Apart from these interfer-
ence effects, the factorization of Eq. (3.2) is still exact at
NLO. This is due to color conservation: QCD corrections
to the upper quark line are independent from those of the
lower line. Figure 3 (left) shows a sample diagram ac-
counted for by the structure function approach, while the
diagram Fig. 3 (right) vanishes at NLO due to color con-
servation, i.e., TrðtaÞ ¼ 0 for generators ta of the color
SUðNcÞ gauge group.
The evaluation of Eq. (3.1) and (3.3) leads to the explicit

result for the squared hadronic tensor in Eq. (3.2) in terms of
the DIS structure functions [16] (see also the review [1]):

W��ðx1; Q2
1ÞM��M���W��ðx2; Q2

2Þ

¼ 4
ffiffiffi
2

p
GFM

4
Vi
�

�
F1ðx1; Q2

1ÞF1ðx2; Q2
2Þ
�
2þ ðq1 � q2Þ2

q21q
2
2

�
þ F1ðx1; Q2

1ÞF2ðx2; Q2
2Þ

P2 � q2
�ðP2 � q2Þ2

q22

þ 1

q21

�
P2 � q1 � P2 � q2

q22
q1 � q2

�
2
�
þ F2ðx1; Q2

1ÞF1ðx2; Q2
2Þ

P1 � q1
�ðP1 � q1Þ2

q21
þ 1

q22

�
P1 � q2 � P1 � q1

q21
q1 � q2

�
2
�

þ F2ðx1; Q2
1ÞF2ðx2; Q2

2Þ
ðP1 � q1ÞðP2 � q2Þ �

�
P1 � P2 � ðP1 � q1ÞðP2 � q1Þ

q21
� ðP1 � q2ÞðP2 � q2Þ

q22
þ ðP1 � q1ÞðP2 � q2Þðq1 � q2Þ

q21q
2
2

�
2

þ F3ðx1; Q2
1ÞF3ðx2; Q2

2Þ
2ðP1 � q1ÞðP2 � q2Þ ððP1 � P2Þðq1 � q2Þ � ðP1 � q2ÞðP2 � q1ÞÞ

�
: (3.5)

At this stage it remains to insert the DIS structure functions FV
i with i ¼ 1, 2, 3 and V 2 fZ;W�g. At NLO in QCD,

explicit expressions have been given in Ref. [16] using the results of Ref. [37]. For the necessary generalization beyond
NLO, let us briefly review the basic formulae. QCD factorization allows to express the structure functions as convolutions
of the PDFs in the proton and the short-distance Wilson coefficient functions Ci. The gluon PDF at the factorization scale

FIG. 3. Higgs production via the VBF process at NLO in QCD.
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�f is denoted by gðx;�fÞ and the quark (or antiquark) PDF
by qiðx;�fÞ (or �qiðx;�fÞ) for a specific quark flavor i. The
latter PDFs appear in the following combinations:

qs ¼
Xnf
i¼1

ðqi þ �qiÞ; qvns ¼
Xnf
i¼1

ðqi � �qiÞ; (3.6)

qþns;i¼ðqiþ �qiÞ�qs; q�ns;i¼ðqi� �qiÞ�qvns; (3.7)

as the singlet distribution qs, the (nonsinglet) valence
distribution qvns as well as flavor asymmetries of q�ns;i. All
of them are subject to well-defined transformation proper-
ties under the flavor isospin, see e.g. [38,39].

For the neutral current Z-boson exchange the DIS struc-
ture functions FZ

i can be written as follows:

FZ
i ðx;Q2Þ ¼ fiðxÞ

Z 1

0
dz

Z 1

0
dy�ðx� yzÞX

nf

j¼1

ðv2
j þ a2j Þ

� fqþns;jðy; �fÞCþ
i;nsðz; Q;�r;�fÞ

þ qsðy;�fÞCi;qðz; Q;�r;�fÞ
þ gðy;�fÞCi;gðz;Q;�r;�fÞg; (3.8)

FZ
3 ðx;Q2Þ ¼

Z 1

0
dz

Z 1

0
dy�ðx� yzÞX

nf

i¼1

2viai

� fq�ns;iðy;�fÞC�
3;nsðz; Q;�r;�fÞ

þ qvnsðy;�fÞCv
3;nsðz;Q;�r;�fÞg; (3.9)

where i ¼ 1. 2 and the prefactors in Eq. (3.8) are f1ðxÞ ¼
1=2, f2ðxÞ ¼ x. The vector- and axial-vector coupling
constants vi and ai in Eq. (3.8) are given by

v2
i þ a2i ¼

8><
>:

1
4 þ

�
1
2 � 4

3 sin
2
w

�
2

u� type quarks;

1
4 þ

�
1
2 � 2

3 sin
2
w

�
2

d� type quarks;

(3.10)

and, likewise, in Eq. (3.9),

2viai ¼
8<
:

1
2 � 4

3 sin
2
w u� type quarks;

1
2 � 2

3 sin
2
w d� type quarks:

(3.11)

The coefficient functions Ci in Eqs. (3.8) and (3.9)
parameterize the hard partonic scattering process. They
depend only on the scaling variable x, and on dimension-
less ratios ofQ2,�f and the renormalization scale �r. The

perturbative expansion of Ci in the strong coupling �s up
to two loops reads in the nonsinglet sector,

Cþ
i;nsðxÞ ¼ �ð1� xÞ þ asfcð1Þi;q þ LMP

ð0Þ
qq g

þ a2s

�
cð2Þ;þi;ns þ LMðPð1Þ;þ

ns þ cð1Þi;q ðPð0Þ
qq � 	0ÞÞ

þ L2
M

�
1

2
Pð0Þ
qq ðPð0Þ

qq � 	0Þ
�

þ LR	0c
ð1Þ
i;q þ LRLM	0P

ð0Þ
qq

�
; (3.12)

C�
3;nsðxÞ ¼ �ð1� xÞ þ asfcð1Þ3;q þ LMP

ð0Þ
qq g

þ a2s

�
cð2Þ;�3;ns þ LMðPð1Þ;�

ns þ cð1Þ3;qðPð0Þ
qq � 	0ÞÞ

þ L2
M

�
1

2
Pð0Þ
qq ðPð0Þ

qq � 	0Þ
�

þ LR	0c
ð1Þ
3;q þ LRLM	0P

ð0Þ
qq

�
; (3.13)

where as ¼ �sð�rÞ=ð4�Þ and i ¼ 1, 2 in Eq. (3.12). The
complete scale dependence, i.e. the towers of logarithms
in LM ¼ lnðQ2=�2

fÞ and LR ¼ lnð�2
r=�

2
fÞ (keeping

�r � �f), has been derived by renormalization group

methods (see, e.g. [40]) in terms of splitting functions

PðlÞ
ij and the coefficients of the QCD beta function, 	l. In

our normalization of the expansion parameter, as ¼
�s=ð4�Þ, the conventions for the running coupling are

d

d ln�2

�s

4�
� das

d ln�2
¼ �	0a

2
s � . . . ;

	0 ¼ 11

3
CA � 2

3
nf;

(3.14)

with 	0 the usual expansion coefficient of the QCD beta
function, CA ¼ 3 and nf the number of light flavors.

Note, that the valence coefficient function Cv
3;ns in

Eq. (3.9) is defined as Cv
3;ns ¼ C�

3;ns þ Cs
3;ns. However, we

have Cs
3;ns � 0 starting at three-loop order only, so that

Eq. (3.9) suffices with Cv
3;ns ¼ C�

3;ns up to NNLO. In the

singlet sector we have

Ci;qðxÞ ¼ �ð1� xÞ þ asfcð1Þi;q þLMP
ð0Þ
qq g

þ a2s

�
cð2Þi;q þLMðPð1Þ

qq þ cð1Þi;q ðPð0Þ
qq �	0Þ þ cð1Þi;gP

ð0Þ
gq Þ

þL2
M

�
1

2
Pð0Þ
qq ðPð0Þ

qq �	0Þ þ 1

2
Pð0Þ
qgP

ð0Þ
gq

�

þLR	0c
ð1Þ
i;q þLRLM	0P

ð0Þ
qq

�
; (3.15)
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Ci;gðxÞ ¼ asfcð1Þi;g þLMP
ð0Þ
qg g

þa2s

�
cð2Þi;g þLMðPð1Þ

qg þ cð1Þi;qP
ð0Þ
qg þ cð1Þi;g ðPð0Þ

gg �	0ÞÞ

þL2
M

�
1

2
Pð0Þ
qqP

ð0Þ
qg þ 1

2
Pð0Þ
qg ðPð0Þ

gg �	0Þ
�

þLR	0c
ð1Þ
i;g þLRLM	0P

ð0Þ
qg

�
; (3.16)

where again i ¼ 1, 2 in Eq. (3.15). The quark-singlet
contribution contains the so-called pure-singlet part,

Ci;q ¼ Cþ
i;ns þ Ci;ps, i.e. Pð1Þ

qq ¼ Pð1Þ;þ
ns þ Pð1Þ

ps and cð2Þi;q ¼
cð2Þ;þi;ns þ cð2Þi;ps in Eq. (3.15). Note that starting at two-

loop order we haveCi;ps � 0. The DIS coefficient functions

cðlÞi;k are known to NNLO from Refs. [41–44], likewise,

NNLO evolution of the PDFs has been determined in
Refs. [38,45] and even the hard corrections at order �3

s are
available [46,47]. Accurate parametrizations of all coeffi-
cient functions in Eqs. (3.12), (3.13), (3.14), (3.15), and
(3.16) can be taken e.g. from Refs. [46,47] and the splitting

functions PðlÞ
ij are given e.g. in Refs. [38,45].1 All products

in Eqs. (3.12), (3.13), (3.14), (3.15), and (3.16) are under-
stood as Mellin convolutions. They can be easily evaluated
in terms of harmonic polylogarithms H ~mðxÞ=ð1� xÞ up to
weight 4, see [48], and for their numerical evaluation we
have used the FORTRAN package [49].

For the charged current case with W�-boson exchange

the DIS structure functions FW�
i are given by

FW�
i ðx;Q2Þ ¼ 1

2
fiðxÞ

Z 1

0
dz

Z 1

0
dy�ðx� yzÞ 1

nf

Xnf
j¼1

ðv2
j þa2j Þ

� f�q�nsðy;�fÞC�
i;nsðz;Q;�r;�fÞ

þqsðy;�fÞCi;qðz;Q;�r;�fÞ
þgðy;�fÞCi;gðz;Q;�r;�fÞg; (3.17)

FW�
3 ðx;Q2Þ ¼ 1

2

Z 1

0
dz

Z 1

0
dy�ðx� yzÞ 1

nf

Xnf
i¼1

2viai

� f�qþnsðy;�fÞCþ
3;nsðz;Q;�r;�fÞ

þ qvnsðy;�fÞCv
3;nsðz;Q;�r;�fÞg; (3.18)

where, as above, Ci;q ¼ Cþ
i;ns þ Ci;ps and also Cv

3;ns ¼ C�
i;ns

up to two-loop order. The asymmetry �q�ns parametrizes
the isotriplet component of the proton, i.e. u � d and so on.
It is defined as

�q�ns ¼
X

i2u�type

X
j2d�type

fðqi � �qiÞ � ðqj � �qjÞg: (3.19)

Its numerical impact is expected to be small, though. The

respective results for FWþ
i are obtained from Eqs. (3.17)

and (3.18) with the simple replacement �q�ns ! ��q�ns.
The vector- and axial-vector coupling constants vi and

ai are given by

vi ¼ ai ¼ 1ffiffiffi
2

p : (3.20)

The coefficient functions in Eqs. (3.17) and (3.18) includ-
ing their dependence on the factorization and the renor-
malization scales can be obtained from Eqs. (3.12), (3.13),
(3.14), (3.15), and (3.16) with the help of the following

simple substitutions cð2Þ;þi;ns $ cð2Þ;�i;ns , cð2Þ;�3;ns $ cð2Þ;þ3;ns and

Pð1Þ;þ
ns $ Pð1Þ;�

ns and so on. Again, all expressions for the
coefficient and splitting functions are given in
Refs. [46,47] and [38,45], respectively.
Equation (3.2) with the explicit expressions for the DIS

structure functions inserted provides the backbone of our
NNLO QCD predictions for Higgs production in VBF.
However, as emphasized above, the underlying factoriza-
tion is not exact beyond NLO and therefore, the nonfactor-
izable corrections need to be estimated. This will be done
in the following.

B. Nonfactorizable contributions

In order to assess the quality of the factorization ap-
proach, we now estimate the size of the nonfactorizable
contributions, i.e. those coming from diagrams involving
the exchange of gluons between the two quark lines and not
included in the structure function approach. Neglecting
interferences between t-and u-channel diagrams, which
are kinematically suppressed, this class of diagrams van-
ishes at NLO because of color conservation, but contrib-
utes at NNLO for the first time. Here, the notion ‘‘class of
diagrams’’ refers to a gauge-invariant subset of the dia-
grams that contributes to a certain process. Examples of
nonfactorizable diagrams are shown in Fig. 4.
Before we present a detailed numerical estimate of the

size of the nonfactorizable contributions, we briefly recall
two general arguments from Refs. [20,21] justifying their
omission.
The first argument is based on the study of the associated

color factors. The possible color configurations for factor-
izable and nonfactorizable corrections are shown in
Figs. 5 and 6, respectively, together with the associated
color factors. The leading color factor of the factorizable
corrections is ðN2

c � 1Þ2=4 ¼ 16, while we have ðN2
c �

1Þ=4 ¼ 2 (for Nc ¼ 3) for the double gluon exchange
consisting of a double color-traces. Hence, the nonfactor-
izable corrections are suppressed by a factorOð1=N2

cÞ with
respect to the leading factorizable ones.

1Note that with the conventions of Refs. [38,45–47], both the
pure-singlet and the gluon coefficient functions as well as the
splitting functions Pð0Þ

qg and Pð1Þ
qg in Eqs. (3.12), (3.13), (3.14),

(3.15), and (3.16) need to be divided by a factor 2nf to account
for the contribution of one individual quark flavor (not the
antiquark).
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The second argument is based on the kinematical de-
pendence of diagrams like those shown in Fig. 4. Such
contributions, see e.g. Fig. 4 (right), come from the inter-
ference of diagrams with one or two gluons radiated by the
upper quark line with diagrams where gluons are radiated
by the lower line. Angular ordering in gluon emission,
however, leads to radiation close to the quark from which
it is emitted, and since these quarks tend to be very forward
(or backward) due to the exchange of a spin-1 particle in
the t-channel, there is generally very little overlap in phase
space. Those arguments have already been used in [50] to
justify neglecting real-virtual double gluon exchange dia-
grams in the computation of NLO QCD corrections for
Higgs in VBF in association with three jets.

We now corroborate these considerations with a quanti-
tative analysis. Let us express the total cross section at
order �2

s as

�NNLO ¼ �0ð1þ �s�1 þ �2
s�2Þ; (3.21)

with �2 ¼ �fact
2 þ�non-fact

2 . As already said, �1 receives
contributions mainly from factorizable corrections. The
nonfactorizable ones that are not kinematically suppressed
are exactly zero due to color while interference effects
between amplitudes with identical quark lines in the final
state are highly suppressed (and not included beyond LO in
our approach).

The exact calculation of �non-fact
2 being out of reach, we

estimate the ratio of the nonfactorizable contributions,
�non-fact

2 , vs the factorizable ones, �fact
2 , as follows:

R2 � �non-fact
2

�fact
2

’ 1

ðN2
c � 1Þ � R1

R1 � �non-fact;Uð1Þ
1

�fact;Uð1Þ
1

;

(3.22)

where �fact;Uð1Þ
1 ¼ �fact

1 =CF and �non-fact;Uð1Þ
1 denotes the

‘‘would-be’’ impact of the corrections coming from non-
factorizable diagrams at NLO, i.e. the class of diagrams
involving the exchange of one gluon between the two
quark lines, computed as if the color factor were non-

vanishing. In other words, �non-fact;Uð1Þ
1 can be thought of

as the correction due to the gauge-invariant class of dia-
grams where an extra Uð1Þ gauge boson is exchanged
between the two quark lines including real and virtual
diagrams. The R2 ’ R1 approximation assumes, of course,
that the ratios will not dramatically change in going from
NLO to NNLO. As there is no substantial difference in the
kinematics and no non-Abelian vertices enter at NNLO in
diagrams where two gluons are exchanged in a color
singlet in the t-channel, we can conclude that Eq. (3.22)
should provide a reasonable estimate.
To compute �non-fact

1 , we need to account for the four
diagrams shown in Fig. 7 along with the analogous real
emission terms. As our argument only needs to provide an
estimate of the corrections and it is based on the kinematics
we can slightly simplify the calculation of the tensor
integrals by considering only vector couplings of the vector
boson to the quarks, which eliminates all but the scalar
five-point functions. The latter can be reduced in terms of
scalar four-point functions [51–53] and then evaluated,
together with the scalar four- and three-point functions
coming from the Passarino-Veltmann reduction, with the
help of the QCDLOOP package [54]. For completeness, we
stress that the results for the virtual diagrams have been

FIG. 4. Examples of squared matrix elements contributing at NNLO to VBF involving a double-gluon exchange between the two
quark lines.

FIG. 5. Color configurations associated to nonfactorizable
double-gluon exchange corrections to VBF at NNLO.

FIG. 6. Color configurations associated to factorizable corrections to VBF at NNLO.
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checked against the amplitude automatically generated by
MADLOOP [55], where machine precision agreement has

been found point-by-point in the phase space.
The combination of the virtual and the real emission

part, with the subtraction of the soft divergences (no col-
linear divergences occur in this class of diagrams), has
been done via MADFKS [56] that generates all the needed
counterterms automatically and performs also the integra-
tion over phase space. In practice, the computation of the
Oð�sÞ part of the cross section that enters in �non-fact

1 has
been obtained as the difference of the complete NLO and

the corresponding Born cross sections, and special atten-
tion has been paid to controlling the uncertainty of the
numerical integration of the real emission contributions.
In Tables I, II, and III we present the results for the

nonfactorizable corrections, �non-fact
1 , at the Tevatron and

at the LHC, compared with the quark-initiated factorizable
ones, �fact

1 , and we have used the same color factor of the
Born term. For the sake of simplicity, we have focused on
the ud ! udH channel, with Z-boson exchange and, as
mentioned above, we have considered only the vector
coupling of the Z-boson to the quarks. Interestingly, the
numbers in Tables I, II, and III display a sudden change of
sign for �non-fact

1 at around mH ¼ 180 GeV ¼ 2MZ, i.e.,
the threshold of the h ! ZZ process, which is due to the
use of the zero-width approximation for the Z-bosons in

FIG. 7. The four virtual topologies with one gluon exchange between the quark lines that would contribute at NLO, barring the
vanishing color factor. Those diagrams represent the virtual part included in �non-fact

NLO .

TABLE II. Nondiagonal NLO QCD corrections to VBF at
the LHC,

ffiffiffi
S

p ¼ 7 TeV. Numbers have been computed ignoring
the vanishing color factors of the diagrams in Fig. 7. The
MRST2002 [57] NLO PDF set has been used.
Renormalization and factorization scales have been set to MW .
Integration errors, if relevant, are shown in parentheses.

mH½GeV� �0½pb� �non-fact;Uð1Þ
1 �fact;Uð1Þ

1 R1

100 2:04 � 10�3 6:6ð3Þ � 10�3 1:57 � 10�2 0.42

120 1:74 � 10�3 5:4ð4Þ � 10�3 1:54 � 10�2 0.35

150 1:39 � 10�3 3:4ð2Þ � 10�3 1:53 � 10�2 0.22

200 9:84 � 10�4 �3:6ð3Þ � 10�3 1:59 � 10�2 �0:22
250 7:12 � 10�4 �1:2ð2Þ � 10�3 1:71 � 10�2 �0:07
300 5:26 � 10�4 �4ð2Þ � 10�4 1:85 � 10�2 �0:02
400 3:00 � 10�4 2ð2Þ � 10�4 2:24 � 10�2 0.01

500 1:78 � 10�4 1ð2Þ � 10�4 2:69 � 10�2 0.00

650 8:66 � 10�5 5ð2Þ � 10�4 3:45 � 10�2 0.01

800 4:41 � 10�5 2ð2Þ � 10�4 4:28 � 10�2 0.00

1000 1:88 � 10�5 5ð2Þ � 10�4 5:46 � 10�2 0.01

TABLE I. Nondiagonal NLO QCD corrections to VBF at the
Tevatron,

ffiffiffi
S

p ¼ 1:96 TeV. Numbers have been computed ignor-
ing the vanishing color factors of the diagrams in Fig. 7. The
MRST2002 [57] NLO PDF set has been used. Renormalization
and factorization scales have been set to MW . Integration errors,
if relevant, are shown in parentheses.

mH½GeV� �0½pb� �non-fact;Uð1Þ
1 �fact;Uð1Þ

1 R1

100 3:06 � 10�5 3:00ð4Þ � 10�2 8:79 � 10�2 0.34

120 2:09 � 10�5 2:90ð5Þ � 10�2 9:22 � 10�2 0.31

150 1:19 � 10�5 2:21ð5Þ � 10�2 9:91 � 10�2 0.22

200 4:87 � 10�6 �3:2ð5Þ � 10�3 1:12 � 10�1 �0:03
250 2:04 � 10�6 8ð4Þ � 10�4 1:25 � 10�1 0.01

300 8:68 � 10�7 2:7ð4Þ � 10�3 1:39 � 10�1 0.02

TABLE III. Nondiagonal NLO QCD corrections to VBF at
the LHC,

ffiffiffi
S

p ¼ 14 TeV. Numbers have been computed ignoring
the vanishing color factors of the diagrams in Fig. 7. The
MRST2002 [57] NLO PDF set has been used.
Renormalization and factorization scales have been set to MW .
Integration errors, if relevant, are shown in parenthesis.

mH½GeV� �0½pb� �non-fact;Uð1Þ
1 �fact;Uð1Þ

1 R1

100 5:63 � 10�3 4:0ð4Þ � 10�3 6:34 � 10�3 0.63

120 4:97 � 10�3 3:1ð3Þ � 10�3 5:76 � 10�3 0.54

140 4:42 � 10�3 2:8ð3Þ � 10�3 4:94 � 10�3 0.56

150 4:17 � 10�3 2:4ð3Þ � 10�3 4:62 � 10�3 0.51

155 4:06 � 10�3 1:7ð3Þ � 10�3 4:51 � 10�3 0.37

160 3:95 � 10�3 1:5ð3Þ � 10�3 4:39 � 10�3 0.33

165 3:84 � 10�3 8ð2Þ � 10�4 4:28 � 10�3 0.18

170 3:74 � 10�3 10ð3Þ � 10�5 4:20 � 10�3 0.02

175 3:64 � 10�3 �8ð3Þ � 10�4 4:08 � 10�3 �0:21
180 3:54 � 10�3 �1:3ð2Þ � 10�3 3:87 � 10�3 �0:35
185 3:45 � 10�3 �3:4ð4Þ � 10�3 3:86 � 10�3 �0:89
190 3:36 � 10�3 �2:8ð3Þ � 10�3 3:82 � 10�3 �0:73
195 3:27 � 10�3 �2:5ð3Þ � 10�3 3:74 � 10�3 �0:67
200 3:19 � 10�3 �2:6ð2Þ � 10�3 3:74 � 10�3 �0:71
210 3:03 � 10�3 �1:6ð3Þ � 10�3 3:62 � 10�3 �0:43
230 2:75 � 10�3 �7ð5Þ � 10�4 3:40 � 10�3 �0:21
250 2:50 � 10�3 �9ð2Þ � 10�4 3:32 � 10�3 �0:26
300 1:99 � 10�3 �5ð2Þ � 10�4 3:21 � 10�3 �0:14
400 1:32 � 10�3 2ð2Þ � 10�4 3:98 � 10�3 0.05

500 9:17 � 10�4 3ð2Þ � 10�4 5:32 � 10�3 0.06

650 5:59 � 10�4 6ð2Þ � 10�4 7:98 � 10�3 0.07

800 3:57 � 10�4 2ð2Þ � 10�4 1:11 � 10�2 0.01

1000 2:06 � 10�4 3ð1Þ � 10�4 1:63 � 10�2 0.02

BOLZONI et al. PHYSICAL REVIEW D 85, 035002 (2012)

035002-8



the loop propagators, cf. also Refs. [58,59]. A consistent
inclusion of Z-boson width effects, which is beyond the
scope of our analysis, would regularize this behavior.

The results of Tables I, II, and III show an R1 always
well below unity. Once the Oð1=N2

cÞ color suppression in
Eq. (3.22) is taken into account, one finds an upper bound
on R2 < 10%. As the impact of �fact

2 on the total cross

section is at the 1% level, we estimate the contribution of
the omitted nonfactorizable corrections at most at the per-
mil level, hence negligible in our scheme. Finally, note that
�non-fact

1 decreases with increasing Higgs boson massesmH

so that, as expected from the fact that the Higgs boson acts
as a ‘‘kinematical decorrelator’’ between the two jets, the
size of the nonfactorizable corrections becomes totally
negligible for mH > 300 GeV.

C. Contributions from heavy-quark loops

Diagrams with heavy-quark loops can also provide con-
tributions at NNLO in QCD that are not included in the
structure function approach. Following our definition of
VBF given in Sec. II, these contributions are classified in
the strict sense as ‘‘non-VBF’’ processes. However, given
that such effects are genuinely new at NNLO and, more-
over, that they have not been subject to extensive consid-
eration in the context of VBF in the literature before, cf. the
previous discussions in Refs. [21,60], they deserve detailed
study here.

We distinguish three different classes of contributions:
the modulo squared of one-loop diagrams with no extra
radiation requiring a quark-gluon initial state, Fig. 8; the
interference of one-loop diagrams with an extra parton in
the final state, Fig. 9, with the VBF real tree-level dia-
grams; and the interference of two-loop diagrams, Fig. 10,
with VBF diagrams at the Born level. Each of the three
classes of loop diagrams has no soft/collinear divergencies
and is gauge-invariant, thus can be treated independently.

Such contributions appear only for neutral weak cur-
rents. Moreover, in both boxes and triangles only the axial
coupling of the Z-boson to the quarks survives, so that a
mass-degenerate quark doublet gives zero contribution.
Therefore only the top and bottom quarks need to be
considered.

1. Quark-gluon initiated contributions via the square
of one-loop diagrams

Let us start with the diagrams shown in Fig. 8. A simple
estimate [20] obtained in the limitmb ! 0,mt ! 1 where
only the contribution from the triangle is parametrically
relevant, associates to this class an effect of less than one
per-mil of the total cross section [21,60]. By itself this
result is nontrivial given that the contributions of the dia-
grams in Fig. 8 are proportional to the quark-gluon parton
luminosity, which is potentially large, especially at LHC.
Thus, based on considering the triangle alone, it can be
argued that contributions from the heavy-quark loops in
Fig. 8 can be safely neglected.
We now investigate to which extent the conclusion

above is confirmed by a complete calculation of these
contributions. Note that the corresponding one-loop dia-
grams are long known [61,62] (see also [7]), although in a
different kinematic regime (i.e., timelike) for the Z-boson.
Our results confirm previous findings and extend them for
the first time to the t-channel regime.
The contribution of these diagrams to Higgs boson

production in VBF are shown in Fig. 11, where the sum
of the triangle and the box, the triangle and the box alone

and the limit mt ! 1 at
ffiffiffi
S

p ¼ 7 TeV and 14 TeV for the

LHC and
ffiffiffi
S

p ¼ 1:96 TeV for the Tevatron have been
plotted. The pole mass values mb ¼ 4:62 GeV, mt ¼
174:3 GeV have been used. The numbers for the LHC
corresponding to the various scenarios in Fig. 11 are

FIG. 8. Next-to-next-to-leading order QCD corrections due to
heavy quarks (t=b) loops: pure one-loop diagrams contributing
through their modulo squared.

