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The radiative corrections of the strong and electroweak interactions are calculated at next-to-leading
order for Higgs-boson production in the weak-boson-fusion channel at hadron colliders. Specifically, the
calculation includes all weak-boson fusion and quark-antiquark annihilation diagrams to Higgs-boson
production in association with two hard jets, including all corresponding interferences. The results on the
QCD corrections confirm that previously made approximations of neglecting s-channel diagrams and
interferences are well suited for predictions of Higgs production with dedicated vector-boson fusion cuts
at the LHC. The electroweak corrections, which also include real corrections from incoming photons and
leading heavy Higgs-boson effects at two-loop order, are of the same size as the QCD corrections, viz.
typically at the level of 5%–10% for a Higgs-boson mass up to �700 GeV. In general, both types of
corrections do not simply rescale differential distributions, but induce distortions at the level of 10%. The
discussed corrections have been implemented in a flexible Monte Carlo event generator.
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I. INTRODUCTION

The production of a standard model Higgs boson in
association with two hard jets in the forward and backward
regions of the detector—frequently quoted as the ‘‘vector-
boson fusion’’ (VBF) channel—is a cornerstone in the
Higgs search both in the ATLAS [1] and CMS [2] experi-
ments at the LHC. This is not only true for the Higgs-mass
range between 100 and 200 GeV, which is favored by the
global standard model fit to electroweak (EW) precision
data [3], but also for a Higgs mass of the order of several
100 GeV up to the theoretical upper limit set by unitarity
and triviality constraints. Higgs production in the VBF
channel also plays an important role in the determination
of Higgs couplings at the LHC (see e.g. Ref. [4]). Even
bounds on nonstandard couplings between Higgs and EW
gauge bosons can be imposed from precision studies in this
channel [5].

The production of Higgs� 2 jets receives two kinds of
contributions at hadron colliders. The first type, where the
Higgs boson couples to a weak boson that links two quark
lines, is dominated by squared t- and u-channel-like dia-
grams and represents the genuine VBF channel. The hard
jet pairs have a strong tendency to be forward-backward
directed in contrast to other jet production mechanisms,
offering a good background suppression (transverse-
momentum and rapidity cuts on jets, jet rapidity gap,
central-jet veto, etc.). Applying appropriate event selection
criteria (see e.g. Refs. [6–10] and references in
Refs. [11,12]) it is possible to sufficiently suppress back-
ground and to enhance the VBF channel over the second
Higgs� 2 jets production mechanism that mainly pro-
ceeds via strong interactions. In this second channel the
Higgs boson is radiated off a heavy quark loop that couples
to any parton of the incoming hadrons via gluons [13,14].

According to a recent estimate [15] hadronic production
contributes about 4%–5% to the Higgs� 2 jets events for
a Higgs mass of 120 GeVafter applying VBF cuts. A next-
to-leading order (NLO) analysis of this contribution [14]
shows that its residual scale dependence is still of the order
of 35%.

Higgs production in the VBF channel is a pure EW
process in leading order (LO) involving only quark and
antiquark parton distributions. As s-channel diagrams and
interferences tend to be suppressed, especially when im-
posing VBF cuts, the cross section can be approximated by
the contribution of squared t- and u-channel diagrams only.
The corresponding QCD corrections reduce to vertex cor-
rections to the weak-boson-quark coupling. Explicit NLO
QCD calculations in this approximation [11,16–19] con-
firm the expectation that these QCD corrections are small,
because they are shifted to the parton distribution functions
(PDFs) via QCD factorization to a large extent. The result-
ing QCD corrections are of the order of 5%–10% and
reduce the remaining factorization and renormalization
scale dependence of the NLO cross section to a few
percent.