FIG. 9. Next-to-next-to-leading order QCD corrections due to
heavy-quarks (t=b) loops: one-loop plus extra parton diagrams
interfering with VBF NLO real corrections.

FIG. 10. Next-to-next-to-leading order QCD corrections due to
heavy-quarks (t=b) loops two-loop diagrams interfering with
VBF LO diagrams.
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reported in Tables IV and V. From these numbers we can
see that the limit mt ! 1, mb ! 0 is a good estimate of
the upper bound of the integrated cross section. In this case
we verified that, as also reported in [61], the contribution of

the box goes to zero. Moreover, specially for large mH, the
triangle alone is also an upper bound, while for smallmH it
approximates the total cross section within a factor of 2.
Therefore, given our aim to asses the importance of these
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FIG. 11 (color online). Contribution of the heavy-quarks (t=b) loops to the total NNLO VBF cross section, at the LHC with
ffiffiffi
S

p ¼
7 TeV (top-left),

ffiffiffi
S

p ¼ 14 TeV (top-right) and at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV. Numbers are computed with the MSTW2008 [63]
NNLO PDF set. The renormalization and factorization scales have been set to MW .

TABLE IV. Values of the contributions to the total NNLOVBF cross section due to the heavy-
quark loop diagrams shown in Fig. 8 at the LHC,

ffiffiffi
S

p ¼ 7 TeV. The MSTW2008 [63] NNLO
PDF set has been used. The LO cross section, computed with LO PDFs, is also shown for
comparison. Renormalization and factorization scales have been set to MW . Integration errors
are below the 1% level. Cross sections are in pb.

mH½GeV� �LO �triþbox �tri �box �1
triþbox

100 1.49 4:09 � 10�4 2:04 � 10�4 1:70 � 10�4 3:40 � 10�4

120 1.22 3:75 � 10�4 1:84 � 10�4 1:65 � 10�4 3:12 � 10�4

150 9:19 � 10�1 3:23 � 10�4 1:58 � 10�4 1:53 � 10�4 2:73 � 10�4

200 6:01 � 10�1 2:43 � 10�4 1:22 � 10�4 1:27 � 10�4 2:20 � 10�4

250 4:09 � 10�1 1:69 � 10�4 9:49 � 10�5 9:87 � 10�5 1:78 � 10�4

300 2:87 � 10�1 1:00 � 10�4 7:42 � 10�5 6:85 � 10�5 1:45 � 10�4

400 1:52 � 10�1 3:47 � 10�5 4:62 � 10�5 2:16 � 10�5 9:76 � 10�5

500 8:58 � 10�2 2:07 � 10�5 2:93 � 10�5 8:64 � 10�6 6:67 � 10�5

650 3:95 � 10�2 1:10 � 10�5 1:53 � 10�5 2:75 � 10�6 3:85 � 10�5

800 1:93 � 10�2 6:12 � 10�6 8:20 � 10�6 1:00 � 10�6 2:25 � 10�5

1000 8:00 � 10�3 2:89 � 10�6 3:71 � 10�6 2:97 � 10�7 1:12 � 10�5
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contributions relative to the VBF cross section, it gives a
reasonable estimate of the exact value.

Our results have been obtained by two independent
computations of the squared amplitude, and also agree
point-by-point in phase space with the results of a code
automatically generated by MADLOOP [55]. The upshot is
that the exact computation corroborates the findings of
[20]. The impact of the diagrams in Fig. 8 on the VBF
Higgs production cross section is always below the per-mil
level of the Born contribution, and therefore can be safely
neglected.

The exact result for the VBF cross section in the quark-
gluon channel at NNLO allows for a comparison with the
Higgs-Strahlung case. In this case, a sizable destructive
interference between the triangle and the box diagrams
takes place [7,62], while this does not happen for VBF
(see also the plots in Fig. 11). It is instructive to find the
origin of such a different behavior of the triangle and the
box diagrams contributions in an s-channel process [62]
compared to a t-channel one (cf. Figure 11). To this aim, it
is useful to define the relative phase angle � between the
triangle and the box amplitudes Mtri and Mbox by

jMtri þMboxj2 ¼ jMtrij2 þ jMboxj2
þ 2jMtrijjMboxj cos�: (3.23)

Recall that in the s-channel case in the large-mt limit Mtri

and Mbox are real and opposite in sign thus implying
�� � [62]. This remains true for the crossed amplitudes
in the t-channel case of Fig. 11 because, due to unitarity,
the asymptotic behavior in the large-mt limit remains the
same. However, for finite top-quark masses and away from
large-mt limit, both Mtri and Mbox acquire an imaginary

part above the threshold
ffiffiffi
S

p ’ 2mt in the s-channel
process. This is due to the gluon-gluon scattering process
opening to real top-quark pair-production. Thus, Mtri

and Mbox become complex numbers pointing in opposite

directions in the complex plane within a tolerance of less
than 50	, resulting in a strong destructive interference
between them, see [62]. The different findings in the
VBF case can now be easily understood: in the t-channel
process of Fig. 8 onlyMbox can develop an imaginary part
due to an intermediate real top-quark pair while Mtri

remains real. As a net result Mtri and Mbox are likely to
be almost orthogonal in the complex plane thus suppress-
ing the interference term in Eq. (3.23).
Finally, compared to the Higgs-Strahlung process, i.e.,

the associated production of Higgs and a Z-boson in the
gluon-fusion channel, the NNLO corrections in VBF from
the heavy quarks are by far less important [7]. This differ-
ence has also a simple physical explanation, because in the
Higgs-Strahlung this contribution proceeds through a gg
initiated s-channel, whereas VBF has the vector boson in
the t-channel. The s-channel propagator enhances the
small x-region where the gluon luminosity steeply rises.
In the crossed case, i.e., in VBF, the dominant contribution
to the cross section comes from effective parton momen-
tum fractions hxi � 10�2, where the gluon luminosity is
not large yet.

2. One-loop plus extra real parton diagrams

Let us now discuss the contributions coming from dia-
grams in Fig. 9 in the qq-channel and the crossed qg one.
These diagrams feature one initial (final) state on-shell
gluon attached to the heavy-quark loop, together with the
Z-boson and a timelike (spacelike) off-shell gluon. We
estimate the overall contribution of this class of diagrams
by computing only the triangles, yet keeping themt andmb

finite. This choice is justified by the fact that triangles are
parametrically leading, especially for large values of mH

and, as shown in Sec. III C 1, provide an approximate
estimate for the total contribution, although sufficiently
accurate for our purposes. We also verified that the limit

TABLE V. Values of the contributions to the total NNLO VBF cross section due to the heavy-
quark loop diagrams shown in Fig. 8 at the LHC,

ffiffiffi
S

p ¼ 14 TeV. The MSTW2008 [63] NNLO
PDF set has been used. The LO cross section, computed with LO PDFs, is also shown for
comparison. Renormalization and factorization scales have been set to MW . Integration errors
are below the 1% level. Cross sections are in pb.

mH½GeV� �LO �triþbox �tri �box �1
triþbox

100 5.08 2:02 � 10�3 9:86 � 10�4 1:05 � 10�3 2:01 � 10�3

120 4.29 1:88 � 10�3 9:18 � 10�4 9:99 � 10�4 1:90 � 10�3

150 3.40 1:65 � 10�3 8:24 � 10�4 9:44 � 10�4 1:76 � 10�3

200 2.40 1:31 � 10�3 6:88 � 10�4 8:06 � 10�4 1:55 � 10�3

250 1.76 9:44 � 10�4 5:76 � 10�4 6:46 � 10�4 1:37 � 10�3

300 1.33 6:05 � 10�4 4:85 � 10�4 4:82 � 10�4 1:21 � 10�3

400 8:09 � 10�1 2:52 � 10�4 3:48 � 10�4 1:94 � 10�4 9:66 � 10�4

500 5:25 � 10�1 1:71 � 10�4 2:55 � 10�4 9:52 � 10�5 7:72 � 10�4

650 2:97 � 10�1 1:11 � 10�4 1:64 � 10�4 4:02 � 10�5 5:62 � 10�4

800 1:80 � 10�1 7:59 � 10�5 1:09 � 10�4 1:93 � 10�5 4:14 � 10�4

1000 9:82 � 10�2 4:76 � 10�5 6:53 � 10�5 8:05 � 10�6 2:79 � 10�4
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mt ! 1, which we expect to be close to the upper bound
for the cross section, is indeed quite close ( ’ 20%) to the
values we have computed. Note that triangle diagrams as in
Fig. 9 have already been computed before in the context of
Z-boson decay into hadrons [64] or hadro-production [65]
in a different kinematic regime. As an additional simplifi-
cation, we will consider only the parton channel with an
extra gluon in the final state, i.e., the reaction qq0 !
qq0Hg, the other parton channels having similar or smaller
impact. This latter assumption is supported by the previous
studies of Z-boson hadro-production [65], where it was
shown that the entire class of diagrams in Fig. 9 is heavily
suppressed with respect to the two-loop ones of Fig. 10
considered below in Sec. III C 3.

We have computed the necessary expressions for the
interference of the one-loop diagrams with the tree-level
ones analytically using MATHEMATICA and FEYNCALC [66]
and have performed the phase-space integration using
MADGRAPH [67,68]. The respective numbers for the con-

tribution to the VBF total cross section of the process

qq0 ! Hqq0g due to the heavy-quark triangle in Fig. 9 at

the LHC, at
ffiffiffi
S

p ¼ 7 TeV and 14 TeVare given in Table VI.
Again, we found these contributions to be totally negligible
compared to the LOVBF cross section, and also about one
order of magnitude smaller than those studied in
Sec. III C 1.

3. Two-loop diagrams

Finally, we consider the two-loop contributions of
Fig. 10 where the heavy-quark loop is attached via two
gluons to the light-quark line originating from one of the
protons. These diagrams interfere with the Born VBF
amplitudes. The effective coupling to the light-quark line
singles out the isotriplet component of the proton in the
squared matrix elements, since only the axial part of the
Z-boson coupling contributes for nondegenerate heavy-
quarks in the loop. That is to say, this class of diagrams
is proportional to the (nonsinglet) distribution �q�ns of
Eq. (3.19), which is generally small.

TABLE VI. Values of the contributions to the total NNLO
VBF cross section due to the heavy-quark triangle plus gluon
emission diagrams shown in Fig. 9 at the LHC, at

ffiffiffi
S

p ¼ 7 TeV
(left) and

ffiffiffi
S

p ¼ 14 TeV (right). The MSTW2008 [63] NNLO
PDF set has been used. The LO cross section, computed with LO
PDFs, is also shown for comparison. Renormalization and facto-
rization scales have been set to MW . Integration errors are below
the 1% level. Cross sections are in pb.

mH½GeV� �LO �
1loopþglu
tri

100 1.49 5:10 � 10�5

120 1.22 4:02 � 10�5

150 9:19 � 10�1 2:89 � 10�5

200 6:01 � 10�1 1:74 � 10�5

250 4:09 � 10�1 1:11 � 10�5

300 2:87 � 10�1 7:41 � 10�6

400 1:52 � 10�1 3:53 � 10�6

500 8:58 � 10�2 1:84 � 10�6

650 3:95 � 10�2 7:72 � 10�7

800 1:93 � 10�2 3:52 � 10�7

1000 8:00 � 10�3 1:34 � 10�7

mH½GeV� �LO �
1loopþglu
tri

100 5.08 2:66 � 10�4

120 4.29 2:20 � 10�4

150 3.40 1:67 � 10�4

200 2.40 1:11 � 10�4

250 1.76 7:62 � 10�5

300 1.33 5:48 � 10�5

400 8:09 � 10�1 3:02 � 10�5

500 5:25 � 10�1 1:82 � 10�5

650 2:97 � 10�1 9:21 � 10�6

800 1:80 � 10�1 5:12 � 10�6

1000 9:82 � 10�2 2:54 � 10�6

TABLE VII. Values of the contributions to the total NNLO
VBF cross section due to the two-loop triangle diagram shown in
Fig. 10 at the LHC, at

ffiffiffi
S

p ¼ 7 TeV (left) and
ffiffiffi
S

p ¼ 14 TeV
(right). The MSTW2008 [63] NNLO PDF set has been used. The
LO cross section, computed with LO PDFs, is also shown for
comparison. Renormalization and factorization scales have been
set to MW . Integration errors are below the 1% level. Cross
sections are in pb.

mH½GeV� �LO �
2loop
tri

100 1.49 8:38 � 10�4

120 1.22 7:08 � 10�4

150 9:19 � 10�1 5:60 � 10�4

200 6:01 � 10�1 3:90 � 10�4

250 4:09 � 10�1 2:81 � 10�4

300 2:87 � 10�1 2:06 � 10�4

400 1:52 � 10�1 1:18 � 10�4

500 8:58 � 10�2 7:08 � 10�5

650 3:95 � 10�2 3:52 � 10�5

800 1:93 � 10�2 1:84 � 10�5

1000 8:00 � 10�3 8:18 � 10�6

mH½GeV� �LO �
2loop
tri

100 5.08 2:30 � 10�3

120 4.29 2:01 � 10�3

150 3.40 1:67 � 10�3

200 2.40 1:25 � 10�3

250 1.76 9:63 � 10�4

300 1.33 7:60 � 10�4

400 8:09 � 10�1 4:99 � 10�4

500 5:25 � 10�1 3:44 � 10�4

650 2:97 � 10�1 2:10 � 10�4

800 1:80 � 10�1 1:35 � 10�4

1000 9:82 � 10�2 7:91 � 10�5

BOLZONI et al. PHYSICAL REVIEW D 85, 035002 (2012)

035002-12



In analogy to the previous Sec. III C 2, we aim at an
estimate of the size of the contributions of Fig. 10 rather
than the exact result. To that end, we will restrict ourselves
to the two-loop triangle diagrams. This choice is, of course,
also driven by the fact that the two-loop double box in
Fig. 10 is currently unknown for the required VBF kine-
matical configuration and its computation would be a
tremendous task in itself.

The two-loop triangles for the q �qZ vertex have been
computed in [64] for the casemb ¼ 0 andmt � 0, see also
[65]. Rather compact results in terms of harmonic poly-
logarithms [48] (see [49] for numerical routines) for all
kinematic configurations have been obtained in [69] and
we use the latter expressions to compute the numbers

shown in Table VII for the LHC at
ffiffiffi
S

p ¼ 7 TeV and
14 TeV. Again, a comparison of the cross section numbers
in Table VII for the reaction qq0 ! Hqq0 at NNLO in QCD
mediated by the two-loop triangle with the LO cross sec-
tion shows that such contributions are below the per-mil
level.

In ending this discussion of heavy-quark loop contri-
butions we briefly remark that, of course, the diagrams
shown in Figs. 8 and 9, also contribute in heavy-quark
DIS, if the full neutral-current reactions are considered,
i.e., both � and Z-boson exchange at high Q2. Currently
available DIS data on heavy-quark production, however,
is usually taken at Q2 values where these contributions
are not relevant. Their existence is an issue, though, to be
recalled in the definition of variable-flavor number
schemes, see e.g., [70].

D. One-loop electroweak corrections

We briefly discuss the electroweak corrections at one-
loop. The combined strong and electroweak NLO correc-
tions to Higgs production in VBF have been computed in
[18,19] and can be obtained via the program HAWK [71].

In absence of a full calculation up to corrections of order
�2
s�EW with respect to the Born amplitude, which is cur-

rently beyond capabilities, a combination of EW and
NNLO QCD corrections is possible, yet formally subject
to ambiguities. A pragmatic way to proceed is to follow
two different approaches, multiplicative or additive, and
the corresponding differences used to assess the impact of
neglected terms. Using a compact notation, we define

�QCD
NNLO ¼ �0 þ �s�

QCD
1 þ �2

s�
QCD
2 (3.24)

the total cross section at NNLO in QCD,

�EW ¼ �0 þ �EW�EW
1 (3.25)

the total cross sections including NLO EW corrections, and
�NLOþEW the result of the full calculation at NLO in QCD
and EW of Refs. [18,19].

The additive scheme amounts to simply define

�NNLOþEW � �NLOþEW þ �2
s�

QCD
2 ; (3.26)

i.e., to add the missing �2
s terms to the full NLOþ EW

calculation. In this scheme no assumption on the factoriza-
tion of QCD and EW corrections is made and only terms
that are known are included. It demands, however, the
two terms to be evaluated with exactly the same EW
(GF;MZ;MW; . . . ) and QCD (scales, �s, and PDFs) pa-
rameters, something possibly error-prone when different
codes are used.
The multiplicative scheme amounts to assuming that the

QCD and EW corrections factorize to a very good approxi-
mation at NLO as well as at NNLO. In this case, one can
define

�NNLOþEW � �QCD
NNLO

�
1þ �EW

1

�0

�
: (3.27)

This is a very handy approximation: it implies that the EW
corrections can be evaluated independently as effects such
as scale and PDF choices are mostly canceled in the ratio
�EW

1 =�0. Note, however, that it implies the inclusion of
unknown higher order terms in the results. This is the
approach followed in Ref. [8] and the results relevant for
Higgs production at the LHC can be found there. We have
explicitly checked for a few values of the Higgs mass, that
the differences between the two schemes are very small
and totally negligible at the LHC.

IV. VBF PRODUCTION IN THE
STANDARD MODEL

We are now in a position to present an extensive phe-
nomenological analysis for the VBF production mecha-
nism at the LHC at the center-of-mass energies offfiffiffi
S

p ¼ 7 TeV and
ffiffiffi
S

p ¼ 14 TeV and the Tevatron,
ffiffiffi
S

p ¼
1:96 TeV, employing the structure function approach up to
the NNLO in QCD. This is a significant extension of our
previous studies in Refs. [20,21]. For the numerical results
we use the following values for the electroweak parameters
(see also [8]): The masses of the vector bosons are
MW ¼ 80:398 GeV and MZ ¼ 91:1876 GeV, Fermi’s
constant and the weak mixing angle are taken to be GF ¼
1:16637 � 10�5 and sin2
w ¼ 0:23119. The widths of the
vector bosons, �W and �Z, have been set to zero for
simplicity, their effect being of order 10�3 or less on the
total rate. Moreover, we provide numbers for all PDFs
currently available at NNLO accuracy in QCD, ABKM
[70,72], HERAPDF1.5 [73,74], JR09 [75,76], MSTW2008
[63] and NNPDF2.1 [77] always using the default value
of the strong coupling �s required by the respective set. A
cut of 1 GeV has been used to regulate the phase space
integration over Q which extends to vanishing Q2 (see
Sec. A 1). In the numerical evaluation we have checked
explicitly that the results remain unchanged upon varia-
tions of this cut onQ, a fact readily understood by realizing
that the effective hQi in VBF is much larger, typically
hQi ’ 20 GeV, see the discussion in [20].
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All results presented here can also be obtained through
our publicly usable VBF@NNLO code [78].

A. Cross section predictions for the Tevatron

Let us start off with the Tevatron, where the cross section
is roughly 0.1 pb for a Higgs boson with mass
mH ¼ 100 GeV and steeply falling as a function of mH.
An exhaustive list of cross sections, for different values of
the Higgs boson mass in the range mH 2 ½90; 300�GeV at

LO, NLO and NNLO in QCD are given in Tables VIII, IX,
X, XI, and XII.
The central values have been obtained by setting

the factorization and the renormalization scales �r ¼
�f ¼ Q, where Q is the virtuality of the vector bosons

which fuse into the Higgs, cf. Equation (3.2). Our results
in Tables VIII, IX, X, XI, and XII show that the NLO
corrections are always positive and not too large of the
order of 1–2%, while the NNLO corrections are typically
small of the order of �1% depending on the chosen
PDF set.
The theoretical uncertainty of the predictions has been

determined by varying the scales independently in a large
range�r,�f 2 ½Q=4; 4Q�. Here, we find markedly a clear

improvement due to the NNLO corrections computed.

While we observe, e.g. for a Higgs mass of mH ¼
100 GeV, variations of order �20–30% for �LO, this

reduces to �5–10% for �NLO, and to �2% for �NNLO.

The scale uncertainty increases slightly for larger Higgs

masses, e.g. for mH ¼ 250 GeV, we find order �30–50%,

�10–12% and to �3% at LO, NLO and NNLO,
respectively, see also Fig. 12. Of course, other scale choices
are possible relating�r,�f to the Higgs boson massmH or

the W-boson mass MW , see Fig. 13 for a comparison. As
discussed in [20] the present choice, i.e., relating �r and
�f to Q turns out to be the most natural one with the point

of minimal sensitivity being �r, �f ’ Q, as it exhibits the

best pattern of apparent convergence of the perturbative
expansion. Considering the size of the neglected contribu-
tions discussed at length above in Sec. III, the residual
theoretical uncertainty due to perturbative QCD correc-
tions at higher orders at the Tevatron is of the order 2–3%.
The PDF dependence is clearly the dominating source of

uncertainty at the Tevatron, the individual PDFs report an
uncertainty in the PDFs at NNLO (sometimes combined
with the one in the strong coupling �s) of the order

σ (pb) at Tevatron
√s = 1.96 TeV

scale choice:
Q/4 ≤ µR,µF ≤ 4Q

LO
NLO
NNLO

10-2

10-1

10-2

10-1

σ(µR,µF)/σNNLO(Q)

0.85
0.9

0.95
1

1.05
1.1

1.15

100 125 150 175 200 225 250 275 300

mH(GeV)

FIG. 12 (color online). The total VBF cross sections at the
Tevatron,

ffiffiffi
S

p ¼ 1:96 TeV, at LO, NLO and NNLO in QCD with
the scale uncertainty from the variation �r, �f 2 ½Q=4; 4Q�.
The MSTW2008 [63] PDF set (68% CL) has been used.
Numbers are in pb.

σ (pb) at Tevatron, √s = 1.96 TeV

mH=120 GeV

µR = µF = κ Q

LO

NLO

NNLO
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σ (pb) at Tevatron, √s = 1.96 TeV

mH=120 GeV

µR = µF = κ mH

LO
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FIG. 13 (color online). Scale dependence of the VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and NNLO in QCD
for mH ¼ 120 GeV and the choice �r ¼ �f ¼ 
Q (left) and �r ¼ �f ¼ 
mH (right). The ABKM [70] PDF set has been used.

Numbers are in pb.
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�1–3%. Moreover, the central values obtained from the
various NNLO PDFs differ by roughly 5% at low Higgs
masses, e.g. mH ¼ 100 GeV, which is increasing towards
larger Higgs masses, e.g., to 10% at mH ¼ 250 GeV, see
also Fig. 14. This is due to the larger values of effective hxi
at which the parton luminosities are probed. In summary,
thus, the uncertainty due to the nonperturbative parameters
(PDFs, �s) can be estimated to be of the order 5% for a
light Higgs boson at the Tevatron.

B. Cross section predictions for the LHC

Let us now present the numbers for the current and
foreseen center-of-mass energies of the LHC. For a
Higgs boson with a massmH ¼ 100 GeV the cross section

is roughly 1.6(5.5) pb at
ffiffiffi
S

p ¼ 7ð14Þ TeV and, again,

steeply falling as a function of mH, e.g. to 0.1(0.5) pb at

mH ¼ 500 GeV. This is illustrated in Figs. 15 and 18.

The complete listings of cross sections at LO, NLO and

NNLO in QCD for Higgs boson masses in the range

mH 2 ½90; 1000� GeV for �r ¼ �f ¼ Q are given in

Tables XIII, XIV, XV, XVI, and XVII (
ffiffiffi
S

p ¼ 7 TeV) and

in Tables XVIII, XIX, XX, XXI, and XXII (
ffiffiffi
S

p ¼
14 TeV), respectively.

In analogy to the preceding discussion in Sec. IVA, our
results in Tables XIII, XIV, XV, and XVI demonstrate a
very good apparent convergence of the perturbative ex-
pansion, i.e., the NLO corrections of the order of 5%,
while the NNLO corrections are of the order of �1%,
only. The NNLO results display also an impressive per-
turbative stability with respect to scale variations, see
Figs. 16 and 19 also for a comparison of the scale choice
relating �r and �f to Q and to mH, respectively. The

preference to low scales is obvious from those plots, again
with the point of minimal sensitivity being of the order
�r, �f ’ Q. Given that all the perturbative QCD correc-

tions not accounted for in the structure function approach
are very small and negligible, as discussed in Sec. III, we
can estimate the residual theoretical uncertainty due to
uncalculated higher orders in QCD at the LHC to be of
order 2% for the entire Higgs mass range up to mH ¼
1 TeV.
Let us also comment on the uncertainties coming from

the PDFs (and the associated value of �s as provided by

σ (pb) at Tevatron
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µR = µF = Q
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σ (pb) at Tevatron
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FIG. 14 (color online). The PDF uncertainty of the VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV, at NNLO in QCD for PDF
sets of ABKM [70], HERAPDF1.5 [73,74], JR09 [75,76], MSTW2008 [63] (68% CL), and NNPDF [77]. All results have been
normalized to the best fit of MSTW2008.

σ (pb) at LHC
√s = 7 TeV

scale choice:
Q/4 ≤ µR,µF ≤ 4Q
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FIG. 15 (color online). The total VBF cross sections at the
LHC,

ffiffiffi
S

p ¼ 7 TeV, at LO, NLO and NNLO in QCD with
the scale uncertainty from the variation �r, �f 2 ½Q=4; 4Q�.
The MSTW2008 [63] PDF set (68% CL) has been used.
Numbers are in pb.
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the respective PDF set). All PDF sets under considera-
tion are displayed in Figs. 17 and 20. In comparison to
the Tevatron, we see that over a large range of Higgs
masses, mH ’ 100 . . . 300 GeV, there are rather small
differences between these sets only, because quark
PDFs are well constrained in the relevant x-region.
Generally, the PDF uncertainties are larger for the lower
running energy of the LHC. The plots in Figs. 17 and 20
show that an almost constant 2% PDF uncertainty can be
associated to the cross section for the LHC for a light
Higgs boson. This deteriorates towards larger Higgs
masses, e.g., the uncertainty being of order �10–12%
for mH ¼ 1 TeV.

In summary, our results demonstrate that at NNLO in
QCD the theoretical uncertainty is reduced to about 2%
reaching the same level of ambiguity at which the Higgs

production signal via VBF can be defined phenomenolog-
ically, as discussed in Sec. II. Moreover, the study of the
available NNLO PDF sets shows that all nonperturbative
parameters (PDFs and �s) needed for VBF precision pre-
dictions are well under control. For larger Higgs masses,
the PDF uncertainty is the dominating.

V. VBF PRODUCTION BEYOND
THE STANDARD MODEL

One of the most important features of the structure
function approach resides in its universality: as long as
the final state X in V�V� ! X fusion process does not
interact (strongly) with the quark lines, the cross section
can be factorized using Eq. (3.2) and QCD corrections
decouple from the nature of the fusion process. This
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FIG. 16 (color online). Scale dependence of the VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV, at LO, NLO and NNLO in QCD for
mH ¼ 120 GeV and the choice�r ¼ �f ¼ 
Q (left) and�r ¼ �f ¼ 
mH (right). The ABKM [70] PDF set has been used. Numbers

are in pb.
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FIG. 17 (color online). The PDF uncertainity of the VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV, at NNLO in QCD for PDF sets of
ABKM [70], HERAPDF1.5 [73,74], JR09 [75,76], MSTW2008 [63] (68% CL), and NNPDF [77]. All results have been normalized to
the best fit of MSTW2008.
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property allows the computation of production cross
sections at NNLO in QCD for a variety of processes
relevant for new physics searches in a straightforward
way. In this section, we present results for a few ex-
amples: Higgs production through anomalous couplings
which are relevant when new physics states are heavy
and the effects enter only at loop level; extra neutral and
charged scalar production in extended Higgs sectors,
such as in two Higgs doublet and triplet Higgs models;

neutral and charged vector fermiophobic resonance
production.

A. Anomalous VVH couplings

Because of its very peculiar signature with two forward
tagging jets, whose angular correlations can also be studied
and related to the HiggsCP properties independently of the
Higgs decay channel,VBF can be a powerful means to
discover new physics residing at a scale � and responsible
for anomalous VVH vertices [79]. The most generic struc-
ture for the VVH vertex which generalizes Eq. (3.1), has
the form [80]

���ðq1; q2Þ ¼ 2M2
V

�
ð ffiffiffi

2
p

GFÞ1=2 þ a1
�

�
g��

þ a2
�

ðq1 � q2g�� � q�2 q
�
1Þ

þ a3
�

"����q1�q2�; (5.1)

where the effective coefficients ai are dimensionless
and vanish in the SM. The VBF cross section including
anomalous vertices is known at NLO in QCD [81], and has
been included in the program VBFNLO [82].
As discussed in [79], at high energies one expects the

effective coefficients ai to become form factors, i.e. to
display a dependence on the scattering energy such that
unitarity would be preserved. However, since at the LHC
the typical scales in a VBF process can be still considered
small with respect to a new physics scale of the order of
1 TeV, we will present numbers for constant values of ai
and � ¼ 500 GeV. With the vertex in Eq. (5.1), the ex-
pression corresponding to Eq. (3.5) becomes a bit more
involved than its SM counterpart and it is given in the
Appendix, Sec. A 2.
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FIG. 18 (color online). The total VBF cross sections at the
LHC,

ffiffiffi
S

p ¼ 14 TeV, at LO, NLO and NNLO in QCD with the
scale uncertainty from the variation �r, �f 2 ½Q=4; 4Q�. The
MSTW2008 [63] PDF set (68% CL) has been used. Numbers are
in pb.
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FIG. 19 (color online). Scale dependence of the VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV, at LO, NLO and NNLO in QCD for
mH ¼ 120 GeV and the choice�r ¼ �f ¼ 
Q (left) and�r ¼ �f ¼ 
mH (right). The ABKM [70] PDF set has been used. Numbers

are in pb.
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FIG. 20 (color online). The PDF uncertainty of the VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV, at NNLO in QCD for PDF sets of
ABKM [70], HERAPDF1.5 [73,74], JR09 [75,76], MSTW2008 [63] (68% CL), and NNPDF [77]. All results have been normalized to
the best fit of MSTW2008.
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FIG. 21 (color online). The total cross section for Higgs production via VBF at the LHC, with
ffiffiffi
S

p ¼ 7 TeV (top) and
ffiffiffi
S

p ¼ 14 TeV
(bottom). The values used for the parameters a2, a3 are written on the plots. We have assumed � ¼ 500 GeV. The MSTW 2008 [63]
PDF set has been used. The uncertainty bands are obtained from the variation of the renormalization and factorization scale in the
interval Q=4<�f, �r < 4Q where Q is the virtuality of the vector boson.
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Since a1 only changes the cross section by an overall
factor, we set it to 0. We therefore plot in Fig. 21 the total
cross sections at the LHC for different values of a2 and a3.
Uncertainties at NNLO are again found to be of the order
of a few percent.

B. New neutral and charged Higgs bosons

Many extensions of the SM feature a Higgs sector with
an extra SUð2Þ doublet and/or triplet, that lead to a
particle spectrum including several neutral Higgs bosons,
as well as single- and, possibly, double-charged scalars.
Because of the particular signature with forward jets,
VBF can be a really powerful search channel also for
these states.

In a generic two Higgs doublet model (2HDM), such as
that in the minimal supersymmetric standard model [83],
the production rate of a CP-even light or heavy Higgs
scalar via VBF is equal to the SM one times overall
factors [84–86]. Therefore, to obtain the total cross section

including QCD NNLO corrections for the h0 or H0 pro-
duction, one just needs to rescale the SM results given in
Sec. IV.
Pseudoscalar states do not couple to vector bosons at the

tree level, therefore VBF is not really relevant in this case.
On the other hand, it is of great phenomenological interest
to study the production of charged Higgs bosons. As we
will briefly see, there exist a class of models in which
charged Higgs boson production via VBF can be observed.

In models where the extra Higgs bosons are included in

SUð2Þ doublets, like the minimal supersymmetric standard

model or the 2HDM, isospin conservation forbids (at the

tree level) the appearance of W�H
Z and W�H
� verti-

ces, while they can be loop-induced [87]. However, in this

case the corresponding total cross section for VBF is

totally negligible [88], leaving the associated production

of a charged Higgs boson and a top-quark from a bottom-

gluon initial state [89,90] as the only phenomenologically

relevant production channel.
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FIG. 22 (color online). The total cross section for charged Higgs production via VBF at the LHC, with
ffiffiffi
S

p ¼ 7 TeV. The MSTW
2008 [63] PDF set has been used. The uncertainty bands are obtained from the variation of the renormalization and factorization scale
in the interval Q=4<�f, �r < 4Q, where Q is the virtuality of the vector boson. Plots refer to: Hþ production (top-left), Hþþ

production (top-right), H� production (bottom-left), H�� production (bottom-right).
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This situation changes when models with isospin trip-
lets in the Higgs sector are considered. Many versions of
such models exist in literature, with a very interesting
particle content including double-charged Higgs bosons.
In many of such models the coupling of the charged
Higgs bosons to gauge bosons is allowed with a strength
proportional to the ratio v0=v, where v0 is the triplet
vacuum expectation value and v the SM one. Even though
v0 is constrained by electroweak data, in particular, by the
� parameter of the SM, to be at most a few GeV, this
bound can be loosened by including more triplets [91]. In
this case, the production of single- and double-charged
Higgs bosons via VBF can be relevant at colliders
[88,92,93]. The Lorentz structure of the VVH vertex is,

like the SM one in Eq. (3.1), proportional to the metric
tensor (see, e.g., the Feynman rules given in Ref. [94]),
and it can be cast in the generic form

�
��
ViVjH

¼ 2ð ffiffiffi
2

p
GFÞ1=2mimjFijð�ig��Þ; (5.2)

where the dimensionless constant Fij depends on the

particular model (in the SM, the nonvanishing ones are
FZZ ¼ FW�W
 ¼ 1). Because of the rich variety of avail-
able models, and in order to be as much general as
possible, we will present numbers with jFijj ¼ 1.

In Fig. 22 we show the total cross section for H�, H��

production via VBF at the LHC with
ffiffiffi
S

p ¼ 7 TeV. The
plots clearly display the excellent convergence of the
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FIG. 23 (color online). The (N)NLO/LO (upper inlay) and NNLO/NLO (lower inlay) K-factors for charged Higgs production
via VBF at the LHC, with

ffiffiffi
S

p ¼ 7 TeV. The MSTW2008 [63] PDF set has been used. The uncertainty bands are obtained from
the variation of the renormalization and factorization scale in the interval Q=4<�f, �r < 4Q where Q is the virtuality of the

vector boson. Plots refer to: Hþ production (top-left), Hþþ production (top-right), H� production (bottom-left), H�� production
(bottom-right).
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perturbative series and the reduction of theoretical uncer-
tainties obtained by the inclusion of higher-order correc-
tions, as it can be also be appreciated by inspecting
Fig. 23, where the K-factors are shown. In particular,
we find that the NNLO K-factor for the nominal scale
choice (�r ¼ �f ¼ Q) differs from one for less than 1%

in almost the whole mass range shown. From Fig. 24 it is
clear that the uncertainty coming from the PDFs is siz-
able, in particular, for large values of the charged Higgs
masses, where the PDFs are probed at larger values of x,
i.e., in a region, where the PDF uncertainties generally
increase.

C. Production of fermiophobic vector boson resonances

In many extensions of the SM, additional vector bo-
sons can appear in the particle spectrum, together with
or as an alternative to the Higgs boson, see e.g.
[22,23,95,96]. The existence of heavy vector bosons,
however, is severely constrained by electroweak preci-
sion data and direct searches and masses are pushed to
the multi-TeV scale. This holds unless their couplings to
(light) fermions are for some reason suppressed and only
couplings to the SM weak vector bosons take place. In

such models, where the new heavy vector resonances are
dubbed ‘‘fermiophobic,’’ VBF can become the dominant
production channel.
While a detailed phenomenological analysis is beyond

our scope, we just limit ourselves to presenting a few
results motivated by warped scenarios [97,98] for the
production of a neutral and a single-charged vector reso-
nance, which couples to SM vector bosons via a trilinear
vertex of the form

��1�2�3ðp1; p2; p3Þ ¼ g123½g�1�2ðp�3

1 � p
�3

2 Þ
� g�2�3ðp�1

2 � p
�1

3 Þ
� g�3�1ðp�2

3 � p
�2

1 Þ�: (5.3)

This particular choice assumes that the new vector
bosons are explicit or ‘‘hidden’’ gauge vectors of a
new sector. Different vertices are also possible (see
e.g., [99,100]) and can be easily implemented in our
calculation.
The expression for the total cross section in terms of

structure functions and particle momenta is given in
Sec. A 3. The results we present are for neutral and
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FIG. 24 (color online). The PDF uncertainties to the NNLO total cross section for charged Higgs boson production in VBF at
the LHC, with

ffiffiffi
S

p ¼ 7 TeV. Plots are normalized to the MSTW 2008 [63] central value. The errors for the MSTW set are at
68% CL. The plots show also the central value and error band for the JR09-VF NNLO set [75,76] and for the ABKM09 NNLO
set [70,72]. Plots refer to: Hþ production (top-left), Hþþ production (top-right), H� production (bottom-left), H�� production
(bottom-right).
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charged vector boson production, which we call W 0� or Z0
and which we assume not to be coupled to photons. (This
is in fact not a real limitation as in practice forward jets
are required entailing de facto a minimum Q2 for the
exchanged particle in the t-channel, and such a cut could
also be effectively included in the structure function ap-
proach). For the sake of simplicity, we also assume that no
ZZZ0 vertex exists in our model and that in the WZW0 and
WWZ0 vertices the coupling constants are equal to those
appearing in the respective WWZ SM vertex:

gWWZ0 ¼ gWZW0 ¼ gWWZ ¼ gw cos
w: (5.4)

The corresponding results are shown in Fig. 25.

VI. CONCLUSIONS

The computation of NNLO in QCD predictions for
production cross sections at the LHC is in general a
formidable, but nevertheless strongly motivated, task. To
date, only a handful of very simple processes (with 2 ! 1
kinematics at the Born level) are known at this order:
Drell-Yan, Higgs production in gluon-gluon fusion, and
V� ! VH. In this work, we have argued that VBF pro-
cesses provide a notable exception, being the only class of
processes beyond one-body final states at the Born level
(actually starting from a genuine three-body one) whose
total cross section can be calculated at NNLO through the
use of currently available techniques and results. We have
shown that the key reason for this unique possibility is
that the structure function approach, and the factorization
approximation on which it is based, work extremely well
up to order �2

s , corrections being kinematically and para-
metrically (by �2

s=N
2
c) suppressed and de facto negligible.

Considering also contributions coming from processes
involving virtual heavy quarks, neglected in the past, we
find that the residual theoretical uncertainty from higher-
order QCD corrections is at the 2% level over a wide

range of Higgs boson masses. With the PDF uncertainties
being also of the same order, one concludes that cross
sections for this class of processes are among the most
precise rate predictions available in LHC phenomenology.
In this respect, our results strongly encourage the efforts
toward the calculation of the differential NNLO rates in
DIS, which is now in sight [101]. A fully exclusive DIS
computation at NNLO would put VBF on par with gluon-
gluon fusion, and V� ! VH (see e.g., [102] for recent
progress). It would allow to mimic experimental selection
cuts on the forward jets and to estimate nontrivial effects
such as central jet-veto efficiencies, for the first time at
NNLO.
Another very pleasant feature of the structure function

approach is its universality: any weak boson fusion process
to an arbitrary n-body final state Xn (of particles not or very
weakly interacting with the quark lines), i.e., V�V� ! Xn,
can be easily computed at the NNLO. As first simple
applications, we have considered fusion of V�V� to one-
particle BSM final states: neutral scalar production with
the full set of anomalous vector-vector-scalar couplings,
single-charged and double-charged scalars, neutral and
charged heavy vector resonances. Other models and scat-
tering processes, such as two-body (scalar-scalar, scalar-
vector, vector-vector, and fermion-anti-fermion) final
states can be easily implemented. In fact, thanks to its
modularity, the structure function approach to VBF cross
sections via VBF@NNLO could be automatized using tools
like FEYNRULES [103] and MADGRAPH 5 [104] for matrix
element evaluation in arbitrary new physics models.
NNLO results could then be used to provide the best
normalization to fully exclusive NLO-accurate event
samples automatically generated via, for example,
AMC@NLO [55,56,105]. Work in this direction is in

progress. In the meantime, all results presented in this
article can also be easily obtained through the public use
of our VBF@NNLO code [78].
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FIG. 25 (color online). The total cross section for a vector resonance (Z0 or W0) via VBF at the LHC,
ffiffiffi
S

p ¼ 7 TeV (top) andffiffiffi
S

p ¼ 14 TeV (bottom). The trilinear coupling between vector bosons is assumed to be equal to the one for ZWW in the SM. The
MSTW2008 [63] PDF set has been used. The uncertainty bands are obtained from the variation of the renormalization and
factorization scale in the interval Q=4<�f, �f < 4Q, where Q is the virtuality of the vector boson.
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TABLE VIII. Total VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and
NNLO in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties
are evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The ABKM [70] PDF

set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:206þ0:363þ0:012
�0:233�0:012 � 10�1 1:220þ0:103þ0:012

�0:056�0:012 � 10�1 1:241þ0:034þ0:012
�0:011�0:012 � 10�1

95 1:108þ0:342þ0:011
�0:218�0:011 � 10�1 1:123þ0:096þ0:011

�0:053�0:011 � 10�1 1:144þ0:030þ0:011
�0:012�0:011 � 10�1

100 1:019þ0:322þ0:010
�0:204�0:010 � 10�1 1:035þ0:091þ0:011

�0:052�0:011 � 10�1 1:054þ0:029þ0:011
�0:010�0:011 � 10�1

105 9:387þ3:025þ0:098
�1:906�0:098 � 10�2 9:551þ0:841þ0:100

�0:497�0:100 � 10�2 9:737þ0:258þ0:099
�0:113�0:099 � 10�2

110 8:652þ2:847þ0:092
�1:786�0:092 � 10�2 8:814þ0:788þ0:093

�0:474�0:093 � 10�2 8:990þ0:247þ0:093
�0:106�0:093 � 10�2

115 7:975þ2:681þ0:086
�1:666�0:086 � 10�2 8:146þ0:724þ0:088

�0:456�0:088 � 10�2 8:308þ0:224þ0:087
�0:107�0:087 � 10�2

120 7:360þ2:519þ0:081
�1:560�0:081 � 10�2 7:533þ0:681þ0:082

�0:427�0:082 � 10�2 7:679þ0:214þ0:082
�0:099�0:082 � 10�2

125 6:795þ2:372þ0:076
�1:457�0:076 � 10�2 6:965þ0:635þ0:077

�0:402�0:077 � 10�2 7:107þ0:193þ0:076
�0:094�0:076 � 10�2

130 6:280þ2:234þ0:071
�1:365�0:071 � 10�2 6:454þ0:585þ0:072

�0:388�0:072 � 10�2 6:581þ0:183þ0:072
�0:089�0:072 � 10�2

135 5:805þ2:100þ0:067
�1:275�0:067 � 10�2 5:972þ0:561þ0:068

�0:370�0:068 � 10�2 6:098þ0:169þ0:067
�0:088�0:067 � 10�2

140 5:370þ1:981þ0:063
�1:194�0:063 � 10�2 5:541þ0:516þ0:064

�0:358�0:064 � 10�2 5:652þ0:158þ0:063
�0:081�0:063 � 10�2

145 4:972þ1:862þ0:059
�1:116�0:059 � 10�2 5:133þ0:488þ0:060

�0:330�0:060 � 10�2 5:246þ0:146þ0:059
�0:084�0:059 � 10�2

150 4:608þ1:748þ0:055
�1:048�0:055 � 10�2 4:763þ0:460þ0:056

�0:314�0:056 � 10�2 4:867þ0:136þ0:056
�0:077�0:056 � 10�2

155 4:271þ1:643þ0:052
�0:981�0:052 � 10�2 4:423þ0:426þ0:053

�0:303�0:053 � 10�2 4:520þ0:126þ0:052
�0:076�0:052 � 10�2

160 3:958þ1:551þ0:049
�0:916�0:049 � 10�2 4:108þ0:401þ0:050

�0:287�0:050 � 10�2 4:199þ0:119þ0:049
�0:071�0:049 � 10�2

165 3:673þ1:452þ0:046
�0:860�0:046 � 10�2 3:818þ0:375þ0:047

�0:271�0:047 � 10�2 3:905þ0:108þ0:046
�0:071�0:046 � 10�2

170 3:410þ1:367þ0:043
�0:807�0:043 � 10�2 3:549þ0:351þ0:044

�0:257�0:044 � 10�2 3:630þ0:102þ0:043
�0:067�0:043 � 10�2

175 3:166þ1:289þ0:040
�0:757�0:040 � 10�2 3:302þ0:328þ0:041

�0:245�0:041 � 10�2 3:377þ0:096þ0:041
�0:064�0:041 � 10�2

180 2:941þ1:211þ0:038
�0:709�0:038 � 10�2 3:073þ0:309þ0:039

�0:231�0:039 � 10�2 3:143þ0:089þ0:038
�0:061�0:038 � 10�2

185 2:733þ1:142þ0:036
�0:664�0:036 � 10�2 2:861þ0:290þ0:036

�0:220�0:036 � 10�2 2:927þ0:084þ0:036
�0:059�0:036 � 10�2

190 2:541þ1:076þ0:034
�0:623�0:034 � 10�2 2:664þ0:272þ0:034

�0:208�0:034 � 10�2 2:727þ0:077þ0:034
�0:057�0:034 � 10�2

195 2:364þ1:012þ0:032
�0:585�0:032 � 10�2 2:482þ0:255þ0:032

�0:198�0:032 � 10�2 2:541þ0:072þ0:032
�0:054�0:032 � 10�2

200 2:199þ0:953þ0:030
�0:549�0:030 � 10�2 2:314þ0:239þ0:030

�0:188�0:030 � 10�2 2:369þ0:069þ0:030
�0:051�0:030 � 10�2

210 1:906þ0:845þ0:026
�0:483�0:026 � 10�2 2:012þ0:211þ0:027

�0:168�0:027 � 10�2 2:061þ0:060þ0:027
�0:046�0:027 � 10�2

220 1:654þ0:750þ0:023
�0:425�0:023 � 10�2 1:752þ0:184þ0:024

�0:151�0:024 � 10�2 1:795þ0:051þ0:024
�0:043�0:024 � 10�2

230 1:437þ0:666þ0:021
�0:375�0:021 � 10�2 1:527þ0:164þ0:021

�0:135�0:021 � 10�2 1:565þ0:045þ0:021
�0:039�0:021 � 10�2

240 1:249þ0:592þ0:018
�0:331�0:018 � 10�2 1:333þ0:145þ0:019

�0:122�0:019 � 10�2 1:367þ0:039þ0:019
�0:035�0:019 � 10�2

250 1:088þ0:526þ0:016
�0:292�0:016 � 10�2 1:164þ0:128þ0:017

�0:110�0:017 � 10�2 1:194þ0:035þ0:017
�0:032�0:017 � 10�2

260 9:480þ4:669þ0:145
�2:576�0:145 � 10�3 1:018þ0:114þ0:015

�0:099�0:015 � 10�2 1:045þ0:030þ0:015
�0:030�0:015 � 10�2

270 8:269þ4:155þ0:129
�2:276�0:129 � 10�3 8:912þ1:007þ0:132

�0:883�0:132 � 10�3 9:148þ0:268þ0:132
�0:268�0:132 � 10�3

280 7:220þ3:690þ0:114
�2:013�0:114 � 10�3 7:806þ0:889þ0:118

�0:795�0:118 � 10�3 8:016þ0:239þ0:117
�0:244�0:117 � 10�3

290 6:307þ3:284þ0:102
�1:778�0:102 � 10�3 6:843þ0:789þ0:105

�0:714�0:105 � 10�3 7:030þ0:204þ0:104
�0:221�0:104 � 10�3

300 5:517þ2:918þ0:091
�1:576�0:091 � 10�3 6:002þ0:700þ0:093

�0:642�0:093 � 10�3 6:171þ0:180þ0:093
�0:204�0:093 � 10�3

VECTOR BOSON FUSION AT NEXT-TO-NEXT-TO- . . . PHYSICAL REVIEW D 85, 035002 (2012)

035002-23



APPENDIX A: USEFUL FORMULAE

1. The VBF phase space

In this appendix, we briefly document the parameteriza-
tion for the phase space of the VBF process. We will first
take the most general case, which is the production of an
n-particles final state via VBF with momenta K1; . . . ; Kn,

then we will specialize to the case of one particle. In the
structure function approach we can consider the proton
remnants as massive particles, and integrate over their
masses, which we label s1, s2.
We will call P1, P2 the momenta of the incoming pro-

tons, and PX1
, PX2

the momenta of the proton remnants.

The choice of kinematical variables is guided by the

TABLE IX. Total VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and NNLO
in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The HERAPDF1.5 [73,74]
PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:199þ0:349þ0:029
�0:226�0:029 � 10�1 1:210þ0:103þ0:030

�0:053�0:030 � 10�1 1:207þ0:037þ0:030
�0:010�0:030 � 10�1

95 1:103þ0:329þ0:026
�0:212�0:026 � 10�1 1:113þ0:098þ0:027

�0:050�0:027 � 10�1 1:112þ0:033þ0:027
�0:010�0:027 � 10�1

100 1:014þ0:310þ0:024
�0:198�0:024 � 10�1 1:028þ0:088þ0:025

�0:050�0:025 � 10�1 1:025þ0:031þ0:025
�0:009�0:025 � 10�1

105 9:332þ2:923þ0:225
�1:849�0:225 � 10�2 9:467þ0:838þ0:234

�0:465�0:234 � 10�2 9:458þ0:293þ0:234
�0:094�0:234 � 10�2

110 8:600þ2:749þ0:207
�1:733�0:207 � 10�2 8:744þ0:784þ0:216

�0:442�0:216 � 10�2 8:732þ0:270þ0:216
�0:088�0:216 � 10�2

115 7:930þ2:593þ0:191
�1:623�0:191 � 10�2 8:076þ0:741þ0:200

�0:425�0:200 � 10�2 8:074þ0:247þ0:200
�0:092�0:200 � 10�2

120 7:317þ2:439þ0:177
�1:519�0:177 � 10�2 7:467þ0:692þ0:185

�0:406�0:185 � 10�2 7:464þ0:232þ0:185
�0:087�0:185 � 10�2

125 6:755þ2:298þ0:163
�1:419�0:163 � 10�2 6:906þ0:646þ0:171

�0:385�0:171 � 10�2 6:904þ0:217þ0:171
�0:081�0:171 � 10�2

130 6:243þ2:170þ0:151
�1:330�0:151 � 10�2 6:389þ0:603þ0:159

�0:357�0:159 � 10�2 6:393þ0:203þ0:159
�0:079�0:159 � 10�2

135 5:771þ2:036þ0:140
�1:245�0:140 � 10�2 5:922þ0:563þ0:147

�0:353�0:147 � 10�2 5:923þ0:188þ0:147
�0:078�0:147 � 10�2

140 5:340þ1:916þ0:130
�1:166�0:130 � 10�2 5:488þ0:527þ0:137

�0:330�0:137 � 10�2 5:491þ0:175þ0:137
�0:076�0:137 � 10�2

145 4:944þ1:803þ0:120
�1:091�0:120 � 10�2 5:089þ0:490þ0:127

�0:313�0:127 � 10�2 5:093þ0:163þ0:127
�0:071�0:127 � 10�2

150 4:580þ1:700þ0:111
�1:023�0:111 � 10�2 4:722þ0:462þ0:118

�0:300�0:118 � 10�2 4:729þ0:148þ0:118
�0:072�0:118 � 10�2

155 4:242þ1:605þ0:103
�0:956�0:103 � 10�2 4:385þ0:431þ0:109

�0:285�0:109 � 10�2 4:390þ0:140þ0:110
�0:068�0:110 � 10�2

160 3:935þ1:509þ0:096
�0:897�0:096 � 10�2 4:072þ0:404þ0:102

�0:270�0:102 � 10�2 4:077þ0:130þ0:102
�0:065�0:102 � 10�2

165 3:652þ1:419þ0:089
�0:844�0:089 � 10�2 3:784þ0:380þ0:095

�0:257�0:095 � 10�2 3:791þ0:120þ0:095
�0:064�0:095 � 10�2

170 3:390þ1:335þ0:083
�0:791�0:083 � 10�2 3:518þ0:353þ0:088

�0:242�0:088 � 10�2 3:524þ0:114þ0:088
�0:061�0:088 � 10�2

175 3:146þ1:258þ0:077
�0:740�0:077 � 10�2 3:273þ0:331þ0:082

�0:232�0:082 � 10�2 3:279þ0:107þ0:082
�0:058�0:082 � 10�2

180 2:923þ1:185þ0:072
�0:695�0:072 � 10�2 3:045þ0:312þ0:076

�0:219�0:076 � 10�2 3:052þ0:098þ0:077
�0:057�0:077 � 10�2

185 2:716þ1:117þ0:067
�0:652�0:067 � 10�2 2:836þ0:293þ0:071

�0:209�0:071 � 10�2 2:842þ0:092þ0:071
�0:054�0:071 � 10�2

190 2:524þ1:051þ0:062
�0:610�0:062 � 10�2 2:640þ0:275þ0:066

�0:198�0:066 � 10�2 2:648þ0:085þ0:067
�0:052�0:067 � 10�2

195 2:348þ0:990þ0:058
�0:574�0:058 � 10�2 2:459þ0:259þ0:062

�0:188�0:062 � 10�2 2:467þ0:080þ0:062
�0:050�0:062 � 10�2

200 2:184þ0:933þ0:054
�0:538�0:054 � 10�2 2:294þ0:240þ0:058

�0:180�0:058 � 10�2 2:299þ0:075þ0:058
�0:048�0:058 � 10�2

210 1:893þ0:827þ0:047
�0:474�0:047 � 10�2 1:993þ0:212þ0:050

�0:160�0:050 � 10�2 2:001þ0:065þ0:051
�0:044�0:051 � 10�2

220 1:643þ0:736þ0:041
�0:418�0:041 � 10�2 1:736þ0:187þ0:044

�0:144�0:044 � 10�2 1:743þ0:057þ0:044
�0:040�0:044 � 10�2

230 1:427þ0:653þ0:036
�0:369�0:036 � 10�2 1:513þ0:165þ0:038

�0:130�0:038 � 10�2 1:520þ0:050þ0:039
�0:037�0:039 � 10�2

240 1:241þ0:581þ0:031
�0:326�0:031 � 10�2 1:320þ0:147þ0:034

�0:117�0:034 � 10�2 1:327þ0:043þ0:034
�0:034�0:034 � 10�2

250 1:080þ0:517þ0:027
�0:287�0:027 � 10�2 1:153þ0:129þ0:029

�0:105�0:029 � 10�2 1:160þ0:038þ0:030
�0:030�0:030 � 10�2

260 9:409þ4:595þ0:238
�2:537�0:238 � 10�3 1:008þ0:115þ0:026

�0:095�0:026 � 10�2 1:015þ0:034þ0:026
�0:028�0:026 � 10�2

270 8:206þ4:089þ0:209
�2:242�0:209 � 10�3 8:827þ1:011þ0:228

�0:851�0:228 � 10�3 8:885þ0:296þ0:229
�0:258�0:229 � 10�3

280 7:163þ3:636þ0:183
�1:984�0:183 � 10�3 7:727þ0:897þ0:200

�0:764�0:200 � 10�3 7:784þ0:260þ0:202
�0:233�0:202 � 10�3

290 6:255þ3:238þ0:161
�1:753�0:161 � 10�3 6:770þ0:800þ0:176

�0:685�0:176 � 10�3 6:828þ0:230þ0:178
�0:215�0:178 � 10�3

300 5:468þ2:881þ0:142
�1:552�0:142 � 10�3 5:940þ0:707þ0:156

�0:620�0:156 � 10�3 5:991þ0:203þ0:157
�0:193�0:157 � 10�3
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requirement to resemble the DIS kinematics as much as
possible. We work in the hadronic center-of-mass refer-
ence frame, with