In a recent paper [20] we completed the existing NLO
calculations for the VBF channel in two respects. First, we
added the full NLO EW corrections. Second, we calculated
the NLO QCD corrections including, for the first time, the
complete set of QCD diagrams, namely, the t-, u-, and
s-channel contributions, as well as all interferences.
Focusing on the integrated cross section (with and without
dedicated VBF selection cuts), we discussed the impact of
EW and QCD corrections in the favored Higgs-mass range
between 100 and 200 GeV. We found that the previously
unknown NLO EW corrections are of the order of �5%
and, thus, as important as the QCD corrections. In the EW
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corrections we also take into account real corrections
induced by photons in the initial state and QED corrections
implicitly contained in the DGLAP evolution of PDFs. We
found that these photon-induced processes lead to correc-
tions at the percent level.

In this paper we describe more details of our calculation,
which is performed in a widely analogous way to the EW
and QCD corrections to the Higgs decay H!WW=ZZ!
4 fermions [21,22]. We classify the NLO QCD corrections
into four different categories; the previously known cor-
rections [11,16–19] are contained in one of these catego-
ries. Moreover, we extend our numerical discussion of the
EW and QCD corrections in two respects. We now consider
cross sections for Higgs masses above 200 GeV, including
the leading EW two-loop corrections / G2

�M
4
H for a heavy

Higgs boson using the results of Ref. [23], and we discuss
differential distributions in transverse momenta, in rapid-
ities, in the azimuthal angle difference of the tagging jets,
and in the jet-jet invariant mass. We pay particular atten-
tion to the issue of distortions in distributions induced by
radiative corrections, because such distortions usually are
the signature of nonstandard couplings.

The paper is organized as follows: In Sec. II we describe
the calculational setup and classify the QCD corrections
into different categories. The discussion of numerical re-
sults is presented in Sec. III. Section IV contains our
conclusions.

II. DETAILS OF THE CALCULATION

A. General setup

At LO, the hadronic production of Higgs� 2 jets via
weak bosons receives contributions from the partonic pro-
cesses qq! qqH, q �q! q �qH, �qq! �qqH, and �q �q!
�q �qH. For each relevant configuration of external quark
flavors one or two of the topologies shown in Fig. 1 con-
tribute. All LO and one-loop NLO diagrams are related by
crossing symmetry to the corresponding decay amplitude
H! q �qq �q. The QCD and EW NLO corrections to these
decays were discussed in detail in Refs. [21,22], in par-
ticular, a representative set of Feynman diagrams can be
found there.

To be more specific, we first show how the lowest-order
and loop amplitudes for subprocesses of the type �qq!
�qqH can be obtained from the corresponding results for
H! qa �qbqc �qd. The basic lowest-order decay amplitudes
involving W- or Z-boson exchange, called
MVV;�a�b�c�d

0 �ka; kb; kc; kd� with V �W, Z, have been
defined in Eq. (2.8) of Ref. [21]; the two potentially rele-
vant tree diagrams are shown in Fig. 2; the corresponding
squares and interference are illustrated in Fig. 3. The
external momenta fpi; p0ig, helicities f�i; �0ig, and color
indices fci; c0ig are assigned to the scattering particles ac-
cording to

 �q�p1; �1; c1� � q�p2; �2; c2�

! �q�p01; �
0
1; c
0
1� � q�p

0
2; �

0
2; c
0
2� � H�p03�: (2.1)

In order to compactify notation, we omit the labels
pi, �i, ci, etc. in the amplitudes A �qq! �qq of the

scattering process, i.e. we implicitly have A �qq! �qq �

A
�qq! �qq;�1�2�01�

0
2

c1c2c01c
0
2

�p1; p2; p
0
1; p

0
2�, and abbreviate the helic-

ity and momentum assignment in MVV as MVV�122010� �
MVV;��1;��2;�02;�

0
1��p1;�p2; p02; p

0
1�, etc. Note that mo-

menta and helicities crossed into the initial state receive
a sign change. In this notation the lowest-order ampli-
tudes A0 for the six basic flavor channels in �qq! �qqH
read

q

q

q

q

H
V

V

q

q

q

q

H
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q

q

q

q
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FIG. 1. Topologies for t-, u-, and s-channel contributions to
qq! qqH in LO, where q denotes any quark or antiquark and V
stands for W and Z bosons.