P1 ¼ 1

2

� ffiffiffi
S

p
; 0; 0;

ffiffiffi
S

p 	
; P2 ¼ 1

2

� ffiffiffi
S

p
; 0; 0;� ffiffiffi

S
p 	

:

(A1)

Then, the Lorentz invariant phase space for this process is
(cf. Eq. (3.2)),

dPS ¼ Y
i¼1;2

dsi
d4PXi

ð2�Þ4 2��ðP
2
Xi
� siÞdPSnðK1; . . . ; KnÞ

� ð2�Þ4�4

�
P1 þ P2 � PX1

� PX2
� X

j¼1;n

Kj

�
:

(A2)

In Eq. (A2), we have separated the phase space of the
proton remnants and the one of the particles produced

TABLE X. Total VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and NNLO
in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The JR09 [75,76] PDF set

has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:227þ0:324þ0:015
�0:219�0:015 � 10�1 1:235þ0:092þ0:015

�0:045�0:015 � 10�1 1:221þ0:031þ0:020
�0:008�0:020 � 10�1

95 1:129þ0:306þ0:014
�0:205�0:014 � 10�1 1:140þ0:085þ0:014

�0:047�0:014 � 10�1 1:125þ0:029þ0:019
�0:007�0:019 � 10�1

100 1:040þ0:289þ0:013
�0:192�0:013 � 10�1 1:049þ0:082þ0:013

�0:043�0:013 � 10�1 1:038þ0:027þ0:017
�0:008�0:017 � 10�1

105 9:581þ2:730þ0:124
�1:801�0:124 � 10�2 9:699þ0:751þ0:123

�0:411�0:123 � 10�2 9:580þ0:248þ0:162
�0:072�0:162 � 10�2

110 8:835þ2:576þ0:116
�1:691�0:116 � 10�2 8:961þ0:698þ0:115

�0:401�0:115 � 10�2 8:851þ0:228þ0:151
�0:078�0:151 � 10�2

115 8:152þ2:433þ0:109
�1:583�0:109 � 10�2 8:290þ0:650þ0:108

�0:401�0:108 � 10�2 8:182þ0:213þ0:140
�0:076�0:140 � 10�2

120 7:526þ2:294þ0:102
�1:485�0:102 � 10�2 7:665þ0:614þ0:101

�0:367�0:101 � 10�2 7:568þ0:194þ0:131
�0:073�0:131 � 10�2

125 6:954þ2:165þ0:096
�1:391�0:096 � 10�2 7:089þ0:580þ0:095

�0:349�0:095 � 10�2 7:003þ0:183þ0:122
�0:072�0:122 � 10�2

130 6:428þ2:049þ0:090
�1:304�0:090 � 10�2 6:567þ0:538þ0:090

�0:337�0:090 � 10�2 6:483þ0:172þ0:113
�0:071�0:113 � 10�2

135 5:948þ1:927þ0:085
�1:223�0:085 � 10�2 6:084þ0:509þ0:084

�0:320�0:084 � 10�2 6:008þ0:157þ0:106
�0:068�0:106 � 10�2

140 5:505þ1:819þ0:080
�1:147�0:080 � 10�2 5:644þ0:474þ0:079

�0:308�0:079 � 10�2 5:569þ0:151þ0:098
�0:064�0:098 � 10�2

145 5:099þ1:708þ0:075
�1:075�0:075 � 10�2 5:233þ0:448þ0:075

�0:289�0:075 � 10�2 5:166þ0:138þ0:092
�0:063�0:092 � 10�2

150 4:729þ1:612þ0:071
�1:012�0:071 � 10�2 4:860þ0:419þ0:070

�0:276�0:070 � 10�2 4:795þ0:128þ0:086
�0:062�0:086 � 10�2

155 4:384þ1:519þ0:067
�0:947�0:067 � 10�2 4:511þ0:394þ0:066

�0:263�0:066 � 10�2 4:454þ0:119þ0:080
�0:062�0:080 � 10�2

160 4:065þ1:433þ0:063
�0:889�0:063 � 10�2 4:193þ0:369þ0:062

�0:252�0:062 � 10�2 4:135þ0:115þ0:075
�0:055�0:075 � 10�2

165 3:773þ1:351þ0:059
�0:834�0:059 � 10�2 3:897þ0:345þ0:059

�0:238�0:059 � 10�2 3:843þ0:103þ0:070
�0:056�0:070 � 10�2

170 3:502þ1:273þ0:056
�0:782�0:056 � 10�2 3:624þ0:325þ0:055

�0:226�0:055 � 10�2 3:574þ0:096þ0:065
�0:054�0:065 � 10�2

175 3:253þ1:199þ0:052
�0:735�0:052 � 10�2 3:371þ0:304þ0:052

�0:215�0:052 � 10�2 3:324þ0:090þ0:061
�0:051�0:061 � 10�2

180 3:022þ1:131þ0:049
�0:689�0:049 � 10�2 3:138þ0:285þ0:049

�0:205�0:049 � 10�2 3:094þ0:085þ0:057
�0:050�0:057 � 10�2

185 2:809þ1:066þ0:046
�0:646�0:046 � 10�2 2:922þ0:270þ0:046

�0:195�0:046 � 10�2 2:880þ0:079þ0:053
�0:049�0:053 � 10�2

190 2:612þ1:005þ0:044
�0:606�0:044 � 10�2 2:722þ0:251þ0:044

�0:186�0:044 � 10�2 2:682þ0:074þ0:050
�0:047�0:050 � 10�2

195 2:430þ0:945þ0:041
�0:570�0:041 � 10�2 2:536þ0:237þ0:041

�0:176�0:041 � 10�2 2:498þ0:068þ0:046
�0:044�0:046 � 10�2

200 2:261þ0:893þ0:039
�0:535�0:039 � 10�2 2:363þ0:224þ0:039

�0:166�0:039 � 10�2 2:328þ0:064þ0:044
�0:042�0:044 � 10�2

210 1:959þ0:795þ0:035
�0:472�0:035 � 10�2 2:056þ0:196þ0:035

�0:151�0:035 � 10�2 2:025þ0:055þ0:038
�0:039�0:038 � 10�2

220 1:700þ0:706þ0:031
�0:416�0:031 � 10�2 1:790þ0:173þ0:031

�0:136�0:031 � 10�2 1:763þ0:049þ0:034
�0:036�0:034 � 10�2

230 1:477þ0:628þ0:027
�0:368�0:027 � 10�2 1:561þ0:153þ0:028

�0:123�0:028 � 10�2 1:536þ0:042þ0:029
�0:033�0:029 � 10�2

240 1:284þ0:558þ0:024
�0:324�0:024 � 10�2 1:362þ0:135þ0:025

�0:111�0:025 � 10�2 1:340þ0:037þ0:026
�0:030�0:026 � 10�2

250 1:118þ0:497þ0:022
�0:287�0:022 � 10�2 1:189þ0:120þ0:022

�0:099�0:022 � 10�2 1:170þ0:033þ0:023
�0:028�0:023 � 10�2

260 9:741þ4:425þ0:193
�2:532�0:193 � 10�3 1:040þ0:106þ0:020

�0:090�0:020 � 10�2 1:023þ0:029þ0:020
�0:026�0:020 � 10�2

270 8:497þ3:937þ0:172
�2:241�0:172 � 10�3 9:099þ0:943þ0:174

�0:812�0:174 � 10�3 8:949þ0:252þ0:179
�0:231�0:179 � 10�3

280 7:415þ3:511þ0:153
�1:981�0:153 � 10�3 7:969þ0:831þ0:155

�0:732�0:155 � 10�3 7:838þ0:222þ0:158
�0:215�0:158 � 10�3

290 6:477þ3:122þ0:136
�1:754�0:136 � 10�3 6:983þ0:739þ0:138

�0:657�0:138 � 10�3 6:867þ0:195þ0:140
�0:194�0:140 � 10�3

300 5:659þ2:788þ0:121
�1:550�0:121 � 10�3 6:123þ0:656þ0:124

�0:593�0:124 � 10�3 6:020þ0:171þ0:124
�0:177�0:124 � 10�3
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via VBF. In order to solve the kinematics, let qi be the
momentum exchanged by each of the two protons, with the
convention, as for DIS, that the direction of qi is incoming
with respect to the proton vertex (see Fig. 1),

qi ¼ PXi
� Pi: (A3)

We parameterize qi in terms of the two lightlike momenta
Pi and the transverse components q?

i :

q1 ¼ 2P1 � q1
2P1 � P2

P2 þ 2P2 � q1
2P1 � P2

P1 þ q?
1 ; (A4)

q2 ¼ 2P2 � q2
2P1 � P2

P1 þ 2P1 � q2
2P1 � P2

P2 þ q?
2 : (A5)

The Bjorken scaling variables xi for the DIS process are
given by the scalar products Pi � qi

TABLE XI. Total VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and NNLO
in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The MSTW2008 [63] PDF

set (68% CL) has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:125þ0:354þ0:019
�0:227�0:019 � 10�1 1:176þ0:104þ0:028

�0:055�0:028 � 10�1 1:182þ0:038þ0:027
�0:011�0:027 � 10�1

95 1:035þ0:335þ0:018
�0:212�0:018 � 10�1 1:083þ0:096þ0:026

�0:053�0:026 � 10�1 1:088þ0:035þ0:025
�0:012�0:025 � 10�1

100 9:541þ3:156þ0:166
�1:991�0:166 � 10�2 9:974þ0:892þ0:240

�0:511�0:240 � 10�2 1:002þ0:032þ0:023
�0:011�0:023 � 10�1

105 8:794þ2:984þ0:154
�1:865�0:154 � 10�2 9:181þ0:848þ0:222

�0:469�0:222 � 10�2 9:235þ0:298þ0:213
�0:102�0:213 � 10�2

110 8:117þ2:810þ0:143
�1:752�0:143 � 10�2 8:465þ0:786þ0:206

�0:453�0:206 � 10�2 8:520þ0:277þ0:197
�0:104�0:197 � 10�2

115 7:494þ2:652þ0:133
�1:641�0:133 � 10�2 7:813þ0:739þ0:191

�0:431�0:191 � 10�2 7:866þ0:257þ0:183
�0:098�0:183 � 10�2

120 6:923þ2:502þ0:123
�1:536�0:123 � 10�2 7:217þ0:691þ0:177

�0:414�0:177 � 10�2 7:268þ0:239þ0:170
�0:095�0:170 � 10�2

125 6:401þ2:363þ0:115
�1:440�0:115 � 10�2 6:678þ0:641þ0:165

�0:399�0:165 � 10�2 6:721þ0:219þ0:158
�0:095�0:158 � 10�2

130 5:923þ2:235þ0:107
�1:351�0:107 � 10�2 6:169þ0:602þ0:153

�0:365�0:153 � 10�2 6:215þ0:204þ0:147
�0:089�0:147 � 10�2

135 5:483þ2:108þ0:099
�1:268�0:099 � 10�2 5:709þ0:563þ0:142

�0:346�0:142 � 10�2 5:755þ0:188þ0:137
�0:089�0:137 � 10�2

140 5:081þ1:978þ0:093
�1:189�0:093 � 10�2 5:286þ0:525þ0:132

�0:333�0:132 � 10�2 5:329þ0:178þ0:127
�0:082�0:127 � 10�2

145 4:709þ1:873þ0:086
�1:114�0:086 � 10�2 4:898þ0:492þ0:123

�0:320�0:123 � 10�2 4:938þ0:165þ0:118
�0:081�0:118 � 10�2

150 4:365þ1:763þ0:080
�1:046�0:080 � 10�2 4:540þ0:462þ0:115

�0:302�0:115 � 10�2 4:578þ0:156þ0:110
�0:075�0:110 � 10�2

155 4:052þ1:659þ0:075
�0:979�0:075 � 10�2 4:211þ0:432þ0:107

�0:287�0:107 � 10�2 4:247þ0:142þ0:103
�0:074�0:103 � 10�2

160 3:760þ1:573þ0:070
�0:918�0:070 � 10�2 3:908þ0:403þ0:099

�0:271�0:099 � 10�2 3:942þ0:133þ0:096
�0:070�0:096 � 10�2

165 3:495þ1:481þ0:065
�0:864�0:065 � 10�2 3:628þ0:378þ0:093

�0:259�0:093 � 10�2 3:660þ0:125þ0:089
�0:066�0:089 � 10�2

170 3:246þ1:396þ0:061
�0:811�0:061 � 10�2 3:370þ0:355þ0:086

�0:245�0:086 � 10�2 3:401þ0:116þ0:083
�0:065�0:083 � 10�2

175 3:019þ1:317þ0:057
�0:761�0:057 � 10�2 3:132þ0:332þ0:081

�0:233�0:081 � 10�2 3:161þ0:107þ0:078
�0:063�0:078 � 10�2

180 2:806þ1:241þ0:053
�0:714�0:053 � 10�2 2:912þ0:312þ0:075

�0:221�0:075 � 10�2 2:938þ0:102þ0:073
�0:060�0:073 � 10�2

185 2:611þ1:173þ0:049
�0:670�0:049 � 10�2 2:708þ0:293þ0:070

�0:209�0:070 � 10�2 2:734þ0:093þ0:068
�0:058�0:068 � 10�2

190 2:430þ1:106þ0:046
�0:629�0:046 � 10�2 2:521þ0:273þ0:066

�0:199�0:066 � 10�2 2:545þ0:088þ0:063
�0:056�0:063 � 10�2

195 2:263þ1:044þ0:043
�0:591�0:043 � 10�2 2:347þ0:256þ0:061

�0:189�0:061 � 10�2 2:369þ0:082þ0:059
�0:053�0:059 � 10�2

200 2:108þ0:985þ0:040
�0:556�0:040 � 10�2 2:185þ0:241þ0:057

�0:178�0:057 � 10�2 2:206þ0:075þ0:055
�0:051�0:055 � 10�2

210 1:831þ0:878þ0:035
�0:490�0:035 � 10�2 1:897þ0:211þ0:050

�0:162�0:050 � 10�2 1:916þ0:065þ0:048
�0:046�0:048 � 10�2

220 1:592þ0:782þ0:031
�0:434�0:031 � 10�2 1:649þ0:186þ0:044

�0:144�0:044 � 10�2 1:665þ0:058þ0:042
�0:042�0:042 � 10�2

230 1:387þ0:698þ0:027
�0:384�0:027 � 10�2 1:434þ0:164þ0:038

�0:129�0:038 � 10�2 1:450þ0:051þ0:037
�0:038�0:037 � 10�2

240 1:209þ0:623þ0:024
�0:339�0:024 � 10�2 1:250þ0:145þ0:034

�0:117�0:034 � 10�2 1:264þ0:044þ0:033
�0:035�0:033 � 10�2

250 1:055þ0:555þ0:021
�0:300�0:021 � 10�2 1:089þ0:129þ0:029

�0:103�0:029 � 10�2 1:102þ0:039þ0:029
�0:032�0:029 � 10�2

260 9:216þ4:955þ0:182
�2:660�0:182 � 10�3 9:518þ1:128þ0:258

�0:937�0:258 � 10�3 9:624þ0:344þ0:251
�0:287�0:251 � 10�3

270 8:058þ4:421þ0:160
�2:356�0:160 � 10�3 8:313þ1:003þ0:227

�0:837�0:227 � 10�3 8:412þ0:300þ0:220
�0:264�0:220 � 10�3

280 7:052þ3:947þ0:141
�2:089�0:141 � 10�3 7:275þ0:883þ0:199

�0:755�0:199 � 10�3 7:359þ0:260þ0:194
�0:240�0:194 � 10�3

290 6:174þ3:529þ0:124
�1:851�0:124 � 10�3 6:365þ0:783þ0:175

�0:678�0:175 � 10�3 6:443þ0:231þ0:170
�0:218�0:170 � 10�3

300 5:410þ3:155þ0:109
�1:641�0:109 � 10�3 5:575þ0:692þ0:154

�0:608�0:154 � 10�3 5:644þ0:204þ0:150
�0:198�0:150 � 10�3
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2Pi � qi ¼ �q2i
xi

¼ Q2
i

xi
; (A6)

whereQ2
i ¼ �q2i . In analogy, one can also define variables

yi via the relation

2P2 � q1 ¼ Q2
1

y1
; 2P1 � q2 ¼ Q2

2

y2
; (A7)

so that

yi ¼ � Q4
i

xiSðQ2
i � q?2

i Þ ; (A8)

with q?i ¼
ffiffiffiffiffiffiffiffiffiffiffi
jq?2

i j
q

. Then, the integration measure can be

expressed as

TABLE XII. Total VBF cross sections at the Tevatron,
ffiffiffi
S

p ¼ 1:96 TeV at LO, NLO and
NNLO in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties
are evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The NNPDF2.1 [77]

PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:180þ0:342þ0:023
�0:224�0:023 � 10�1 1:191þ0:100þ0:024

�0:053�0:024 � 10�1 1:189þ0:036þ0:019
�0:012�0:019 � 10�1

95 1:085þ0:323þ0:022
�0:209�0:022 � 10�1 1:096þ0:094þ0:022

�0:049�0:022 � 10�1 1:095þ0:034þ0:017
�0:010�0:017 � 10�1

100 9:983þ3:045þ0:202
�1:962�0:202 � 10�2 1:011þ0:087þ0:021

�0:048�0:021 � 10�1 1:009þ0:031þ0:016
�0:009�0:016 � 10�1

105 9:190þ2:875þ0:188
�1:838�0:188 � 10�2 9:324þ0:828þ0:194

�0:459�0:194 � 10�2 9:303þ0:293þ0:151
�0:093�0:151 � 10�2

110 8:469þ2:708þ0:176
�1:721�0:176 � 10�2 8:608þ0:763þ0:181

�0:440�0:181 � 10�2 8:588þ0:271þ0:141
�0:095�0:141 � 10�2

115 7:805þ2:550þ0:164
�1:608�0:164 � 10�2 7:951þ0:713þ0:170

�0:424�0:170 � 10�2 7:933þ0:252þ0:132
�0:096�0:132 � 10�2

120 7:202þ2:401þ0:154
�1:509�0:154 � 10�2 7:349þ0:668þ0:159

�0:399�0:159 � 10�2 7:331þ0:231þ0:124
�0:092�0:124 � 10�2

125 6:646þ2:267þ0:143
�1:409�0:143 � 10�2 6:797þ0:619þ0:148

�0:381�0:148 � 10�2 6:781þ0:212þ0:116
�0:092�0:116 � 10�2

130 6:142þ2:130þ0:134
�1:323�0:134 � 10�2 6:297þ0:576þ0:139

�0:369�0:139 � 10�2 6:276þ0:198þ0:109
�0:086�0:109 � 10�2

135 5:676þ2:008þ0:126
�1:236�0:126 � 10�2 5:824þ0:549þ0:130

�0:344�0:130 � 10�2 5:811þ0:185þ0:102
�0:083�0:102 � 10�2

140 5:254þ1:887þ0:118
�1:162�0:118 � 10�2 5:401þ0:505þ0:122

�0:330�0:122 � 10�2 5:384þ0:173þ0:095
�0:078�0:095 � 10�2

145 4:861þ1:777þ0:110
�1:087�0:110 � 10�2 5:007þ0:474þ0:115

�0:314�0:115 � 10�2 4:993þ0:157þ0:090
�0:076�0:090 � 10�2

150 4:501þ1:680þ0:103
�1:018�0:103 � 10�2 4:642þ0:447þ0:107

�0:295�0:107 � 10�2 4:630þ0:151þ0:084
�0:074�0:084 � 10�2

155 4:172þ1:578þ0:097
�0:956�0:097 � 10�2 4:310þ0:417þ0:101

�0:283�0:101 � 10�2 4:297þ0:138þ0:079
�0:072�0:079 � 10�2

160 3:867þ1:486þ0:091
�0:894�0:091 � 10�2 4:003þ0:389þ0:095

�0:270�0:095 � 10�2 3:991þ0:131þ0:074
�0:070�0:074 � 10�2

165 3:586þ1:399þ0:085
�0:837�0:085 � 10�2 3:717þ0:366þ0:089

�0:255�0:089 � 10�2 3:706þ0:121þ0:070
�0:066�0:070 � 10�2

170 3:327þ1:317þ0:080
�0:784�0:080 � 10�2 3:456þ0:343þ0:084

�0:243�0:084 � 10�2 3:445þ0:111þ0:066
�0:065�0:066 � 10�2

175 3:087þ1:239þ0:075
�0:735�0:075 � 10�2 3:213þ0:322þ0:079

�0:230�0:079 � 10�2 3:202þ0:103þ0:062
�0:062�0:062 � 10�2

180 2:867þ1:169þ0:071
�0:689�0:071 � 10�2 2:989þ0:301þ0:074

�0:219�0:074 � 10�2 2:980þ0:097þ0:058
�0:060�0:058 � 10�2

185 2:663þ1:102þ0:067
�0:646�0:067 � 10�2 2:783þ0:284þ0:070

�0:208�0:070 � 10�2 2:772þ0:090þ0:055
�0:056�0:055 � 10�2

190 2:475þ1:036þ0:063
�0:606�0:063 � 10�2 2:591þ0:265þ0:066

�0:198�0:066 � 10�2 2:581þ0:085þ0:052
�0:054�0:052 � 10�2

195 2:301þ0:976þ0:059
�0:569�0:059 � 10�2 2:413þ0:249þ0:062

�0:189�0:062 � 10�2 2:403þ0:078þ0:049
�0:052�0:049 � 10�2

200 2:140þ0:919þ0:056
�0:533�0:056 � 10�2 2:249þ0:233þ0:058

�0:178�0:058 � 10�2 2:239þ0:073þ0:046
�0:050�0:046 � 10�2

210 1:853þ0:816þ0:049
�0:470�0:049 � 10�2 1:954þ0:203þ0:052

�0:161�0:052 � 10�2 1:945þ0:063þ0:041
�0:046�0:041 � 10�2

220 1:607þ0:724þ0:044
�0:414�0:044 � 10�2 1:700þ0:181þ0:046

�0:144�0:046 � 10�2 1:692þ0:055þ0:036
�0:042�0:036 � 10�2

230 1:395þ0:643þ0:039
�0:365�0:039 � 10�2 1:480þ0:160þ0:041

�0:129�0:041 � 10�2 1:474þ0:049þ0:032
�0:038�0:032 � 10�2

240 1:212þ0:571þ0:035
�0:322�0:035 � 10�2 1:291þ0:141þ0:037

�0:116�0:037 � 10�2 1:285þ0:043þ0:029
�0:035�0:029 � 10�2

250 1:054þ0:508þ0:031
�0:283�0:031 � 10�2 1:127þ0:125þ0:033

�0:105�0:033 � 10�2 1:122þ0:037þ0:026
�0:032�0:026 � 10�2

260 9:177þ4:510þ0:276
�2:502�0:276 � 10�3 9:846þ1:101þ0:293

�0:940�0:293 � 10�3 9:797þ0:326þ0:232
�0:291�0:232 � 10�3

270 8:000þ4:011þ0:246
�2:213�0:246 � 10�3 8:614þ0:973þ0:263

�0:848�0:263 � 10�3 8:564þ0:293þ0:208
�0:264�0:208 � 10�3

280 6:977þ3:568þ0:220
�1:954�0:220 � 10�3 7:536þ0:862þ0:235

�0:760�0:235 � 10�3 7:497þ0:257þ0:186
�0:242�0:186 � 10�3

290 6:089þ3:171þ0:197
�1:725�0:197 � 10�3 6:601þ0:764þ0:211

�0:683�0:211 � 10�3 6:567þ0:221þ0:167
�0:223�0:167 � 10�3

300 5:318þ2:824þ0:176
�1:524�0:176 � 10�3 5:786þ0:677þ0:189

�0:614�0:189 � 10�3 5:754þ0:196þ0:150
�0:200�0:150 � 10�3
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TABLE XIII. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The ABKM [70] PDF

set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:856þ0:140þ0:013
�0:140�0:013 1:797þ0:062þ0:013

�0:022�0:013 1:820þ0:021þ0:014
�0:029�0:014

95 1:758þ0:146þ0:013
�0:138�0:013 1:709þ0:059þ0:013

�0:025�0:013 1:728þ0:024þ0:013
�0:027�0:013

100 1:667þ0:146þ0:012
�0:135�0:012 1:622þ0:059þ0:012

�0:024�0:012 1:643þ0:022þ0:012
�0:026�0:012

105 1:585þ0:147þ0:011
�0:133�0:011 1:544þ0:054þ0:011

�0:026�0:011 1:560þ0:024þ0:012
�0:021�0:012

110 1:506þ0:148þ0:011
�0:130�0:011 1:466þ0:058þ0:011

�0:022�0:011 1:483þ0:026þ0:011
�0:022�0:011

115 1:431þ0:148þ0:010
�0:129�0:010 1:394þ0:058þ0:010

�0:018�0:010 1:411þ0:022þ0:011
�0:014�0:011

120 1:363þ0:145þ0:010
�0:128�0:010 1:330þ0:054þ0:010

�0:021�0:010 1:345þ0:022þ0:010
�0:016�0:010

125 1:297þ0:146þ0:009
�0:125�0:009 1:267þ0:054þ0:009

�0:020�0:009 1:285þ0:020þ0:010
�0:022�0:010

130 1:236þ0:145þ0:009
�0:122�0:009 1:209þ0:051þ0:009

�0:021�0:009 1:223þ0:022þ0:009
�0:013�0:009

135 1:180þ0:142þ0:008
�0:121�0:008 1:153þ0:052þ0:009

�0:018�0:009 1:168þ0:021þ0:009
�0:018�0:009

140 1:125þ0:142þ0:008
�0:118�0:008 1:101þ0:051þ0:008

�0:016�0:008 1:116þ0:021þ0:008
�0:013�0:008

145 1:074þ0:139þ0:008
�0:115�0:008 1:052þ0:049þ0:008

�0:017�0:008 1:067þ0:019þ0:008
�0:017�0:008

150 1:026þ0:138þ0:007
�0:112�0:007 1:006þ0:049þ0:008

�0:018�0:008 1:018þ0:021þ0:008
�0:011�0:008

155 9:804þ1:349þ0:072
�1:090�0:072 � 10�1 9:622þ0:458þ0:073

�0:157�0:073 � 10�1 9:731þ0:209þ0:074
�0:096�0:074 � 10�1

160 9:371þ1:335þ0:069
�1:062�0:069 � 10�1 9:207þ0:461þ0:070

�0:157�0:070 � 10�1 9:340þ0:170þ0:071
�0:116�0:071 � 10�1

165 8:971þ1:304þ0:066
�1:033�0:066 � 10�1 8:816þ0:442þ0:067

�0:147�0:067 � 10�1 8:937þ0:158þ0:068
�0:098�0:068 � 10�1

170 8:581þ1:297þ0:064
�1:005�0:064 � 10�1 8:442þ0:425þ0:065

�0:147�0:065 � 10�1 8:560þ0:164þ0:066
�0:116�0:066 � 10�1

175 8:211þ1:247þ0:061
�0:977�0:061 � 10�1 8:076þ0:423þ0:062

�0:139�0:062 � 10�1 8:199þ0:168þ0:063
�0:075�0:063 � 10�1

180 7:873þ1:246þ0:059
�0:954�0:059 � 10�1 7:752þ0:411þ0:060

�0:136�0:060 � 10�1 7:855þ0:162þ0:061
�0:068�0:061 � 10�1

185 7:547þ1:213þ0:057
�0:939�0:057 � 10�1 7:431þ0:405þ0:058

�0:129�0:058 � 10�1 7:544þ0:155þ0:059
�0:092�0:059 � 10�1

190 7:235þ1:190þ0:055
�0:915�0:055 � 10�1 7:143þ0:380þ0:056

�0:141�0:056 � 10�1 7:252þ0:127þ0:057
�0:098�0:057 � 10�1

195 6:947þ1:159þ0:053
�0:897�0:053 � 10�1 6:857þ0:368þ0:054

�0:142�0:054 � 10�1 6:955þ0:137þ0:055
�0:087�0:055 � 10�1

200 6:664þ1:144þ0:051
�0:861�0:051 � 10�1 6:573þ0:377þ0:052

�0:117�0:052 � 10�1 6:686þ0:115þ0:053
�0:075�0:053 � 10�1

210 6:139þ1:092þ0:048
�0:814�0:048 � 10�1 6:074þ0:341þ0:049

�0:130�0:049 � 10�1 6:177þ0:114þ0:049
�0:067�0:049 � 10�1

220 5:673þ1:047þ0:045
�0:771�0:045 � 10�1 5:619þ0:324þ0:045

�0:129�0:045 � 10�1 5:709þ0:117þ0:046
�0:050�0:046 � 10�1

230 5:251þ1:002þ0:042
�0:742�0:042 � 10�1 5:205þ0:315þ0:043

�0:125�0:043 � 10�1 5:290þ0:108þ0:043
�0:052�0:043 � 10�1

240 4:853þ0:960þ0:039
�0:687�0:039 � 10�1 4:819þ0:298þ0:040

�0:115�0:040 � 10�1 4:904þ0:102þ0:040
�0:040�0:040 � 10�1

250 4:510þ0:908þ0:037
�0:665�0:037 � 10�1 4:475þ0:291þ0:037

�0:105�0:037 � 10�1 4:555þ0:096þ0:038
�0:036�0:038 � 10�1

260 4:182þ0:871þ0:035
�0:624�0:035 � 10�1 4:158þ0:266þ0:035

�0:107�0:035 � 10�1 4:238þ0:090þ0:036
�0:030�0:036 � 10�1

270 3:888þ0:833þ0:033
�0:592�0:033 � 10�1 3:872þ0:248þ0:033

�0:107�0:033 � 10�1 3:943þ0:092þ0:034
�0:026�0:034 � 10�1

280 3:618þ0:797þ0:031
�0:561�0:031 � 10�1 3:607þ0:243þ0:031

�0:101�0:031 � 10�1 3:675þ0:083þ0:032
�0:023�0:032 � 10�1

290 3:370þ0:762þ0:029
�0:533�0:029 � 10�1 3:364þ0:228þ0:030

�0:101�0:030 � 10�1 3:434þ0:071þ0:030
�0:029�0:030 � 10�1

300 3:143þ0:726þ0:028
�0:502�0:028 � 10�1 3:142þ0:212þ0:028

�0:096�0:028 � 10�1 3:210þ0:065þ0:028
�0:027�0:028 � 10�1

320 2:742þ0:660þ0:025
�0:457�0:025 � 10�1 2:749þ0:192þ0:025

�0:095�0:025 � 10�1 2:807þ0:061þ0:025
�0:018�0:025 � 10�1

340 2:398þ0:605þ0:022
�0:407�0:022 � 10�1 2:413þ0:171þ0:023

�0:089�0:023 � 10�1 2:463þ0:053þ0:023
�0:015�0:023 � 10�1

360 2:108þ0:549þ0:020
�0:368�0:020 � 10�1 2:123þ0:156þ0:020

�0:081�0:020 � 10�1 2:168þ0:050þ0:020
�0:014�0:020 � 10�1

380 1:857þ0:503þ0:018
�0:334�0:018 � 10�1 1:876þ0:139þ0:018

�0:076�0:018 � 10�1 1:917þ0:043þ0:018
�0:013�0:018 � 10�1

400 1:642þ0:459þ0:016
�0:303�0:016 � 10�1 1:661þ0:127þ0:017

�0:071�0:017 � 10�1 1:700þ0:037þ0:017
�0:014�0:017 � 10�1

450 1:218þ0:365þ0:013
�0:236�0:013 � 10�1 1:239þ0:098þ0:013

�0:060�0:013 � 10�1 1:269þ0:030þ0:013
�0:012�0:013 � 10�1

500 9:161þ2:940þ0:103
�1:860�0:103 � 10�2 9:378þ0:766þ0:104

�0:498�0:104 � 10�2 9:615þ0:225þ0:104
�0:107�0:104 � 10�2
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TABLE XIII. (Continued)

mH½GeV� �LO �NLO �NNLO

550 6:975þ2:362þ0:082
�1:472�0:082 � 10�2 7:173þ0:614þ0:083

�0:407�0:083 � 10�2 7:363þ0:175þ0:083
�0:093�0:083 � 10�2

600 5:361þ1:915þ0:066
�1:172�0:066 � 10�2 5:547þ0:489þ0:067

�0:344�0:067 � 10�2 5:695þ0:139þ0:067
�0:080�0:067 � 10�2

650 4:157þ1:553þ0:054
�0:938�0:054 � 10�2 4:324þ0:389þ0:054

�0:289�0:054 � 10�2 4:441þ0:111þ0:054
�0:067�0:054 � 10�2

700 3:247þ1:267þ0:044
�0:757�0:044 � 10�2 3:396þ0:314þ0:044

�0:241�0:044 � 10�2 3:492þ0:089þ0:044
�0:062�0:044 � 10�2

750 2:553þ1:038þ0:036
�0:611�0:036 � 10�2 2:683þ0:256þ0:036

�0:202�0:036 � 10�2 2:761þ0:073þ0:036
�0:053�0:036 � 10�2

800 2:018þ0:851þ0:029
�0:496�0:029 � 10�2 2:132þ0:207þ0:030

�0:169�0:030 � 10�2 2:197þ0:057þ0:030
�0:047�0:030 � 10�2

850 1:605þ0:699þ0:024
�0:404�0:024 � 10�2 1:703þ0:170þ0:025

�0:141�0:025 � 10�2 1:753þ0:046þ0:024
�0:039�0:024 � 10�2

900 1:281þ0:577þ0:020
�0:330�0:020 � 10�2 1:366þ0:140þ0:020

�0:118�0:020 � 10�2 1:409þ0:035þ0:020
�0:035�0:020 � 10�2

950 1:026þ0:478þ0:016
�0:270�0:016 � 10�2 1:100þ0:114þ0:017

�0:100�0:017 � 10�2 1:134þ0:031þ0:017
�0:030�0:017 � 10�2

1000 8:249þ3:952þ0:136
�2:213�0:136 � 10�3 8:883þ0:940þ0:140

�0:836�0:140 � 10�3 9:174þ0:245þ0:140
�0:252�0:140 � 10�3

TABLE XIV. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The HERAPDF1.5

[73,74] PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:870þ0:135þ0:036
�0:129�0:036 1:810þ0:063þ0:036

�0:019�0:036 1:801þ0:026þ0:036
�0:032�0:036

95 1:776þ0:136þ0:035
�0:129�0:035 1:723þ0:055þ0:034

�0:024�0:034 1:710þ0:028þ0:034
�0:026�0:034

100 1:686þ0:136þ0:033
�0:128�0:033 1:637þ0:054þ0:033

�0:027�0:033 1:627þ0:023þ0:033
�0:030�0:033

105 1:603þ0:137þ0:031
�0:128�0:031 1:559þ0:055þ0:031

�0:025�0:031 1:545þ0:025þ0:031
�0:023�0:031

110 1:524þ0:140þ0:030
�0:126�0:030 1:484þ0:055þ0:030

�0:025�0:030 1:473þ0:024þ0:030
�0:026�0:030

115 1:450þ0:141þ0:029
�0:123�0:029 1:411þ0:055þ0:029

�0:020�0:029 1:401þ0:023þ0:029
�0:022�0:029

120 1:380þ0:139þ0:028
�0:121�0:028 1:346þ0:053þ0:028

�0:021�0:028 1:335þ0:025þ0:027
�0:019�0:027

125 1:314þ0:140þ0:026
�0:119�0:026 1:284þ0:051þ0:026

�0:021�0:026 1:275þ0:021þ0:026
�0:023�0:026

130 1:252þ0:140þ0:025
�0:116�0:025 1:225þ0:050þ0:025

�0:020�0:025 1:216þ0:019þ0:025
�0:019�0:025

135 1:195þ0:136þ0:024
�0:114�0:024 1:167þ0:051þ0:024

�0:018�0:024 1:158þ0:024þ0:024
�0:017�0:024

140 1:141þ0:133þ0:023
�0:112�0:023 1:114þ0:051þ0:023

�0:015�0:023 1:107þ0:022þ0:023
�0:015�0:023

145 1:089þ0:132þ0:022
�0:109�0:022 1:067þ0:047þ0:022

�0:018�0:022 1:060þ0:019þ0:022
�0:018�0:022

150 1:041þ0:131þ0:021
�0:108�0:021 1:020þ0:047þ0:021

�0:017�0:021 1:013þ0:020þ0:021
�0:017�0:021

155 9:962þ1:292þ0:205
�1:058�0:205 � 10�1 9:736þ0:470þ0:206

�0:128�0:206 � 10�1 9:670þ0:205þ0:205
�0:117�0:205 � 10�1

160 9:514þ1:272þ0:196
�1:008�0:196 � 10�1 9:336þ0:454þ0:198

�0:147�0:198 � 10�1 9:278þ0:189þ0:197
�0:121�0:197 � 10�1

165 9:108þ1:254þ0:189
�0:999�0:189 � 10�1 8:935þ0:458þ0:190

�0:135�0:190 � 10�1 8:908þ0:158þ0:190
�0:143�0:190 � 10�1

170 8:721þ1:238þ0:181
�0:958�0:181 � 10�1 8:569þ0:423þ0:183

�0:144�0:183 � 10�1 8:520þ0:161þ0:183
�0:133�0:183 � 10�1

175 8:353þ1:210þ0:174
�0:955�0:174 � 10�1 8:216þ0:412þ0:176

�0:129�0:176 � 10�1 8:182þ0:119þ0:176
�0:130�0:176 � 10�1

180 8:011þ1:186þ0:168
�0:933�0:168 � 10�1 7:867þ0:404þ0:169

�0:126�0:169 � 10�1 7:840þ0:149þ0:169
�0:121�0:169 � 10�1

185 7:684þ1:169þ0:162
�0:915�0:162 � 10�1 7:552þ0:403þ0:163

�0:123�0:163 � 10�1 7:521þ0:145þ0:163
�0:108�0:163 � 10�1

190 7:365þ1:143þ0:155
�0:882�0:155 � 10�1 7:250þ0:394þ0:157

�0:122�0:157 � 10�1 7:216þ0:152þ0:157
�0:106�0:157 � 10�1

195 7:068þ1:120þ0:150
�0:853�0:150 � 10�1 6:959þ0:388þ0:151

�0:109�0:151 � 10�1 6:925þ0:142þ0:151
�0:088�0:151 � 10�1

200 6:782þ1:097þ0:144
�0:829�0:144 � 10�1 6:691þ0:359þ0:146

�0:116�0:146 � 10�1 6:659þ0:135þ0:146
�0:086�0:146 � 10�1

210 6:263þ1:051þ0:134
�0:802�0:134 � 10�1 6:188þ0:342þ0:136

�0:116�0:136 � 10�1 6:149þ0:136þ0:135
�0:075�0:135 � 10�1

220 5:790þ1:006þ0:125
�0:762�0:125 � 10�1 5:713þ0:330þ0:126

�0:102�0:126 � 10�1 5:690þ0:121þ0:126
�0:068�0:126 � 10�1

230 5:350þ0:977þ0:116
�0:711�0:116 � 10�1 5:294þ0:325þ0:118

�0:104�0:118 � 10�1 5:278þ0:115þ0:118
�0:062�0:118 � 10�1
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TABLE XIV. (Continued)

mH½GeV� �LO �NLO �NNLO

240 4:963þ0:930þ0:108
�0:683�0:108 � 10�1 4:920þ0:291þ0:110

�0:101�0:110 � 10�1 4:896þ0:107þ0:110
�0:060�0:110 � 10�1

250 4:604þ0:892þ0:101
�0:647�0:101 � 10�1 4:569þ0:286þ0:103

�0:107�0:103 � 10�1 4:552þ0:097þ0:103
�0:054�0:103 � 10�1

260 4:277þ0:850þ0:094
�0:614�0:094 � 10�1 4:243þ0:279þ0:096

�0:098�0:096 � 10�1 4:235þ0:095þ0:096
�0:046�0:096 � 10�1

270 3:978þ0:813þ0:088
�0:588�0:088 � 10�1 3:954þ0:253þ0:090

�0:099�0:090 � 10�1 3:944þ0:095þ0:090
�0:042�0:090 � 10�1

280 3:704þ0:778þ0:082
�0:554�0:082 � 10�1 3:688þ0:248þ0:084

�0:094�0:084 � 10�1 3:675þ0:086þ0:084
�0:035�0:084 � 10�1

290 3:453þ0:748þ0:077
�0:524�0:077 � 10�1 3:440þ0:233þ0:079

�0:094�0:079 � 10�1 3:432þ0:081þ0:079
�0:032�0:079 � 10�1

300 3:223þ0:712þ0:073
�0:500�0:073 � 10�1 3:213þ0:217þ0:074

�0:087�0:074 � 10�1 3:206þ0:077þ0:074
�0:031�0:074 � 10�1

320 2:815þ0:649þ0:064
�0:451�0:064 � 10�1 2:812þ0:198þ0:066

�0:085�0:066 � 10�1 2:806þ0:069þ0:066
�0:023�0:066 � 10�1

340 2:465þ0:597þ0:057
�0:406�0:057 � 10�1 2:471þ0:178þ0:058

�0:082�0:058 � 10�1 2:470þ0:058þ0:058
�0:021�0:058 � 10�1

360 2:169þ0:541þ0:050
�0:369�0:050 � 10�1 2:177þ0:161þ0:052

�0:075�0:052 � 10�1 2:175þ0:053þ0:052
�0:016�0:052 � 10�1

380 1:912þ0:498þ0:045
�0:334�0:045 � 10�1 1:927þ0:144þ0:046

�0:072�0:046 � 10�1 1:924þ0:046þ0:046
�0:013�0:046 � 10�1

400 1:692þ0:454þ0:040
�0:303�0:040 � 10�1 1:708þ0:130þ0:041

�0:067�0:041 � 10�1 1:706þ0:042þ0:041
�0:011�0:041 � 10�1

450 1:258þ0:365þ0:031
�0:238�0:031 � 10�1 1:277þ0:102þ0:032

�0:057�0:032 � 10�1 1:276þ0:032þ0:032
�0:009�0:032 � 10�1

500 9:482þ2:937þ0:236
�1:882�0:236 � 10�2 9:674þ0:804þ0:246

�0:477�0:246 � 10�2 9:681þ0:251þ0:247
�0:093�0:247 � 10�2

550 7:236þ2:369þ0:185
�1:500�0:185 � 10�2 7:418þ0:636þ0:194

�0:402�0:194 � 10�2 7:423þ0:196þ0:194
�0:080�0:194 � 10�2

600 5:565þ1:934þ0:147
�1:196�0:147 � 10�2 5:741þ0:506þ0:154

�0:338�0:154 � 10�2 5:749þ0:155þ0:154
�0:072�0:154 � 10�2

650 4:319þ1:577þ0:117
�0:961�0:117 � 10�2 4:478þ0:408þ0:123

�0:281�0:123 � 10�2 4:489þ0:124þ0:124
�0:063�0:124 � 10�2

700 3:376þ1:292þ0:095
�0:773�0:095 � 10�2 3:521þ0:329þ0:100

�0:237�0:100 � 10�2 3:530þ0:101þ0:100
�0:055�0:100 � 10�2

750 2:656þ1:058þ0:077
�0:628�0:077 � 10�2 2:784þ0:268þ0:081

�0:197�0:081 � 10�2 2:794þ0:080þ0:082
�0:050�0:082 � 10�2

800 2:101þ0:872þ0:063
�0:510�0:063 � 10�2 2:214þ0:217þ0:067

�0:168�0:067 � 10�2 2:223þ0:065þ0:067
�0:043�0:067 � 10�2

850 1:670þ0:718þ0:052
�0:416�0:052 � 10�2 1:768þ0:178þ0:055

�0:140�0:055 � 10�2 1:778þ0:051þ0:055
�0:038�0:055 � 10�2

900 1:333þ0:595þ0:043
�0:340�0:043 � 10�2 1:417þ0:147þ0:045

�0:118�0:045 � 10�2 1:426þ0:042þ0:046
�0:032�0:046 � 10�2

950 1:068þ0:492þ0:036
�0:279�0:036 � 10�2 1:142þ0:120þ0:038

�0:100�0:038 � 10�2 1:150þ0:033þ0:038
�0:029�0:038 � 10�2

1000 8:582þ4:071þ0:296
�2:286�0:296 � 10�3 9:224þ0:991þ0:317

�0:843�0:317 � 10�3 9:287þ0:283þ0:319
�0:237�0:319 � 10�3

TABLE XV. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The JR09 [75,76] PDF

set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:834þ0:096þ0:023
�0:111�0:023 1:776þ0:047þ0:023

�0:024�0:023 1:772þ0:021þ0:023
�0:026�0:023

95 1:739þ0:102þ0:022
�0:107�0:022 1:688þ0:044þ0:022

�0:024�0:022 1:684þ0:019þ0:023
�0:024�0:023

100 1:654þ0:105þ0:022
�0:107�0:022 1:605þ0:044þ0:021

�0:021�0:021 1:599þ0:023þ0:022
�0:017�0:022

105 1:572þ0:108þ0:021
�0:107�0:021 1:530þ0:045þ0:021

�0:022�0:021 1:526þ0:019þ0:021
�0:022�0:021

110 1:498þ0:107þ0:020
�0:108�0:020 1:458þ0:039þ0:020

�0:023�0:020 1:453þ0:014þ0:021
�0:020�0:021

115 1:428þ0:105þ0:019
�0:107�0:019 1:390þ0:043þ0:019

�0:023�0:019 1:388þ0:016þ0:020
�0:022�0:020

120 1:360þ0:109þ0:019
�0:103�0:019 1:325þ0:042þ0:018

�0:020�0:018 1:321þ0:018þ0:019
�0:018�0:019

125 1:298þ0:109þ0:018
�0:105�0:018 1:264þ0:042þ0:018

�0:020�0:018 1:260þ0:017þ0:019
�0:020�0:019

130 1:239þ0:112þ0:017
�0:103�0:017 1:207þ0:041þ0:017

�0:018�0:017 1:203þ0:017þ0:018
�0:017�0:018

135 1:183þ0:110þ0:017
�0:101�0:017 1:152þ0:041þ0:016

�0:014�0:016 1:149þ0:016þ0:018
�0:014�0:018

140 1:130þ0:110þ0:016
�0:099�0:016 1:103þ0:040þ0:016

�0:016�0:016 1:098þ0:018þ0:017
�0:016�0:017
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TABLE XV. (Continued)

mH½GeV� �LO �NLO �NNLO

145 1:080þ0:110þ0:016
�0:097�0:016 1:053þ0:040þ0:015

�0:014�0:015 1:051þ0:016þ0:017
�0:013�0:017

150 1:033þ0:111þ0:015
�0:095�0:015 � 10�2 1:010þ0:039þ0:015

�0:015�0:015 � 10�2 1:006þ0:015þ0:016
�0:014�0:016 � 10�2

155 9:894þ1:090þ0:146
�0:946�0:146 � 10�1 9:676þ0:368þ0:144

�0:139�0:144 � 10�1 9:606þ0:187þ0:159
�0:096�0:159 � 10�1

160 9:464þ1:078þ0:141
�0:908�0:141 � 10�1 9:267þ0:361þ0:140

�0:139�0:140 � 10�1 9:231þ0:158þ0:155
�0:137�0:155 � 10�1

165 9:067þ1:056þ0:137
�0:884�0:137 � 10�1 8:880þ0:353þ0:135

�0:132�0:135 � 10�1 8:847þ0:141þ0:151
�0:106�0:151 � 10�1

170 8:692þ1:045þ0:133
�0:887�0:133 � 10�1 8:516þ0:349þ0:131

�0:128�0:131 � 10�1 8:468þ0:148þ0:146
�0:090�0:146 � 10�1

175 8:336þ1:028þ0:129
�0:859�0:129 � 10�1 8:169þ0:348þ0:127

�0:108�0:127 � 10�1 8:135þ0:124þ0:142
�0:088�0:142 � 10�1

180 7:992þ1:011þ0:125
�0:836�0:125 � 10�1 7:846þ0:335þ0:123

�0:126�0:123 � 10�1 7:806þ0:134þ0:139
�0:098�0:139 � 10�1

185 7:677þ1:003þ0:121
�0:832�0:121 � 10�1 7:544þ0:328þ0:120

�0:121�0:120 � 10�1 7:496þ0:127þ0:135
�0:085�0:135 � 10�1

190 7:373þ0:975þ0:118
�0:813�0:118 � 10�1 7:234þ0:329þ0:116

�0:101�0:116 � 10�1 7:201þ0:118þ0:131
�0:077�0:131 � 10�1

195 7:081þ0:966þ0:114
�0:796�0:114 � 10�1 6:963þ0:303þ0:113

�0:114�0:113 � 10�1 6:911þ0:125þ0:127
�0:072�0:127 � 10�1

200 6:804þ0:944þ0:111
�0:772�0:111 � 10�1 6:691þ0:302þ0:109

�0:109�0:109 � 10�1 6:649þ0:114þ0:124
�0:078�0:124 � 10�1

210 6:286þ0:913þ0:104
�0:737�0:104 � 10�1 6:192þ0:292þ0:103

�0:099�0:103 � 10�1 6:139þ0:115þ0:117
�0:053�0:117 � 10�1

220 5:811þ0:897þ0:098
�0:697�0:098 � 10�1 5:740þ0:271þ0:097

�0:101�0:097 � 10�1 5:701þ0:095þ0:112
�0:062�0:112 � 10�1

230 5:389þ0:856þ0:093
�0:668�0:093 � 10�1 5:323þ0:273þ0:092

�0:087�0:092 � 10�1 5:282þ0:092þ0:106
�0:046�0:106 � 10�1

240 5:002þ0:820þ0:088
�0:633�0:088 � 10�1 4:945þ0:250þ0:087

�0:089�0:087 � 10�1 4:909þ0:092þ0:100
�0:044�0:100 � 10�1

250 4:646þ0:786þ0:083
�0:604�0:083 � 10�1 4:595þ0:246þ0:082

�0:078�0:082 � 10�1 4:559þ0:091þ0:095
�0:035�0:095 � 10�1

260 4:323þ0:760þ0:079
�0:575�0:079 � 10�1 4:284þ0:229þ0:078

�0:083�0:078 � 10�1 4:248þ0:076þ0:090
�0:041�0:090 � 10�1

270 4:025þ0:730þ0:075
�0:544�0:075 � 10�1 3:989þ0:219þ0:074

�0:074�0:074 � 10�1 3:958þ0:080þ0:086
�0:029�0:086 � 10�1

280 3:753þ0:700þ0:071
�0:521�0:071 � 10�1 3:727þ0:205þ0:070

�0:076�0:070 � 10�1 3:693þ0:072þ0:081
�0:024�0:081 � 10�1

290 3:504þ0:669þ0:068
�0:495�0:068 � 10�1 3:479þ0:201þ0:067

�0:070�0:067 � 10�1 3:449þ0:070þ0:077
�0:025�0:077 � 10�1

300 3:270þ0:641þ0:064
�0:470�0:064 � 10�1 3:255þ0:188þ0:064

�0:075�0:064 � 10�1 3:229þ0:061þ0:074
�0:025�0:074 � 10�1

320 2:865þ0:590þ0:058
�0:431�0:058 � 10�1 2:855þ0:170þ0:058

�0:070�0:058 � 10�1 2:830þ0:055þ0:067
�0:020�0:067 � 10�1

340 2:517þ0:538þ0:053
�0:392�0:053 � 10�1 2:514þ0:155þ0:053

�0:070�0:053 � 10�1 2:494þ0:045þ0:061
�0:021�0:061 � 10�1

360 2:214þ0:497þ0:048
�0:352�0:048 � 10�1 2:218þ0:141þ0:048

�0:066�0:048 � 10�1 2:196þ0:044þ0:055
�0:012�0:055 � 10�1

380 1:956þ0:461þ0:044
�0:320�0:044 � 10�1 1:966þ0:127þ0:044

�0:062�0:044 � 10�1 1:944þ0:041þ0:050
�0:010�0:050 � 10�1

400 1:733þ0:420þ0:040
�0:290�0:040 � 10�1 1:744þ0:116þ0:040

�0:059�0:040 � 10�1 1:724þ0:035þ0:045
�0:008�0:045 � 10�1

450 1:294þ0:339þ0:032
�0:231�0:032 � 10�1 1:309þ0:091þ0:032

�0:050�0:032 � 10�1 1:293þ0:027þ0:036
�0:008�0:036 � 10�1

500 9:779þ2:756þ0:261
�1:831�0:261 � 10�2 9:944þ0:724þ0:262

�0:424�0:262 � 10�2 9:810þ0:212þ0:290
�0:077�0:290 � 10�2

550 7:478þ2:242þ0:213
�1:469�0:213 � 10�2 7:638þ0:587þ0:215

�0:359�0:215 � 10�2 7:528þ0:174þ0:234
�0:071�0:234 � 10�2

600 5:765þ1:834þ0:175
�1:178�0:175 � 10�2 5:924þ0:465þ0:177

�0:304�0:177 � 10�2 5:829þ0:130þ0:191
�0:061�0:191 � 10�2

650 4:482þ1:505þ0:144
�0:950�0:144 � 10�2 4:632þ0:373þ0:146

�0:260�0:146 � 10�2 4:552þ0:109þ0:156
�0:059�0:156 � 10�2

700 3:510þ1:233þ0:119
�0:770�0:119 � 10�2 3:645þ0:303þ0:122

�0:221�0:122 � 10�2 3:579þ0:082þ0:128
�0:051�0:128 � 10�2

750 2:764þ1:014þ0:099
�0:625�0:099 � 10�2 2:885þ0:249þ0:102

�0:184�0:102 � 10�2 2:827þ0:066þ0:106
�0:044�0:106 � 10�2

800 2:189þ0:836þ0:082
�0:509�0:082 � 10�2 2:297þ0:202þ0:085

�0:157�0:085 � 10�2 2:248þ0:055þ0:088
�0:038�0:088 � 10�2

850 1:742þ0:691þ0:069
�0:417�0:069 � 10�2 1:836þ0:167þ0:071

�0:132�0:071 � 10�2 1:794þ0:044þ0:073
�0:032�0:073 � 10�2

900 1:391þ0:573þ0:058
�0:341�0:058 � 10�2 1:473þ0:137þ0:060

�0:112�0:060 � 10�2 1:438þ0:036þ0:061
�0:029�0:061 � 10�2

950 1:116þ0:475þ0:048
�0:281�0:048 � 10�2 1:187þ0:112þ0:051

�0:095�0:051 � 10�2 1:157þ0:029þ0:051
�0:025�0:051 � 10�2

1000 8:969þ3:948þ0:407
�2:294�0:407 � 10�3 9:598þ0:924þ0:427

�0:808�0:427 � 10�3 9:340þ0:238þ0:426
�0:216�0:426 � 10�3
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TABLE XVI. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The MSTW2008 [63]

PDF set (68% CL) has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:674þ0:127þ0:021
�0:125�0:021 1:782þ0:059þ0:035

�0:026�0:035 1:789þ0:028þ0:032
�0:033�0:032

95 1:589þ0:124þ0:020
�0:123�0:020 1:697þ0:053þ0:034

�0:033�0:034 1:697þ0:027þ0:030
�0:026�0:030

100 1:510þ0:129þ0:019
�0:126�0:019 1:608þ0:059þ0:032

�0:029�0:032 1:616þ0:025þ0:029
�0:034�0:029

105 1:435þ0:129þ0:018
�0:122�0:018 1:531þ0:059þ0:031

�0:028�0:031 1:536þ0:024þ0:027
�0:033�0:027

110 1:366þ0:130þ0:017
�0:120�0:017 1:456þ0:055þ0:029

�0:027�0:029 1:460þ0:025þ0:026
�0:027�0:026

115 1:300þ0:131þ0:017
�0:118�0:017 1:386þ0:053þ0:028

�0:022�0:028 1:391þ0:026þ0:025
�0:028�0:025

120 1:239þ0:132þ0:016
�0:117�0:016 1:320þ0:055þ0:027

�0:026�0:027 1:324þ0:025þ0:024
�0:023�0:024

125 1:181þ0:131þ0:015
�0:116�0:015 1:258þ0:057þ0:026

�0:020�0:026 1:264þ0:023þ0:023
�0:023�0:023

130 1:127þ0:130þ0:015
�0:112�0:015 1:200þ0:053þ0:024

�0:020�0:024 1:203þ0:026þ0:022
�0:021�0:022

135 1:075þ0:129þ0:014
�0:110�0:014 1:144þ0:053þ0:023

�0:018�0:023 1:153þ0:018þ0:021
�0:023�0:021

140 1:027þ0:129þ0:014
�0:107�0:014 1:094þ0:051þ0:022

�0:018�0:022 1:099þ0:024þ0:020
�0:019�0:020

145 9:818þ1:264þ0:130
�1:063�0:130 � 10�1 1:045þ0:050þ0:022

�0:018�0:022 1:050þ0:021þ0:020
�0:021�0:020

150 9:383þ1:246þ0:125
�1:026�0:125 � 10�1 9:998þ0:486þ0:207

�0:175�0:207 � 10�1 1:003þ0:021þ0:019
�0:016�0:019

155 8:986þ1:204þ0:121
�1:026�0:121 � 10�1 9:570þ0:463þ0:199

�0:185�0:199 � 10�1 9:599þ0:209þ0:180
�0:154�0:180 � 10�1

160 8:599þ1:224þ0:116
�0:997�0:116 � 10�1 9:161þ0:450þ0:191

�0:163�0:191 � 10�1 9:176þ0:183þ0:173
�0:133�0:173 � 10�1

165 8:233þ1:199þ0:112
�0:973�0:112 � 10�1 8:765þ0:443þ0:184

�0:143�0:184 � 10�1 8:809þ0:184þ0:167
�0:150�0:167 � 10�1

170 7:886þ1:182þ0:108
�0:955�0:108 � 10�1 8:394þ0:439þ0:176

�0:151�0:176 � 10�1 8:411þ0:202þ0:160
�0:126�0:160 � 10�1

175 7:558þ1:156þ0:104
�0:931�0:104 � 10�1 8:037þ0:435þ0:169

�0:127�0:169 � 10�1 8:085þ0:174þ0:154
�0:129�0:154 � 10�1

180 7:244þ1:148þ0:100
�0:903�0:100 � 10�1 7:713þ0:420þ0:163

�0:131�0:163 � 10�1 7:732þ0:187þ0:148
�0:105�0:148 � 10�1

185 6:957þ1:123þ0:096
�0:887�0:096 � 10�1 7:398þ0:411þ0:157

�0:123�0:157 � 10�1 7:412þ0:185þ0:142
�0:090�0:142 � 10�1

190 6:667þ1:106þ0:093
�0:854�0:093 � 10�1 7:105þ0:384þ0:151

�0:136�0:151 � 10�1 7:127þ0:166þ0:137
�0:102�0:137 � 10�1

195 6:404þ1:093þ0:090
�0:833�0:090 � 10�1 6:822þ0:383þ0:146

�0:135�0:146 � 10�1 6:856þ0:146þ0:133
�0:114�0:133 � 10�1

200 6:156þ1:062þ0:087
�0:817�0:087 � 10�1 6:543þ0:385þ0:140

�0:116�0:140 � 10�1 6:580þ0:143þ0:128
�0:096�0:128 � 10�1

210 5:683þ1:029þ0:081
�0:767�0:081 � 10�1 6:049þ0:351þ0:131

�0:121�0:131 � 10�1 6:081þ0:137þ0:119
�0:090�0:119 � 10�1

220 5:256þ0:986þ0:075
�0:737�0:075 � 10�1 5:593þ0:336þ0:121

�0:113�0:121 � 10�1 5:623þ0:126þ0:111
�0:075�0:111 � 10�1

230 4:871þ0:942þ0:070
�0:695�0:070 � 10�1 5:184þ0:322þ0:113

�0:109�0:113 � 10�1 5:213þ0:114þ0:104
�0:075�0:104 � 10�1

240 4:523þ0:905þ0:066
�0:672�0:066 � 10�1 4:811þ0:295þ0:106

�0:118�0:106 � 10�1 4:834þ0:110þ0:097
�0:064�0:097 � 10�1

250 4:200þ0:868þ0:062
�0:633�0:062 � 10�1 4:457þ0:298þ0:099

�0:101�0:099 � 10�1 4:488þ0:107þ0:090
�0:055�0:090 � 10�1

260 3:907þ0:830þ0:058
�0:601�0:058 � 10�1 4:147þ0:272þ0:092

�0:102�0:092 � 10�1 4:175þ0:098þ0:085
�0:052�0:085 � 10�1

270 3:638þ0:796þ0:054
�0:574�0:054 � 10�1 3:860þ0:258þ0:086

�0:101�0:086 � 10�1 3:886þ0:098þ0:079
�0:044�0:079 � 10�1

280 3:391þ0:762þ0:051
�0:545�0:051 � 10�1 3:594þ0:247þ0:081

�0:098�0:081 � 10�1 3:623þ0:090þ0:075
�0:043�0:075 � 10�1

290 3:162þ0:731þ0:048
�0:516�0:048 � 10�1 3:360þ0:226þ0:076

�0:101�0:076 � 10�1 3:380þ0:086þ0:070
�0:036�0:070 � 10�1

300 2:956þ0:698þ0:045
�0:492�0:045 � 10�1 3:137þ0:217þ0:071

�0:100�0:071 � 10�1 3:156þ0:078þ0:066
�0:031�0:066 � 10�1

320 2:587þ0:640þ0:040
�0:445�0:040 � 10�1 2:740þ0:198þ0:063

�0:088�0:063 � 10�1 2:762þ0:073þ0:058
�0:027�0:058 � 10�1

340 2:268þ0:589þ0:035
�0:399�0:035 � 10�1 2:405þ0:180þ0:056

�0:081�0:056 � 10�1 2:424þ0:066þ0:052
�0:022�0:052 � 10�1

360 1:998þ0:538þ0:032
�0:362�0:032 � 10�1 2:119þ0:161þ0:049

�0:078�0:049 � 10�1 2:136þ0:057þ0:046
�0:018�0:046 � 10�1

380 1:766þ0:494þ0:028
�0:329�0:028 � 10�1 1:870þ0:147þ0:044

�0:074�0:044 � 10�1 1:886þ0:052þ0:041
�0:014�0:041 � 10�1

400 1:565þ0:453þ0:025
�0:299�0:025 � 10�1 1:657þ0:131þ0:039

�0:070�0:039 � 10�1 1:671þ0:045þ0:037
�0:014�0:037 � 10�1

450 1:169þ0:367þ0:020
�0:236�0:020 � 10�1 1:235þ0:103þ0:030

�0:058�0:030 � 10�1 1:248þ0:035þ0:028
�0:013�0:028 � 10�1

500 8:851þ2:964þ0:152
�1:876�0:152 � 10�2 9:341þ0:813þ0:229

�0:485�0:229 � 10�2 9:440þ0:265þ0:218
�0:110�0:218 � 10�2
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TABLE XVI. (Continued)

mH½GeV� �LO �NLO �NNLO

550 6:770þ2:425þ0:120
�1:495�0:120 � 10�2 7:143þ0:645þ0:178

�0:404�0:178 � 10�2 7:225þ0:209þ0:170
�0:099�0:170 � 10�2

600 5:233þ1:974þ0:095
�1:203�0:095 � 10�2 5:516þ0:514þ0:139

�0:339�0:139 � 10�2 5:581þ0:162þ0:134
�0:086�0:134 � 10�2

650 4:076þ1:621þ0:076
�0:969�0:076 � 10�2 4:296þ0:411þ0:110

�0:286�0:110 � 10�2 4:345þ0:131þ0:106
�0:072�0:106 � 10�2

700 3:198þ1:333þ0:061
�0:785�0:061 � 10�2 3:368þ0:330þ0:087

�0:239�0:087 � 10�2 3:408þ0:109þ0:085
�0:062�0:085 � 10�2

750 2:526þ1:096þ0:050
�0:638�0:050 � 10�2 2:658þ0:268þ0:070

�0:201�0:070 � 10�2 2:692þ0:081þ0:068
�0:055�0:068 � 10�2

800 2:007þ0:906þ0:041
�0:522�0:041 � 10�2 2:108þ0:216þ0:056

�0:168�0:056 � 10�2 2:136þ0:068þ0:055
�0:047�0:055 � 10�2

850 1:599þ0:753þ0:033
�0:426�0:033 � 10�2 1:680þ0:179þ0:045

�0:140�0:045 � 10�2 1:702þ0:056þ0:045
�0:040�0:045 � 10�2

900 1:281þ0:625þ0:028
�0:349�0:028 � 10�2 1:345þ0:145þ0:037

�0:118�0:037 � 10�2 1:365þ0:042þ0:037
�0:036�0:037 � 10�2

950 1:030þ0:521þ0:023
�0:287�0:023 � 10�2 1:081þ0:120þ0:030

�0:100�0:030 � 10�2 1:096þ0:035þ0:030
�0:030�0:030 � 10�2

1000 8:307þ4:344þ0:189
�2:363�0:189 � 10�3 8:713þ0:982þ0:243

�0:834�0:243 � 10�3 8:838þ0:291þ0:245
�0:259�0:245 � 10�3

TABLE XVII. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 7 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The NNPDF2.1 [77]

PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 1:818þ0:112þ0:026
�0:118�0:026 1:760þ0:056þ0:026

�0:029�0:026 1:774þ0:029þ0:023
�0:030�0:023

95 1:726þ0:114þ0:025
�0:118�0:025 1:672þ0:055þ0:025

�0:026�0:025 1:684þ0:030þ0:022
�0:031�0:022

100 1:640þ0:118þ0:024
�0:119�0:024 1:591þ0:052þ0:024

�0:028�0:024 1:603þ0:028þ0:021
�0:028�0:021

105 1:560þ0:118þ0:023
�0:118�0:023 1:515þ0:049þ0:023

�0:029�0:023 1:522þ0:028þ0:020
�0:027�0:020

110 1:482þ0:121þ0:022
�0:117�0:022 1:441þ0:051þ0:022

�0:023�0:022 1:448þ0:027þ0:019
�0:023�0:019

115 1:411þ0:121þ0:021
�0:116�0:021 1:372þ0:050þ0:021

�0:021�0:021 1:378þ0:029þ0:018
�0:024�0:018

120 1:344þ0:126þ0:020
�0:116�0:020 1:308þ0:049þ0:020

�0:022�0:020 1:318þ0:021þ0:017
�0:028�0:017

125 1:280þ0:124þ0:020
�0:111�0:020 1:246þ0:051þ0:019

�0:018�0:019 1:252þ0:026þ0:016
�0:019�0:016

130 1:221þ0:122þ0:019
�0:111�0:019 1:189þ0:050þ0:019

�0:017�0:019 1:195þ0:027þ0:016
�0:018�0:016

135 1:165þ0:123þ0:018
�0:109�0:018 1:137þ0:045þ0:018

�0:019�0:018 1:143þ0:022þ0:015
�0:017�0:015

140 1:112þ0:122þ0:017
�0:106�0:017 1:087þ0:045þ0:017

�0:021�0:017 1:093þ0:021þ0:015
�0:020�0:015

145 1:062þ0:121þ0:017
�0:103�0:017 1:037þ0:047þ0:017

�0:016�0:017 1:043þ0:021þ0:014
�0:015�0:014

150 1:015þ0:120þ0:016
�0:102�0:016 9:924þ0:453þ0:160

�0:176�0:160 � 10�1 9:990þ0:199þ0:134
�0:190�0:134 � 10�1

155 9:706þ1:189þ0:154
�0:999�0:154 � 10�1 9:492þ0:449þ0:154

�0:143�0:154 � 10�1 9:541þ0:199þ0:129
�0:146�0:129 � 10�1

160 9:283þ1:160þ0:148
�0:969�0:148 � 10�1 9:086þ0:440þ0:148

�0:142�0:148 � 10�1 9:146þ0:169þ0:124
�0:139�0:124 � 10�1

165 8:890þ1:167þ0:143
�0:949�0:143 � 10�1 8:709þ0:413þ0:143

�0:140�0:143 � 10�1 8:761þ0:183þ0:120
�0:148�0:120 � 10�1

170 8:514þ1:143þ0:137
�0:937�0:137 � 10�1 8:341þ0:416þ0:138

�0:136�0:138 � 10�1 8:390þ0:174þ0:115
�0:125�0:115 � 10�1

175 8:159þ1:123þ0:133
�0:929�0:133 � 10�1 8:006þ0:388þ0:133

�0:138�0:133 � 10�1 8:043þ0:168þ0:111
�0:124�0:111 � 10�1

180 7:831þ1:096þ0:128
�0:908�0:128 � 10�1 7:679þ0:394þ0:128

�0:138�0:128 � 10�1 7:707þ0:181þ0:107
�0:108�0:107 � 10�1

185 7:506þ1:087þ0:123
�0:879�0:123 � 10�1 7:377þ0:376þ0:124

�0:131�0:124 � 10�1 7:411þ0:156þ0:103
�0:113�0:103 � 10�1

190 7:204þ1:064þ0:119
�0:856�0:119 � 10�1 7:065þ0:377þ0:120

�0:115�0:120 � 10�1 7:118þ0:154þ0:100
�0:127�0:100 � 10�1

195 6:904þ1:057þ0:115
�0:824�0:115 � 10�1 6:789þ0:371þ0:116

�0:109�0:116 � 10�1 6:827þ0:153þ0:096
�0:094�0:096 � 10�1

200 6:640þ1:027þ0:111
�0:820�0:111 � 10�1 6:526þ0:344þ0:112

�0:110�0:112 � 10�1 6:557þ0:156þ0:093
�0:090�0:093 � 10�1

210 6:128þ0:990þ0:104
�0:776�0:104 � 10�1 6:037þ0:327þ0:104

�0:108�0:104 � 10�1 6:058þ0:150þ0:087
�0:086�0:087 � 10�1

220 5:656þ0:960þ0:097
�0:729�0:097 � 10�1 5:589þ0:312þ0:098

�0:103�0:098 � 10�1 5:612þ0:122þ0:081
�0:074�0:081 � 10�1

230 5:243þ0:915þ0:091
�0:703�0:091 � 10�1 5:180þ0:297þ0:092

�0:101�0:092 � 10�1 5:202þ0:115þ0:076
�0:071�0:076 � 10�1
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TABLE XVII. (Continued)

mH½GeV� �LO �NLO �NNLO

240 4:856þ0:884þ0:085
�0:665�0:085 � 10�1 4:809þ0:279þ0:086

�0:101�0:086 � 10�1 4:828þ0:111þ0:071
�0:072�0:071 � 10�1

250 4:512þ0:843þ0:080
�0:633�0:080 � 10�1 4:465þ0:273þ0:080

�0:092�0:080 � 10�1 4:487þ0:104þ0:067
�0:057�0:067 � 10�1

260 4:188þ0:813þ0:075
�0:598�0:075 � 10�1 4:154þ0:254þ0:076

�0:095�0:076 � 10�1 4:176þ0:097þ0:063
�0:055�0:063 � 10�1

270 3:898þ0:777þ0:070
�0:570�0:070 � 10�1 3:872þ0:240þ0:071

�0:095�0:071 � 10�1 3:888þ0:091þ0:059
�0:054�0:059 � 10�1

280 3:631þ0:743þ0:066
�0:543�0:066 � 10�1 3:614þ0:225þ0:067

�0:097�0:067 � 10�1 3:627þ0:084þ0:056
�0:044�0:056 � 10�1

290 3:386þ0:714þ0:062
�0:514�0:062 � 10�1 3:371þ0:216þ0:063

�0:088�0:063 � 10�1 3:384þ0:082þ0:053
�0:037�0:053 � 10�1

300 3:158þ0:688þ0:058
�0:489�0:058 � 10�1 3:146þ0:210þ0:059

�0:085�0:059 � 10�1 3:163þ0:075þ0:050
�0:033�0:050 � 10�1

320 2:762þ0:629þ0:052
�0:443�0:052 � 10�1 2:760þ0:185þ0:053

�0:084�0:053 � 10�1 2:770þ0:069þ0:044
�0:030�0:044 � 10�1

340 2:422þ0:575þ0:047
�0:399�0:047 � 10�1 2:423þ0:171þ0:047

�0:077�0:047 � 10�1 2:435þ0:062þ0:040
�0:023�0:040 � 10�1

360 2:130þ0:528þ0:042
�0:364�0:042 � 10�1 2:138þ0:153þ0:043

�0:075�0:043 � 10�1 2:145þ0:055þ0:036
�0:017�0:036 � 10�1

380 1:879þ0:481þ0:037
�0:329�0:037 � 10�1 1:891þ0:139þ0:038

�0:070�0:038 � 10�1 1:897þ0:050þ0:032
�0:013�0:032 � 10�1

400 1:664þ0:442þ0:034
�0:299�0:034 � 10�1 1:677þ0:126þ0:035

�0:066�0:035 � 10�1 1:682þ0:045þ0:029
�0:012�0:029 � 10�1

450 1:239þ0:355þ0:026
�0:236�0:026 � 10�1 1:256þ0:098þ0:027

�0:056�0:027 � 10�1 1:259þ0:033þ0:023
�0:010�0:023 � 10�1

500 9:335þ2:889þ0:205
�1:852�0:205 � 10�2 9:529þ0:777þ0:212

�0:469�0:212 � 10�2 9:547þ0:264þ0:182
�0:086�0:182 � 10�2

550 7:133þ2:336þ0:162
�1:490�0:162 � 10�2 7:313þ0:616þ0:169

�0:396�0:169 � 10�2 7:330þ0:197þ0:146
�0:088�0:146 � 10�2

600 5:495þ1:908þ0:130
�1:189�0:130 � 10�2 5:665þ0:495þ0:135

�0:331�0:135 � 10�2 5:682þ0:159þ0:118
�0:081�0:118 � 10�2

650 4:268þ1:559þ0:105
�0:955�0:105 � 10�2 4:428þ0:396þ0:110

�0:277�0:110 � 10�2 4:434þ0:125þ0:096
�0:064�0:096 � 10�2

700 3:341þ1:276þ0:085
�0:772�0:085 � 10�2 3:483þ0:322þ0:089

�0:235�0:089 � 10�2 3:490þ0:096þ0:079
�0:061�0:079 � 10�2

750 2:631þ1:051þ0:070
�0:625�0:070 � 10�2 2:758þ0:261þ0:073

�0:198�0:073 � 10�2 2:763þ0:082þ0:065
�0:055�0:065 � 10�2

800 2:085þ0:863þ0:057
�0:510�0:057 � 10�2 2:195þ0:213þ0:060

�0:167�0:060 � 10�2 2:200þ0:063þ0:054
�0:046�0:054 � 10�2

850 1:660þ0:712þ0:047
�0:418�0:047 � 10�2 1:755þ0:176þ0:050

�0:141�0:050 � 10�2 1:758þ0:052þ0:045
�0:040�0:045 � 10�2

900 1:325þ0:590þ0:039
�0:340�0:039 � 10�2 1:410þ0:142þ0:042

�0:119�0:042 � 10�2 1:410þ0:042þ0:037
�0:034�0:037 � 10�2

950 1:063þ0:489þ0:033
�0:279�0:033 � 10�2 1:137þ0:117þ0:035

�0:101�0:035 � 10�2 1:138þ0:034þ0:031
�0:030�0:031 � 10�2

1000 8:551þ4:076þ0:272
�2:295�0:272 � 10�3 9:192þ0:979þ0:290

�0:850�0:290 � 10�3 9:197þ0:281þ0:264
�0:254�0:264 � 10�3

TABLE XVIII. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV at LO, NLO and NNLO
in QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The ABKM [70] PDF set

has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 6:204þ0:000þ0:050
�0:130�0:050 5:927þ0:127þ0:049

�0:080�0:049 5:982þ0:039þ0:049
�0:112�0:049

95 5:920þ0:000þ0:047
�0:078�0:047 5:698þ0:081þ0:047

�0:078�0:047 5:724þ0:063þ0:047
�0:082�0:047

100 5:694þ0:000þ0:045
�0:117�0:045 5:457þ0:098þ0:044

�0:089�0:044 5:503þ0:031þ0:044
�0:109�0:044

105 5:425þ0:022þ0:042
�0:095�0:042 5:220þ0:093þ0:042

�0:079�0:042 5:261þ0:044þ0:042
�0:084�0:042

110 5:215þ0:026þ0:040
�0:124�0:040 5:011þ0:100þ0:040

�0:063�0:040 5:020þ0:076þ0:040
�0:045�0:040

115 5:003þ0:020þ0:038
�0:128�0:038 4:825þ0:073þ0:038

�0:079�0:038 4:854þ0:026þ0:038
�0:108�0:038

120 4:796þ0:054þ0:036
�0:135�0:036 4:639þ0:093þ0:036

�0:069�0:036 4:661þ0:038þ0:037
�0:074�0:037

125 4:612þ0:050þ0:035
�0:154�0:035 4:443þ0:092þ0:035

�0:069�0:035 4:485þ0:031þ0:035
�0:076�0:035

130 4:430þ0:077þ0:033
�0:151�0:033 4:269þ0:098þ0:033

�0:083�0:033 4:308þ0:034þ0:033
�0:071�0:033

135 4:265þ0:079þ0:032
�0:154�0:032 4:110þ0:086þ0:032

�0:052�0:032 4:145þ0:039þ0:032
�0:062�0:032

140 4:105þ0:099þ0:030
�0:165�0:030 3:960þ0:089þ0:030

�0:053�0:030 3:983þ0:045þ0:031
�0:049�0:031
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TABLE XVIII. (Continued)

mH½GeV� �LO �NLO �NNLO

145 3:948þ0:109þ0:029
�0:166�0:029 3:816þ0:083þ0:029

�0:052�0:029 3:839þ0:053þ0:029
�0:063�0:029

150 3:802þ0:123þ0:028
�0:166�0:028 3:674þ0:092þ0:028

�0:051�0:028 3:709þ0:031þ0:028
�0:068�0:028

155 3:662þ0:128þ0:027
�0:179�0:027 3:544þ0:089þ0:027

�0:046�0:027 3:571þ0:044þ0:027
�0:048�0:027

160 3:527þ0:140þ0:025
�0:174�0:025 3:421þ0:088þ0:026

�0:046�0:026 3:444þ0:039þ0:026
�0:051�0:026

165 3:406þ0:140þ0:024
�0:171�0:024 3:299þ0:084þ0:025

�0:047�0:025 3:348þ0:020þ0:025
�0:069�0:025

170 3:284þ0:154þ0:023
�0:172�0:023 3:191þ0:065þ0:024

�0:048�0:024 3:211þ0:033þ0:024
�0:049�0:024

175 3:173þ0:150þ0:023
�0:182�0:023 3:078þ0:082þ0:023

�0:046�0:023 3:103þ0:032þ0:023
�0:048�0:023

180 3:066þ0:147þ0:022
�0:175�0:022 2:972þ0:084þ0:022

�0:029�0:022 3:000þ0:038þ0:022
�0:043�0:022

185 2:963þ0:160þ0:021
�0:176�0:021 2:871þ0:077þ0:021

�0:036�0:021 2:905þ0:027þ0:022
�0:041�0:022

190 2:868þ0:163þ0:020
�0:183�0:020 2:776þ0:080þ0:020

�0:040�0:020 2:802þ0:042þ0:021
�0:034�0:021

195 2:767þ0:171þ0:020
�0:177�0:020 2:686þ0:082þ0:020

�0:036�0:020 2:715þ0:030þ0:020
�0:037�0:020

200 2:680þ0:167þ0:019
�0:175�0:019 2:604þ0:080þ0:019

�0:036�0:019 2:626þ0:032þ0:019
�0:035�0:019

210 2:510þ0:175þ0:018
�0:174�0:018 2:438þ0:080þ0:018

�0:035�0:018 2:467þ0:029þ0:018
�0:038�0:018

220 2:355þ0:174þ0:016
�0:172�0:016 2:290þ0:074þ0:017

�0:037�0:017 2:316þ0:030þ0:017
�0:029�0:017

230 2:213þ0:176þ0:015
�0:170�0:015 2:152þ0:079þ0:016

�0:028�0:016 2:180þ0:037þ0:016
�0:031�0:016

240 2:081þ0:178þ0:015
�0:165�0:015 2:028þ0:069þ0:015

�0:031�0:015 2:051þ0:026þ0:015
�0:021�0:015

250 1:961þ0:177þ0:014
�0:164�0:014 1:909þ0:069þ0:014

�0:021�0:014 1:935þ0:026þ0:014
�0:026�0:014

260 1:847þ0:177þ0:013
�0:158�0:013 1:801þ0:069þ0:013

�0:025�0:013 1:826þ0:027þ0:013
�0:027�0:013

270 1:742þ0:176þ0:012
�0:155�0:012 1:701þ0:070þ0:012

�0:023�0:012 1:724þ0:026þ0:013
�0:018�0:013

280 1:645þ0:174þ0:012
�0:151�0:012 1:611þ0:063þ0:012

�0:026�0:012 1:634þ0:023þ0:012
�0:025�0:012

290 1:558þ0:171þ0:011
�0:147�0:011 1:523þ0:063þ0:011

�0:022�0:011 1:543þ0:024þ0:011
�0:017�0:011

300 1:473þ0:170þ0:010
�0:142�0:010 1:443þ0:059þ0:011

�0:019�0:011 1:463þ0:025þ0:011
�0:018�0:011

320 1:325þ0:164þ0:009
�0:133�0:009 1:298þ0:060þ0:010

�0:019�0:010 1:317þ0:020þ0:010
�0:015�0:010

340 1:194þ0:157þ0:009
�0:127�0:009 1:176þ0:054þ0:009

�0:021�0:009 1:191þ0:019þ0:009
�0:015�0:009

360 1:080þ0:151þ0:008
�0:121�0:008 1:062þ0:054þ0:008

�0:021�0:008 1:079þ0:018þ0:008
�0:012�0:008

380 9:793þ1:448þ0:072
�1:136�0:072 � 10�1 9:637þ0:505þ0:073

�0:165�0:073 � 10�1 9:810þ0:160þ0:075
�0:120�0:075 � 10�1

400 8:904þ1:384þ0:066
�1:063�0:066 � 10�1 8:798þ0:461þ0:067

�0:158�0:067 � 10�1 8:926þ0:169þ0:069
�0:083�0:069 � 10�1

450 7:100þ1:229þ0:055
�0:925�0:055 � 10�1 7:032þ0:384þ0:055

�0:138�0:055 � 10�1 7:146þ0:132þ0:056
�0:075�0:056 � 10�1

500 5:738þ1:084þ0:046
�0:801�0:046 � 10�1 5:695þ0:332þ0:046

�0:122�0:046 � 10�1 5:794þ0:117þ0:047
�0:043�0:047 � 10�1

550 4:683þ0:955þ0:039
�0:687�0:039 � 10�1 4:664þ0:292þ0:039

�0:112�0:039 � 10�1 4:754þ0:089þ0:040
�0:036�0:040 � 10�1

600 3:860þ0:842þ0:033
�0:595�0:033 � 10�1 3:863þ0:243þ0:034

�0:112�0:034 � 10�1 3:934þ0:083þ0:034
�0:027�0:034 � 10�1

650 3:209þ0:743þ0:029
�0:516�0:029 � 10�1 3:222þ0:212þ0:029

�0:108�0:029 � 10�1 3:286þ0:064þ0:029
�0:025�0:029 � 10�1

700 2:687þ0:660þ0:025
�0:449�0:025 � 10�1 2:702þ0:185þ0:025

�0:090�0:025 � 10�1 2:759þ0:061þ0:025
�0:014�0:025 � 10�1

750 2:265þ0:583þ0:022
�0:390�0:022 � 10�1 2:285þ0:164þ0:022

�0:085�0:022 � 10�1 2:335þ0:053þ0:022
�0:015�0:022 � 10�1

800 1:922þ0:514þ0:019
�0:345�0:019 � 10�1 1:943þ0:147þ0:019

�0:079�0:019 � 10�1 1:982þ0:051þ0:019
�0:010�0:019 � 10�1

850 1:637þ0:458þ0:017
�0:301�0:017 � 10�1 1:661þ0:127þ0:017

�0:070�0:017 � 10�1 1:696þ0:040þ0:017
�0:010�0:017 � 10�1

900 1:402þ0:407þ0:015
�0:265�0:015 � 10�1 1:424þ0:114þ0:015

�0:062�0:015 � 10�1 1:460þ0:032þ0:015
�0:013�0:015 � 10�1

950 1:205þ0:362þ0:013
�0:233�0:013 � 10�1 1:229þ0:097þ0:013

�0:058�0:013 � 10�1 1:260þ0:030þ0:013
�0:012�0:013 � 10�1

1000 1:040þ0:323þ0:012
�0:205�0:012 � 10�1 1:063þ0:086þ0:012

�0:054�0:012 � 10�1 1:091þ0:024þ0:012
�0:012�0:012 � 10�1
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TABLE XIX. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The HERAPDF1.5

[73,74] PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 6:192þ0:000þ0:104
�0:130�0:104 5:955þ0:137þ0:103

�0:076�0:103 5:897þ0:073þ0:102
�0:103�0:102

95 5:930þ0:000þ0:101
�0:097�0:101 5:701þ0:108þ0:099

�0:099�0:099 5:665þ0:054þ0:099
�0:100�0:099

100 5:687þ0:000þ0:097
�0:074�0:097 5:471þ0:103þ0:096

�0:093�0:096 5:448þ0:025þ0:096
�0:136�0:096

105 5:438þ0:013þ0:093
�0:074�0:093 5:237þ0:104þ0:092

�0:059�0:092 5:196þ0:055þ0:092
�0:088�0:092

110 5:225þ0:012þ0:090
�0:106�0:090 5:026þ0:072þ0:089

�0:060�0:089 4:988þ0:060þ0:089
�0:081�0:089

115 5:011þ0:029þ0:087
�0:096�0:087 4:820þ0:097þ0:086

�0:053�0:086 4:786þ0:039þ0:086
�0:091�0:086

120 4:816þ0:031þ0:084
�0:104�0:084 4:643þ0:079þ0:083

�0:074�0:083 4:602þ0:052þ0:083
�0:073�0:083

125 4:631þ0:033þ0:081
�0:124�0:081 4:450þ0:095þ0:080

�0:047�0:080 4:427þ0:045þ0:080
�0:077�0:080

130 4:452þ0:065þ0:079
�0:133�0:079 4:292þ0:086þ0:078

�0:067�0:078 4:264þ0:037þ0:077
�0:080�0:077

135 4:283þ0:078þ0:076
�0:137�0:076 4:135þ0:089þ0:075

�0:056�0:075 4:099þ0:044þ0:075
�0:066�0:075

140 4:122þ0:083þ0:073
�0:142�0:073 3:980þ0:088þ0:073

�0:049�0:073 3:954þ0:026þ0:072
�0:077�0:072

145 3:973þ0:097þ0:071
�0:148�0:071 3:838þ0:067þ0:070

�0:047�0:070 3:823þ0:020þ0:070
�0:080�0:070

150 3:830þ0:099þ0:069
�0:146�0:069 3:704þ0:073þ0:068

�0:050�0:068 3:670þ0:031þ0:068
�0:065�0:068

155 3:687þ0:104þ0:067
�0:152�0:067 3:565þ0:071þ0:066

�0:046�0:066 3:540þ0:033þ0:066
�0:067�0:066

160 3:548þ0:145þ0:064
�0:149�0:064 3:444þ0:084þ0:064

�0:053�0:064 3:413þ0:033þ0:064
�0:056�0:064

165 3:432þ0:123þ0:063
�0:156�0:063 3:333þ0:064þ0:062

�0:057�0:062 3:288þ0:043þ0:062
�0:051�0:062

170 3:315þ0:128þ0:061
�0:163�0:061 3:205þ0:078þ0:060

�0:046�0:060 3:181þ0:037þ0:060
�0:050�0:060

175 3:201þ0:135þ0:059
�0:158�0:059 3:098þ0:079þ0:058

�0:041�0:058 3:079þ0:040þ0:058
�0:057�0:058

180 3:090þ0:139þ0:057
�0:163�0:057 2:994þ0:076þ0:057

�0:047�0:057 2:971þ0:035þ0:056
�0:045�0:056

185 2:982þ0:150þ0:055
�0:159�0:055 2:899þ0:073þ0:055

�0:043�0:055 2:875þ0:028þ0:055
�0:049�0:055

190 2:887þ0:152þ0:054
�0:160�0:054 2:799þ0:076þ0:053

�0:040�0:053 2:786þ0:023þ0:053
�0:047�0:053

195 2:792þ0:149þ0:052
�0:162�0:052 2:707þ0:077þ0:052

�0:036�0:052 2:692þ0:032þ0:052
�0:046�0:052

200 2:701þ0:157þ0:051
�0:161�0:051 2:623þ0:070þ0:050

�0:035�0:050 2:608þ0:026þ0:050
�0:039�0:050

210 2:531þ0:165þ0:048
�0:160�0:048 2:458þ0:071þ0:047

�0:032�0:047 2:449þ0:026þ0:048
�0:031�0:048

220 2:376þ0:161þ0:045
�0:162�0:045 2:313þ0:071þ0:045

�0:031�0:045 2:294þ0:035þ0:045
�0:042�0:045

230 2:229þ0:172þ0:043
�0:154�0:043 2:175þ0:065þ0:043

�0:030�0:043 2:161þ0:029þ0:042
�0:036�0:042

240 2:099þ0:171þ0:040
�0:150�0:040 2:048þ0:065þ0:040

�0:031�0:040 2:034þ0:029þ0:040
�0:030�0:040

250 1:984þ0:161þ0:038
�0:156�0:038 1:929þ0:067þ0:038

�0:028�0:038 1:919þ0:026þ0:038
�0:024�0:038

260 1:869þ0:167þ0:036
�0:152�0:036 1:821þ0:066þ0:036

�0:024�0:036 1:811þ0:026þ0:036
�0:032�0:036

270 1:764þ0:166þ0:034
�0:149�0:034 1:721þ0:064þ0:035

�0:022�0:035 1:710þ0:026þ0:034
�0:024�0:034

280 1:667þ0:165þ0:033
�0:142�0:033 1:629þ0:060þ0:033

�0:023�0:033 1:618þ0:025þ0:033
�0:022�0:033

290 1:577þ0:165þ0:031
�0:139�0:031 1:541þ0:059þ0:031

�0:023�0:031 1:533þ0:025þ0:031
�0:022�0:031

300 1:493þ0:162þ0:030
�0:137�0:030 1:460þ0:062þ0:030

�0:020�0:030 1:454þ0:022þ0:030
�0:021�0:030

320 1:344þ0:155þ0:027
�0:129�0:027 1:315þ0:058þ0:027

�0:019�0:027 1:308þ0:024þ0:027
�0:015�0:027

340 1:213þ0:150þ0:025
�0:123�0:025 1:191þ0:052þ0:025

�0:021�0:025 1:183þ0:023þ0:025
�0:016�0:025

360 1:097þ0:144þ0:022
�0:116�0:022 1:077þ0:051þ0:023

�0:016�0:023 1:073þ0:018þ0:023
�0:014�0:023

380 9:950þ1:400þ0:205
�1:082�0:205 � 10�1 9:791þ0:483þ0:207

�0:149�0:207 � 10�1 9:741þ0:203þ0:206
�0:108�0:206 � 10�1

400 9:073þ1:319þ0:188
�1:043�0:188 � 10�1 8:928þ0:448þ0:190

�0:143�0:190 � 10�1 8:891þ0:168þ0:190
�0:103�0:190 � 10�1

450 7:245þ1:181þ0:153
�0:896�0:153 � 10�1 7:145þ0:402þ0:155

�0:108�0:155 � 10�1 7:123þ0:150þ0:155
�0:081�0:155 � 10�1

500 5:859þ1:053þ0:126
�0:782�0:126 � 10�1 5:800þ0:338þ0:128

�0:113�0:128 � 10�1 5:787þ0:120þ0:128
�0:061�0:128 � 10�1
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TABLE XIX. (Continued)

mH½GeV� �LO �NLO �NNLO

550 4:800þ0:919þ0:105
�0:681�0:105 � 10�1 4:764þ0:289þ0:107

�0:106�0:107 � 10�1 4:749þ0:098þ0:107
�0:052�0:107 � 10�1

600 3:954þ0:823þ0:088
�0:584�0:088 � 10�1 3:940þ0:254þ0:090

�0:098�0:090 � 10�1 3:931þ0:091þ0:090
�0:039�0:090 � 10�1

650 3:299þ0:726þ0:074
�0:518�0:074 � 10�1 3:290þ0:221þ0:076

�0:091�0:076 � 10�1 3:287þ0:072þ0:076
�0:030�0:076 � 10�1

700 2:764þ0:647þ0:063
�0:449�0:063 � 10�1 2:775þ0:184þ0:065

�0:091�0:065 � 10�1 2:765þ0:061þ0:065
�0:023�0:065 � 10�1

750 2:332þ0:574þ0:054
�0:392�0:054 � 10�1 2:344þ0:166þ0:055

�0:080�0:055 � 10�1 2:340þ0:057þ0:055
�0:014�0:055 � 10�1

800 1:981þ0:509þ0:046
�0:346�0:046 � 10�1 1:995þ0:147þ0:048

�0:072�0:048 � 10�1 1:995þ0:045þ0:048
�0:015�0:048 � 10�1

850 1:689þ0:456þ0:040
�0:302�0:040 � 10�1 1:709þ0:129þ0:041

�0:069�0:041 � 10�1 1:707þ0:040þ0:041
�0:010�0:041 � 10�1

900 1:447þ0:405þ0:035
�0:267�0:035 � 10�1 1:468þ0:114þ0:036

�0:061�0:036 � 10�1 1:467þ0:036þ0:036
�0:010�0:036 � 10�1

950 1:246þ0:363þ0:030
�0:236�0:030 � 10�1 1:269þ0:098þ0:032

�0:058�0:032 � 10�1 1:267þ0:032þ0:032
�0:010�0:032 � 10�1

1000 1:078þ0:322þ0:027
�0:211�0:027 � 10�1 1:099þ0:088þ0:028

�0:054�0:028 � 10�1 1:096þ0:029þ0:028
�0:008�0:028 � 10�1

TABLE XX. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The JR09 [75,76] PDF

set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 5:930þ0:018þ0:065
�0:184�0:065 5:691þ0:122þ0:065

�0:071�0:065 5:724þ0:048þ0:060
�0:098�0:060

95 5:689þ0:021þ0:063
�0:178�0:063 5:401þ0:181þ0:062

�0:058�0:062 5:473þ0:056þ0:057
�0:098�0:057

100 5:452þ0:002þ0:060
�0:146�0:060 5:236þ0:111þ0:060

�0:072�0:060 5:250þ0:041þ0:055
�0:095�0:055

105 5:227þ0:000þ0:058
�0:109�0:058 5:018þ0:109þ0:057

�0:057�0:057 5:029þ0:062þ0:053
�0:067�0:053

110 5:025þ0:000þ0:056
�0:080�0:056 4:828þ0:085þ0:055

�0:060�0:055 4:852þ0:041þ0:051
�0:078�0:051

115 4:824þ0:000þ0:054
�0:064�0:054 4:642þ0:092þ0:053

�0:056�0:053 4:656þ0:046þ0:049
�0:066�0:049

120 4:636þ0:004þ0:052
�0:072�0:052 4:461þ0:084þ0:051

�0:050�0:051 4:473þ0:047þ0:047
�0:070�0:047

125 4:464þ0:004þ0:050
�0:087�0:050 4:293þ0:077þ0:049

�0:047�0:049 4:305þ0:035þ0:046
�0:068�0:046

130 4:293þ0:017þ0:048
�0:084�0:048 4:136þ0:068þ0:048

�0:051�0:048 4:152þ0:026þ0:044
�0:072�0:044

135 4:132þ0:021þ0:047
�0:089�0:047 3:986þ0:081þ0:046

�0:046�0:046 3:996þ0:040þ0:043
�0:054�0:043

140 3:985þ0:028þ0:045
�0:100�0:045 3:840þ0:074þ0:045

�0:041�0:045 3:850þ0:038þ0:042
�0:050�0:042

145 3:838þ0:034þ0:044
�0:102�0:044 3:707þ0:063þ0:043

�0:049�0:043 3:706þ0:033þ0:040
�0:052�0:040

150 3:703þ0:037þ0:042
�0:111�0:042 3:562þ0:079þ0:042

�0:037�0:042 3:578þ0:033þ0:039
�0:049�0:039

155 3:568þ0:058þ0:041
�0:112�0:041 3:450þ0:063þ0:041

�0:061�0:041 3:452þ0:032þ0:038
�0:050�0:038

160 3:445þ0:065þ0:040
�0:114�0:040 3:331þ0:071þ0:040

�0:034�0:040 3:332þ0:028þ0:037
�0:046�0:037

165 3:332þ0:066þ0:039
�0:124�0:039 3:216þ0:073þ0:038

�0:051�0:038 3:222þ0:028þ0:037
�0:049�0:037

170 3:216þ0:077þ0:038
�0:121�0:038 3:112þ0:070þ0:037

�0:045�0:037 3:114þ0:025þ0:036
�0:049�0:036

175 3:111þ0:070þ0:037
�0:132�0:037 3:005þ0:069þ0:036

�0:031�0:036 3:010þ0:027þ0:035
�0:041�0:035

180 3:004þ0:090þ0:036
�0:122�0:036 2:912þ0:063þ0:035

�0:039�0:035 2:907þ0:041þ0:034
�0:037�0:034

185 2:905þ0:100þ0:035
�0:123�0:035 2:813þ0:056þ0:034

�0:034�0:034 2:815þ0:024þ0:033
�0:037�0:033

190 2:813þ0:101þ0:034
�0:127�0:034 2:724þ0:069þ0:033

�0:034�0:033 2:723þ0:027þ0:033
�0:037�0:033

195 2:719þ0:109þ0:033
�0:123�0:033 2:638þ0:066þ0:032

�0:035�0:032 2:637þ0:027þ0:032
�0:032�0:032

200 2:633þ0:113þ0:032
�0:128�0:032 2:555þ0:065þ0:032

�0:031�0:032 2:557þ0:038þ0:031
�0:037�0:031

210 2:473þ0:119þ0:030
�0:130�0:030 2:407þ0:057þ0:030

�0:035�0:030 2:401þ0:025þ0:030
�0:039�0:030

220 2:327þ0:119þ0:029
�0:135�0:029 2:257þ0:065þ0:029

�0:029�0:029 2:258þ0:023þ0:029
�0:028�0:029

230 2:188þ0:124þ0:028
�0:128�0:028 2:126þ0:062þ0:027

�0:021�0:027 2:129þ0:019þ0:028
�0:035�0:028
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mH½GeV� �LO �NLO �NNLO

240 2:063þ0:121þ0:026
�0:133�0:026 2:005þ0:055þ0:026

�0:025�0:026 2:002þ0:026þ0:027
�0:025�0:027

250 1:946þ0:129þ0:025
�0:133�0:025 1:895þ0:055þ0:025

�0:026�0:025 1:890þ0:020þ0:026
�0:022�0:026

260 1:840þ0:128þ0:024
�0:129�0:024 1:790þ0:053þ0:024

�0:022�0:024 1:788þ0:018þ0:025
�0:022�0:025

270 1:739þ0:129þ0:023
�0:128�0:023 1:697þ0:048þ0:023

�0:026�0:023 1:692þ0:018þ0:024
�0:022�0:024

280 1:645þ0:131þ0:022
�0:123�0:022 1:603þ0:051þ0:022

�0:021�0:022 1:600þ0:021þ0:023
�0:019�0:023

290 1:558þ0:131þ0:021
�0:122�0:021 1:520þ0:050þ0:021

�0:017�0:021 1:518þ0:018þ0:022
�0:019�0:022

300 1:478þ0:130þ0:020
�0:119�0:020 1:442þ0:048þ0:020

�0:018�0:020 1:439þ0:019þ0:022
�0:017�0:022

320 1:331þ0:130þ0:019
�0:114�0:019 1:297þ0:052þ0:018

�0:013�0:018 1:299þ0:017þ0:020
�0:016�0:020

340 1:204þ0:124þ0:017
�0:110�0:017 1:180þ0:042þ0:017

�0:017�0:017 1:174þ0:018þ0:019
�0:013�0:019

360 1:092þ0:122þ0:016
�0:103�0:016 1:071þ0:041þ0:016

�0:015�0:016 1:067þ0:017þ0:018
�0:012�0:018

380 9:938þ1:175þ0:150
�0:990�0:150 � 10�1 9:766þ0:391þ0:148

�0:159�0:148 � 10�1 9:713þ0:139þ0:166
�0:102�0:166 � 10�1

400 9:057þ1:142þ0:140
�0:938�0:140 � 10�1 8:907þ0:377þ0:138

�0:128�0:138 � 10�1 8:861þ0:137þ0:156
�0:089�0:156 � 10�1

450 7:266þ1:039þ0:118
�0:826�0:118 � 10�1 7:165þ0:326þ0:117

�0:104�0:117 � 10�1 7:126þ0:109þ0:134
�0:072�0:134 � 10�1

500 5:901þ0:934þ0:101
�0:722�0:101 � 10�1 5:831þ0:288þ0:100

�0:091�0:100 � 10�1 5:797þ0:095þ0:116
�0:049�0:116 � 10�1

550 4:847þ0:828þ0:088
�0:637�0:088 � 10�1 4:804þ0:244þ0:086

�0:088�0:086 � 10�1 4:765þ0:087þ0:100
�0:040�0:100 � 10�1

600 4:011þ0:745þ0:076
�0:549�0:076 � 10�1 3:989þ0:227þ0:075

�0:082�0:075 � 10�1 3:958þ0:069þ0:088
�0:033�0:088 � 10�1

650 3:351þ0:661þ0:066
�0:483�0:066 � 10�1 3:343þ0:190þ0:066

�0:076�0:066 � 10�1 3:313þ0:057þ0:076
�0:024�0:076 � 10�1

700 2:816þ0:593þ0:058
�0:426�0:058 � 10�1 2:818þ0:168þ0:058

�0:071�0:058 � 10�1 2:788þ0:055þ0:067
�0:014�0:067 � 10�1

750 2:382þ0:531þ0:051
�0:374�0:051 � 10�1 2:393þ0:145þ0:051

�0:074�0:051 � 10�1 2:363þ0:048þ0:059
�0:011�0:059 � 10�1

800 2:027þ0:471þ0:046
�0:328�0:046 � 10�1 2:038þ0:132þ0:045

�0:061�0:045 � 10�1 2:014þ0:041þ0:052
�0:008�0:052 � 10�1

850 1:733þ0:424þ0:041
�0:292�0:041 � 10�1 1:746þ0:116þ0:040

�0:058�0:040 � 10�1 1:727þ0:036þ0:046
�0:008�0:046 � 10�1

900 1:488þ0:380þ0:036
�0:259�0:036 � 10�1 1:507þ0:099þ0:036

�0:058�0:036 � 10�1 1:486þ0:030þ0:041
�0:008�0:041 � 10�1

950 1:283þ0:338þ0:032
�0:229�0:032 � 10�1 1:300þ0:090þ0:032

�0:050�0:032 � 10�1 1:284þ0:025þ0:036
�0:008�0:036 � 10�1

1000 1:110þ0:304þ0:029
�0:204�0:029 � 10�1 1:128þ0:081þ0:029

�0:046�0:029 � 10�1 1:112þ0:023þ0:032
�0:007�0:032 � 10�1

TABLE XXI. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The MSTW2008 [63]

PDF set (68% CL) has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 5:508þ0:000þ0:059
�0:151�0:059 5:809þ0:147þ0:105

�0:072�0:105 5:857þ0:076þ0:094
�0:098�0:094

95 5:266þ0:000þ0:057
�0:094�0:057 5:583þ0:124þ0:101

�0:068�0:101 5:644þ0:045þ0:091
�0:146�0:091

100 5:040þ0:000þ0:055
�0:079�0:055 5:352þ0:110þ0:097

�0:069�0:097 5:382þ0:052þ0:086
�0:104�0:086

105 4:837þ0:000þ0:053
�0:070�0:053 5:141þ0:101þ0:093

�0:066�0:093 5:147þ0:073þ0:083
�0:075�0:083

110 4:645þ0:001þ0:051
�0:092�0:051 4:939þ0:081þ0:090

�0:061�0:090 4:961þ0:027þ0:080
�0:119�0:080

115 4:456þ0:007þ0:049
�0:145�0:049 4:748þ0:068þ0:086

�0:072�0:086 4:752þ0:054þ0:077
�0:089�0:077

120 4:285þ0:019þ0:048
�0:113�0:048 4:548þ0:095þ0:083

�0:062�0:083 4:562þ0:082þ0:074
�0:044�0:074

125 4:115þ0:021þ0:046
�0:119�0:046 4:375þ0:077þ0:080

�0:052�0:080 4:391þ0:040þ0:072
�0:087�0:072

130 3:961þ0:040þ0:044
�0:131�0:044 4:219þ0:071þ0:077

�0:062�0:077 4:224þ0:091þ0:069
�0:075�0:069

135 3:802þ0:058þ0:043
�0:128�0:043 4:064þ0:073þ0:075

�0:076�0:075 4:076þ0:030þ0:067
�0:081�0:067

140 3:670þ0:061þ0:042
�0:137�0:042 3:906þ0:087þ0:072

�0:043�0:072 3:926þ0:030þ0:064
�0:084�0:064

TABLE XX. (Continued)
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TABLE XXI. (Continued)

mH½GeV� �LO �NLO �NNLO

145 3:531þ0:075þ0:040
�0:142�0:040 3:764þ0:080þ0:070

�0:044�0:070 3:781þ0:039þ0:062
�0:071�0:062

150 3:405þ0:085þ0:039
�0:145�0:039 3:630þ0:084þ0:067

�0:063�0:067 3:642þ0:042þ0:060
�0:077�0:060

155 3:283þ0:100þ0:038
�0:149�0:038 3:498þ0:081þ0:065

�0:044�0:065 3:514þ0:042þ0:058
�0:068�0:058

160 3:165þ0:107þ0:037
�0:156�0:037 3:377þ0:087þ0:063

�0:050�0:063 3:385þ0:039þ0:056
�0:068�0:056

165 3:053þ0:104þ0:035
�0:149�0:035 3:258þ0:079þ0:061

�0:044�0:061 3:275þ0:037þ0:055
�0:067�0:055

170 2:947þ0:123þ0:034
�0:149�0:034 3:150þ0:079þ0:059

�0:046�0:059 3:160þ0:042þ0:053
�0:060�0:053

175 2:851þ0:115þ0:033
�0:159�0:033 3:046þ0:076þ0:057

�0:047�0:057 3:075þ0:016þ0:052
�0:081�0:052

180 2:756þ0:124þ0:032
�0:160�0:032 2:938þ0:079þ0:055

�0:040�0:055 2:950þ0:040þ0:050
�0:062�0:050

185 2:663þ0:129þ0:031
�0:158�0:031 2:842þ0:076þ0:054

�0:040�0:054 2:853þ0:049þ0:048
�0:054�0:048

190 2:571þ0:136þ0:031
�0:152�0:031 2:749þ0:070þ0:052

�0:035�0:052 2:760þ0:041þ0:047
�0:048�0:047

195 2:491þ0:139þ0:030
�0:154�0:030 2:650þ0:088þ0:050

�0:030�0:050 2:668þ0:041þ0:045
�0:045�0:045

200 2:412þ0:144þ0:029
�0:158�0:029 2:574þ0:077þ0:049

�0:036�0:049 2:581þ0:040þ0:044
�0:047�0:044

210 2:262þ0:148þ0:027
�0:156�0:027 2:416þ0:074þ0:046

�0:035�0:046 2:423þ0:040þ0:041
�0:045�0:041

220 2:120þ0:156þ0:026
�0:150�0:026 2:267þ0:075þ0:044

�0:029�0:044 2:276þ0:037þ0:039
�0:039�0:039

230 1:998þ0:154þ0:025
�0:152�0:025 2:132þ0:074þ0:041

�0:027�0:041 2:142þ0:033þ0:037
�0:033�0:037

240 1:880þ0:156þ0:023
�0:149�0:023 2:010þ0:072þ0:039

�0:031�0:039 2:018þ0:033þ0:035
�0:032�0:035

250 1:773þ0:155þ0:022
�0:147�0:022 1:894þ0:074þ0:037

�0:028�0:037 1:903þ0:028þ0:033
�0:037�0:033

260 1:673þ0:156þ0:021
�0:143�0:021 1:785þ0:068þ0:035

�0:025�0:035 1:796þ0:032þ0:032
�0:031�0:032

270 1:580þ0:156þ0:020
�0:141�0:020 1:691þ0:061þ0:033

�0:030�0:033 1:695þ0:032þ0:030
�0:028�0:030

280 1:496þ0:153þ0:019
�0:139�0:019 1:598þ0:064þ0:032

�0:025�0:032 1:604þ0:028þ0:029
�0:028�0:029

290 1:416þ0:155þ0:018
�0:135�0:018 1:512þ0:062þ0:030

�0:020�0:030 1:519þ0:027þ0:027
�0:023�0:027

300 1:342þ0:150þ0:017
�0:132�0:017 1:430þ0:067þ0:029

�0:020�0:029 1:442þ0:024þ0:026
�0:025�0:026

320 1:208þ0:149þ0:016
�0:124�0:016 1:288þ0:063þ0:026

�0:018�0:026 1:298þ0:024þ0:024
�0:021�0:024

340 1:093þ0:143þ0:014
�0:121�0:014 1:165þ0:054þ0:024

�0:016�0:024 1:172þ0:023þ0:022
�0:019�0:022

360 9:925þ1:344þ0:133
�1:156�0:133 � 10�1 1:055þ0:054þ0:022

�0:015�0:022 1:061þ0:021þ0:020
�0:015�0:020

380 8:999þ1:354þ0:122
�1:073�0:122 � 10�1 9:599þ0:490þ0:199

�0:142�0:199 � 10�1 9:656þ0:190þ0:181
�0:141�0:181 � 10�1

400 8:192þ1:294þ0:112
�0:997�0:112 � 10�1 8:746þ0:478þ0:183

�0:157�0:183 � 10�1 8:780þ0:205þ0:166
�0:110�0:166 � 10�1

450 6:573þ1:137þ0:092
�0:878�0:092 � 10�1 7:008þ0:394þ0:149

�0:129�0:149 � 10�1 7:045þ0:156þ0:136
�0:101�0:136 � 10�1

500 5:330þ1:018þ0:077
�0:761�0:077 � 10�1 5:677þ0:342þ0:123

�0:117�0:123 � 10�1 5:714þ0:127þ0:113
�0:067�0:113 � 10�1

550 4:372þ0:908þ0:064
�0:663�0:064 � 10�1 4:654þ0:302þ0:102

�0:115�0:102 � 10�1 4:678þ0:118þ0:094
�0:046�0:094 � 10�1

600 3:621þ0:809þ0:054
�0:580�0:054 � 10�1 3:852þ0:253þ0:086

�0:106�0:086 � 10�1 3:877þ0:091þ0:079
�0:042�0:079 � 10�1

650 3:024þ0:713þ0:046
�0:504�0:046 � 10�1 3:211þ0:220þ0:073

�0:100�0:073 � 10�1 3:232þ0:079þ0:067
�0:028�0:067 � 10�1

700 2:539þ0:640þ0:039
�0:442�0:039 � 10�1 2:694þ0:201þ0:062

�0:089�0:062 � 10�1 2:716þ0:070þ0:057
�0:022�0:057 � 10�1

750 2:148þ0:569þ0:034
�0:388�0:034 � 10�1 2:283þ0:166þ0:053

�0:087�0:053 � 10�1 2:297þ0:063þ0:049
�0:017�0:049 � 10�1

800 1:827þ0:511þ0:029
�0:340�0:029 � 10�1 1:937þ0:150þ0:045

�0:075�0:045 � 10�1 1:955þ0:054þ0:042
�0:013�0:042 � 10�1

850 1:563þ0:456þ0:025
�0:300�0:025 � 10�1 1:656þ0:130þ0:039

�0:068�0:039 � 10�1 1:673þ0:041þ0:037
�0:015�0:037 � 10�1

900 1:342þ0:408þ0:022
�0:265�0:022 � 10�1 1:421þ0:116þ0:034

�0:063�0:034 � 10�1 1:436þ0:037þ0:032
�0:014�0:032 � 10�1

950 1:158þ0:363þ0:019
�0:234�0:019 � 10�1 1:226þ0:101þ0:030

�0:057�0:030 � 10�1 1:237þ0:035þ0:028
�0:012�0:028 � 10�1

1000 1:002þ0:326þ0:017
�0:208�0:017 � 10�1 1:062þ0:090þ0:026

�0:053�0:026 � 10�1 1:070þ0:030þ0:024
�0:011�0:024 � 10�1
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TABLE XXII. Total VBF cross sections at the LHC,
ffiffiffi
S

p ¼ 14 TeV at LO, NLO and NNLO in
QCD. Errors shown are, respectively, scale and PDF uncertainties. Scale uncertainties are
evaluated by varying �r and �f in the interval �r, �f 2 ½Q=4; 4Q�. The NNPDF2.1 [77]

PDF set has been used. Numbers are in pb.

mH½GeV� �LO �NLO �NNLO

90 5:980þ0:022þ0:080
�0:186�0:080 5:712þ0:163þ0:078

�0:068�0:078 5:810þ0:056þ0:072
�0:132�0:072

95 5:733þ0:011þ0:076
�0:182�0:076 5:498þ0:128þ0:075

�0:069�0:075 5:565þ0:062þ0:069
�0:111�0:069

100 5:497þ0:015þ0:073
�0:147�0:073 5:265þ0:122þ0:072

�0:088�0:072 5:344þ0:049þ0:066
�0:115�0:066

105 5:262þ0:000þ0:070
�0:101�0:070 5:065þ0:105þ0:069

�0:071�0:069 5:106þ0:072þ0:063
�0:085�0:063

110 5:055þ0:000þ0:067
�0:080�0:067 4:862þ0:100þ0:066

�0:077�0:066 4:913þ0:045þ0:060
�0:108�0:060

115 4:848þ0:012þ0:065
�0:114�0:065 4:668þ0:090þ0:064

�0:067�0:064 4:716þ0:061þ0:058
�0:085�0:058

120 4:684þ0:000þ0:062
�0:107�0:062 4:490þ0:090þ0:061

�0:069�0:061 4:542þ0:040þ0:055
�0:093�0:055

125 4:479þ0:017þ0:060
�0:089�0:060 4:317þ0:083þ0:059

�0:061�0:059 4:363þ0:047þ0:053
�0:081�0:053

130 4:307þ0:024þ0:058
�0:100�0:058 4:148þ0:078þ0:057

�0:055�0:057 4:218þ0:019þ0:051
�0:104�0:051

135 4:148þ0:026þ0:056
�0:110�0:056 4:002þ0:071þ0:055

�0:057�0:055 4:035þ0:045þ0:049
�0:071�0:049

140 3:996þ0:029þ0:054
�0:122�0:054 3:854þ0:068þ0:053

�0:050�0:053 3:890þ0:031þ0:047
�0:081�0:047

145 3:846þ0:044þ0:052
�0:116�0:052 3:714þ0:070þ0:051

�0:052�0:051 3:747þ0:039þ0:046
�0:067�0:046

150 3:725þ0:042þ0:051
�0:138�0:051 3:561þ0:093þ0:049

�0:038�0:049 3:616þ0:035þ0:044
�0:075�0:044

155 3:575þ0:068þ0:049
�0:113�0:049 3:449þ0:081þ0:048

�0:051�0:048 3:487þ0:032þ0:042
�0:082�0:042

160 3:449þ0:067þ0:047
�0:134�0:047 3:325þ0:086þ0:046

�0:035�0:046 3:362þ0:039þ0:041
�0:068�0:041

165 3:333þ0:081þ0:046
�0:142�0:046 3:212þ0:084þ0:045

�0:037�0:045 3:257þ0:026þ0:040
�0:070�0:040

170 3:213þ0:088þ0:044
�0:138�0:044 3:109þ0:076þ0:044

�0:044�0:044 3:135þ0:034þ0:038
�0:061�0:038

175 3:105þ0:095þ0:043
�0:142�0:043 3:001þ0:082þ0:042

�0:042�0:042 3:033þ0:034þ0:037
�0:060�0:037

180 2:993þ0:113þ0:041
�0:137�0:041 2:900þ0:071þ0:041

�0:036�0:041 2:932þ0:029þ0:036
�0:058�0:036

185 2:902þ0:107þ0:040
�0:150�0:040 2:810þ0:074þ0:040

�0:041�0:040 2:830þ0:033þ0:035
�0:048�0:035

190 2:804þ0:120þ0:039
�0:143�0:039 2:714þ0:076þ0:039

�0:039�0:039 2:742þ0:033þ0:034
�0:049�0:034

195 2:707þ0:126þ0:038
�0:142�0:038 2:625þ0:071þ0:037

�0:034�0:037 2:651þ0:034þ0:033
�0:051�0:033

200 2:628þ0:117þ0:037
�0:149�0:037 2:542þ0:076þ0:036

�0:033�0:036 2:565þ0:037þ0:032
�0:046�0:032

210 2:461þ0:131þ0:035
�0:147�0:035 2:387þ0:069þ0:034

�0:031�0:034 2:406þ0:036þ0:030
�0:042�0:030

220 2:311þ0:141þ0:033
�0:152�0:033 2:244þ0:071þ0:033

�0:034�0:033 2:263þ0:032þ0:028
�0:037�0:028

230 2:174þ0:141þ0:031
�0:151�0:031 2:112þ0:064þ0:031

�0:031�0:031 2:128þ0:031þ0:026
�0:038�0:026

240 2:045þ0:143þ0:029
�0:144�0:029 1:989þ0:066þ0:029

�0:030�0:029 2:000þ0:032þ0:025
�0:033�0:025

250 1:927þ0:148þ0:028
�0:141�0:028 1:874þ0:065þ0:028

�0:024�0:028 1:890þ0:028þ0:024
�0:032�0:024

260 1:821þ0:142þ0:027
�0:143�0:027 1:772þ0:061þ0:027

�0:027�0:027 1:784þ0:028þ0:022
�0:028�0:022

270 1:718þ0:146þ0:025
�0:138�0:025 1:673þ0:059þ0:025

�0:025�0:025 1:685þ0:027þ0:021
�0:027�0:021

280 1:624þ0:147þ0:024
�0:135�0:024 1:585þ0:056þ0:024

�0:022�0:024 1:595þ0:029þ0:020
�0:026�0:020

290 1:538þ0:145þ0:023
�0:132�0:023 1:501þ0:060þ0:023

�0:023�0:023 1:511þ0:029þ0:019
�0:024�0:019

300 1:457þ0:144þ0:022
�0:129�0:022 1:424þ0:053þ0:022

�0:022�0:022 1:436þ0:021þ0:018
�0:027�0:018

320 1:310þ0:142þ0:020
�0:123�0:020 1:278þ0:055þ0:020

�0:018�0:020 1:291þ0:023þ0:017
�0:022�0:017

340 1:186þ0:135þ0:018
�0:121�0:018 1:158þ0:053þ0:018

�0:016�0:018 1:167þ0:021þ0:015
�0:018�0:015

360 1:073þ0:132þ0:017
�0:113�0:017 1:051þ0:047þ0:017

�0:014�0:017 1:056þ0:022þ0:014
�0:015�0:014

380 9:737þ1:290þ0:155
�1:059�0:155 � 10�1 9:551þ0:467þ0:155

�0:151�0:155 � 10�1 9:612þ0:184þ0:129
�0:153�0:129 � 10�1

400 8:859þ1:226þ0:143
�1:002�0:143 � 10�1 8:711þ0:421þ0:144

�0:141�0:144 � 10�1 8:764þ0:169þ0:119
�0:125�0:119 � 10�1

450 7:079þ1:118þ0:118
�0:868�0:118 � 10�1 6:985þ0:368þ0:119

�0:115�0:119 � 10�1 7:024þ0:152þ0:098
�0:102�0:098 � 10�1

500 5:733þ1:011þ0:098
�0:750�0:098 � 10�1 5:675þ0:321þ0:099

�0:106�0:099 � 10�1 5:704þ0:114þ0:082
�0:077�0:082 � 10�1
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d4qi ¼ dQ2
i d

2q?
i

dxi
2xi

; (A9)

and

P2
Xi
¼ Q2

i

�
1

xi
� 1

�
: (A10)

The phase space Eq. (A2) reduces now to the following
form:

dPS ¼ 1

ð2�Þ2
Y
i¼1;2

dQ2
i d

2q?
i

dxi
2xi

dPSnðK1; . . . ; KnÞ

� ð2�Þ4�4

�
q1 þ q2 þ

X
j¼1;n

Kj

�
; (A11)

and the integrations on the transverse components can be
cast in polar coordinates,

d2q?
1 d

2q?
2 ¼ q?1 dq

?
1 d’1q

?
2 dq

?
2 d’2

¼ 2�q?1 dq
?
1 q

?
2 dq

?
2 d’12: (A12)

The momentum-conservation condition imposed by the
Dirac delta-function in Eq. (A11) allows to write a relation
between the proton remnants variables and the total energy
of the VBF products:

SVBF ¼ ðK1 þ . . .þ KnÞ2 ¼ ðq1 þ q2Þ2 ¼

¼ 1

Q2
1Q

2
2

Sx1x2ðQ2
1 � q?2

1 ÞðQ2
2 � q?2

2 Þ þQ2
1Q

2
2

Sx1x2

�Q2
1 �Q2

2 � 2q?1 q
?
2 cos’12: (A13)

Using this equation, one can generate the phase space of
the VBF-produced particles once the proton remnants
variables are fixed, simply in the same way as for the decay
of a particle.

We will finally go through the details of the case in
which only one particle with mass m and momentum K
is produced via VBF. In this case, we simply have

dPS1ðKÞ ¼ d4K

ð2�Þ4 2��ðK
2 �m2Þ; (A14)

and the d4K integration can be eliminated using the
momentum-conservation Dirac delta-function, so that we
just need to solve the mass-shell condition imposed by
the delta-function in Eq. (A14) (which is nothing but
Eq. (A13) with SVBF ¼ m2):

m2 ¼ 1

Q2
1Q

2
2

Sx1x2ðQ2
1 � q?2

1 ÞðQ2
2 � q?2

2 Þ

þQ2
1Q

2
2

Sx1x2
�Q2

1 �Q2
2 � 2q?1 q?2 cos’12: (A15)

This equation can, of course, be easily solved for cos’12,
but in this case it would lead to an (integrable) singu-
larity in the Jacobian, and therefore to numerical prob-
lems. Therefore, our choice has been to write Eq. (A15)
as a second degree equation for q?2 :

Aq?2
2 þ Bq?2 þ C ¼ 0; (A16)

with

A ¼ Sx1x2ðq?2

1 �Q2
1Þ

Q2
1Q

2
2

; (A17)

B ¼ �2q?1 cos’12; (A18)

C ¼ Q2
1Q

2
2

Sx1x2
� Sx1x2q

?
1

Q2
1

þ Sx1x2 �m2 �Q2
1 �Q2

2:

(A19)

Since two solutions of q?2 exist for each set of parame-
ters x1, x2, Q

2
1, Q

2
2, q

?
1 , ’, two phase-space points are

evaluated. We require ‘‘physical’’ phase-space points to
have positive q?2 and the number of rejected points can
be greatly reduced if one asks

mH½GeV� �LO �NLO �NNLO

550 4:696þ0:899þ0:083
�0:664�0:083 � 10�1 4:660þ0:277þ0:084

�0:100�0:084 � 10�1 4:679þ0:108þ0:069
�0:050�0:069 � 10�1

600 3:877þ0:794þ0:070
�0:573�0:070 � 10�1 3:860þ0:246þ0:071

�0:097�0:071 � 10�1 3:881þ0:087þ0:059
�0:042�0:059 � 10�1

650 3:236þ0:699þ0:060
�0:506�0:060 � 10�1 3:228þ0:210þ0:061

�0:086�0:061 � 10�1 3:241þ0:077þ0:051
�0:031�0:051 � 10�1

700 2:711þ0:626þ0:051
�0:440�0:051 � 10�1 2:717þ0:184þ0:052

�0:084�0:052 � 10�1 2:724þ0:070þ0:044
�0:021�0:044 � 10�1

750 2:289þ0:564þ0:044
�0:385�0:044 � 10�1 2:305þ0:156þ0:046

�0:081�0:046 � 10�1 2:310þ0:057þ0:038
�0:021�0:038 � 10�1

800 1:945þ0:497þ0:039
�0:340�0:039 � 10�1 1:959þ0:141þ0:040

�0:071�0:040 � 10�1 1:967þ0:048þ0:033
�0:014�0:033 � 10�1

850 1:662þ0:442þ0:034
�0:300�0:034 � 10�1 1:681þ0:120þ0:035

�0:067�0:035 � 10�1 1:684þ0:043þ0:029
�0:012�0:029 � 10�1

900 1:425þ0:396þ0:029
�0:265�0:029 � 10�1 1:442þ0:111þ0:030

�0:058�0:030 � 10�1 1:446þ0:038þ0:026
�0:010�0:026 � 10�1

950 1:227þ0:354þ0:026
�0:234�0:026 � 10�1 1:246þ0:096þ0:027

�0:056�0:027 � 10�1 1:250þ0:032þ0:023
�0:010�0:023 � 10�1

1000 1:060þ0:317þ0:023
�0:207�0:023 � 10�1 1:080þ0:086þ0:024

�0:049�0:024 � 10�1 1:083þ0:030þ0:020
�0:010�0:020 � 10�1

TABLE XXII. (Continued)
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0<Q2
2

<Sx1x2
ðQ2

1 � q?2

1 Þ½Q4
1 �Q2

1ðSx1x2 �m2Þ þ q?2

1 Sx1x2�
Q2

1½Q4
1 �Q2

1ðq?2

1 sin2’12 þ Sx1x2Þ þ q?2

1 Sx1x2�
;

(A20)

which corresponds to the positivity of the discriminant
of Eq. (A16). The other parameters are generated in the
following ranges:

x1 � x2 2
�
m2

S
; 1

�
; logx1 2

�
log

m2

S
; 0

�
;

Q2
1 2 ½Q2

0; ð
ffiffiffi
S

p �mÞ2�; q?1 2 ½0; Q1�;
’ 2 ½0; 2��; (A21)

where Q0 is a technical cut set to 1 GeV which prevents
sampling PDFs and �s at too low scales. It also sets the
lower bound for Q2 and we have checked the indepen-
dence of the cross section results on value of Q0. The
differential cross section from Eq. (3.2), multiplied by
the Jacobian corresponding to Eqs. (A20) and (A21), is
integrated using VEGAS [106].

2. The VBF cross section with anomalous
VVH couplings

We report here the formula corresponding to Eq. (3.5)
for the vertex in Eq. (5.1). We rewrite it as

���ðq1; q2Þ ¼ A1g�� þ A2ðq1 � q2g�� � q
�
2 q

�
1Þ

þ A3"
����q1�q2�; (A22)

where we have set

A1 ¼ 2M2
V

�
ð ffiffiffi

2
p

GFÞ1=2 þ a1
�

�
;

A2 ¼ a2
�

; A3 ¼ a3
�

: (A23)

Equation (3.5), with the replacement M�� ¼ ���ðq1; q2Þ
has now the form

W��ðx1; Q2
1ÞM��M���W��ðx2; Q2

2Þ

¼ X3
i;j¼1

CijFiðx1; Q2
1ÞFjðx2; Q2

2Þ: (A24)

Defining

q1 � q2 ¼ q12; Pa � qb ¼ Pab; (A25)

the nonvanishing Cij read

C11 ¼
�
2þ q12

2

q1
2q2

2

�
jA1j2 þ 6q12ReðA1A

�
2Þ

þ ðq12q22 þ 2q12
2ÞjA2j2 þ 2ðq122 � q1

2q2
2ÞjA3j2;
(A26)

C12 ¼ 1

P22

�
P22

2

q2
2
þ 1

q1
2

�
P21 � P22

q2
2
q12

�
2
�
jA1j2 þ 2

P22q12
q2

2
ReðA1A

�
2Þ þ P21

�
2q12 � P21q2

2

P22

�
jA2j2

þ
�
2P21q12 � P21

2q2
2

P22

� P22q1
2

�
jA3j2; (A27)

C21 ¼ 1

P11

�
P11

2

q1
2
þ 1

q2
2

�
P12 � P11

q1
2
q12

�
2
�
jA1j2 þ 2

P11q12
q1

2
ReðA1A

�
2Þ þ

�
2P12q12 � P12

2q1
2

P11

�
jA2j2

þ
�
2P12q12 � P12

2q1
2

P11

� P11q2
2

�
jA3j2; (A28)

C22 ¼ 1

P11P22

�
s

2
� P11P21

q1
2

� P12P22

q2
2

þ P11P22q12
q1

2q2
2

�
2jA1j2 � 2

�
P12P21 � q12

s

2

��
q12

q1
2q2

2
þ s

2P11P22

� P21

P22q1
2
� P12

P11q2
2

�
ReðA1A

�
2Þ þ 2

�
q12

q1
2q2

2
þ s

2P11P22

� P21

P22q1
2
� P12

P11q2
2

�
"����P

�
1 P

�
2q1

�q2
� ReðA1A

�
3Þ

þ ðq12s� 2P12P21Þ2
4P11P22

jA2j2 � P12P21 � q12s

P11P22

"����P
�
1 P

�
2q1

�q2
� ReðA2A

�
3Þ þ

�
s

�
q12 � P21q2

2

P22

� P12q1
2

P11

þ P12P21q12
P11P22

�
þ 1

P11P22

�
s2

4
ðq12q22 � q12

2Þ � P12
2P21

2

�
� P11P22 þ 2P12P21gjA3j2; (A29)
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C33 ¼ q12s� 2P12P21

2P11P22

jA1j2 þ 1

2

�
s

2P11P22

ðq12q22 þ q12
2Þ þ q12 � P12q1

2

P11

� P21q2
2

P22

� P12P21q12
P11P22

�
ReðA1A

�
2Þ

þ q12
2P11P22

"����P
�
1 P

�
2q1

�q2
� ReðA1A

�
3Þ þ

q12
2

�
q12 � P12q1

2

P11

� P21q2
2

P22

þ sq1
2q2

2

2P11P22

�
jA2j2

þ q1
2q2

2

2P11P22

"����P
�
1 P

�
2q1

�q2
� ReðA2A

�
3Þ þ

q12
2

�
q12 � P12q1

2

P11

� P21q2
2

P22

þ P12P21q1
2q2

2

P11P22q12

�
jA3j2: (A30)

3. The VBF cross section for a vector resonance

Finally, we give the formula for the total cross section for the production of a vector resonance in the structure function
approach. We assume the usual gauge and Lorentz invariant trilinear vertex:

��1�2�3ðp1; p2; p3Þ ¼ g123½g�1�2ðp�3

1 � p�3

2 Þ þ g�2�3ðp�1

2 � p�1

3 Þ þ g�3�1ðp�2

3 � p�2

1 Þ�; (A31)

where all the momenta are taken to flow outside the vertex. Since in the processes that we have considered the coupling
g123 can always be factorized from the total cross section, we will set it to unity.

As in Sec. A 2, with the extra care to sum over the polarizations of the produced vector, we have

W��ðx1; Q2
1Þ
X
�

ðM��
� M���

� ÞW��ðx2; Q2
2Þ ¼

X3
i;j¼1

CijFiðx1; Q2
1ÞFjðx2; Q2

2Þ; (A32)

where we have set

M ��
� ¼ �

��
� ðq1; q2;�q1 � q2Þ���ð�q1 � q2Þ; (A33)

and the nonvanishing coefficients Cij are

C11 ¼ 1

q1
2q2

2

�
4q1

2q2
2q12 � 14q1

4q2
2 � 14q1

2q2
4 þ 11q1

2q12
2 þ 11q22q12

2 þ 2q12
3

þ 1

m2
V0
ðq12 � q2

2Þ2ð2q12q22 þ q12
2Þ
�
; (A34)

C12 ¼ �1

P22q1
2q2

4

�
�11P21

2q1
2q2

4 � 2P21
2q12q2

4 þ P21
2q2

6 þ 22P21P22q1
2q12q2

2 þ 4P21P22q12
2q2

2 � 2P21P22q12q2
4

þ P22
2q1

4q2
2 � 11P22

2q1
2q12

2 � 2P22
2q1

2q12q2
2 þ 5P22

2q1
2q2

4 � 2P22
2q12

3 � 3P22
2q12

2q2
2

� 1

m2
V0
ðq12 � q2

2Þ2ðP2q1
2q2

22 � 2P21P22q12q2
2 þ P22

2q1
2q2

2 þ P22
2q12

2Þ
�
; (A35)

C21 ¼ C12ð1 $ 2Þ; (A36)

C22 ¼ 1

P11P22q1
4q2

4

�
3P11

2P21
2q1

2q2
4 þ 2P11

2P21
2q12q2

4 � P11
2P21

2q2
6 � 6P11

2P21P22q1
2q12q2

2

� 4P11
2P21P22q12

2q2
2 þ 2P11

2P21P22q12q2
4 þ 3P11

2P22
2q1

2q12
2 þ 2P11

2P22
2q12

3 þ 3P11
2P22

2q12
2q2

2

� 2P11P12P21P22q1
4q2

2 þ 4P11P12P21P22q1
2q12q2

2 � 2P11P12P21P22q1
2q2

4 þ 2P11P12P22
2q1

4q12

� 4P11P12P22
2q1

2q12
2 � 6P11P12P22

2q1
2q12q2

2 � P12
2P22

2q1
6 þ 2P12

2P22
2q1

4q12 þ 3P12
2P22

2q1
4q2

2

þ sq1
2q2

2ðq1 � q2Þ2ðP11P21q2
2 � P11P22q12 þ P12P22q1

2Þ � s2

4
q1

4q2
4ðq1 � q2Þ2

þ 1

4m2
V0
ðq12 � q2

2Þ2ð2P11P21q2
2 � 2P11P22q12 þ 2P12P22q1

2 � sq1
2q2

2Þ2
�
; (A37)
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C33 ¼ 1

2P11P22

�
�8P11P21q2

2 þ 8P11P22q12 þ P12P21q1
2 þ 6P12P21q12 þ P12P21q2

2 � 8P12P22q1
2

� s

2
ðq12q12 � 8q1

2q2
2 þ 6q12

2 þ q12q2
2Þ þ 1

m2
V0
ðq12 � q2

2Þ2
�
�P12P21 þ s

2
q12

��
: (A38)

APPENDIX B: VBF CROSS SECTIONS

We present the VBF cross sections for the Tevatron in Tables VIII, IX, X, XI, and XII, and for the LHC in Tables XIII,
XIV, XV, XVI, and XVII and in Tables XVIII, XIX, XX, XXI, and XXII, respectively. The PDF sets used and all other
parameters are given in the table captions.
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