FIG. 2. Generic lowest-order diagrams for the Higgs decay
H! qa �qbqc �qd, where V, V0 �W, Z denote the exchanged
weak bosons. The lowest-order diagrams for qq! qqH are
obtained by crossing any pair of (anti-)quarks into the initial
state and the Higgs boson into the final state.

(A) (B)

FIG. 3. Types of squared and interference diagrams contribut-
ing in lowest order.
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 A
�uidj! �ukdl
0 � VijV�klC

c1c2c02c
0
1

1 MWW
0 �122010� � �ik�jlC

c1c01c
0
2c2

1 MZZ
0 �110202�;

A
�diuj! �dkul
0 � V�jiVlkC

c02c
0
1c1c2

1 MWW
0 �201012� � �ik�jlC

c02c2c1c01
1 MZZ

0 �2
02110�;

A
�uiuj! �dkdl
0 � �ij�klC

c1c2c02c
0
1

1 MZZ
0 �122010� � VikV

�
jlC

c1c01c
0
2c2

1 MWW
0 �110202�;

A
�didj! �ukul
0 � �ij�klC

c02c
0
1c1c2

1 MZZ
0 �2

01012� � V�kiVljC
c02c2c1c01
1 MWW

0 �202110�;

A
�uiuj! �ukul
0 � �ij�klC

c1c2c02c
0
1

1 MZZ
0 �122010� � �ik�jlC

c1c01c
0
2c2

1 MZZ
0 �110202�;

A
�didj! �dkdl
0 � �ij�klC

c1c2c02c
0
1

1 MZZ
0 �122010� � �ik�jlC

c1c01c
0
2c2

1 MZZ
0 �110202�;

(2.2)

where i, j, k, l are generation indices, Vij are quark-mixing
matrix elements, and Cabcd1 is one of the two color opera-
tors

 Cabcd1 � �ab 	 �cd;

Cabcd2 �
1

4CF

X
h

�hab 	 �
h
cd �

3

16

X
h

�hab 	 �
h
cd;

(2.3)

which are relevant to span a general H! qa �qbqc �qd am-
plitude in color space. The second operator Cabcd2 , which
involves the Gell-Mann matrices �h, becomes relevant in
the QCD corrections discussed below. The relative sign
between the two amplitude contributions on the right-hand
side of (2.2) originates from their different fermion-number
flow. In Sec. 2 of Ref. [21] the calculation of MVV

0 is
described in terms of Weyl-van-der-Waerden spinor prod-
ucts habi in the conventions of Ref. [24], where a and b are
spinors corresponding to external momenta. We note that
complex conjugate products habi� (but not habi) receive an
additional sign factor for each crossed momentum �pi
involved in the product.

The lowest-order and loop amplitudes for subprocesses
of the type qq! qqH and �q �q! �q �qH can be obtained as
follows. We assign the external momenta, helicities, and
color indices as

 q�p1; �1; c1� � q�p2; �2; c2� ! q�p01; �
0
1; c
0
1�

� q�p02; �
0
2; c
0
2� � H�p03�;

�q�p1; �1; c1� � �q�p2; �2; c2� ! �q�p01; �
0
1; c
0
1�

� �q�p02; �
0
2; c
0
2� � H�p03�:

(2.4)

Then the corresponding amplitudes can be obtained via
crossing symmetry from those for the process (2.1) as

 A
qq!qq;�1�2�01�

0
2

c1c2c01c
0
2

�p1; p2; p
0
1; p

0
2�

�A
�qq! �qq;��01;�2;��1;�02
c01c2c1c02

��p01; p2;�p1; p02�;

A
�q �q! �q �q;�1�2�01�

0
2

c1c2c01c
0
2

�p1; p2; p01; p
0
2�

�A
�qq! �qq;�1;��02;�

0
1;��2

c1c02c
0
1c2

�p1;�p
0
2; p

0
1;�p2�:

(2.5)

When calculating the corresponding cross sections, sym-
metry factors 1=2 must be taken into account for identical
fermions or antifermions in the final state.

In our calculation we neglect external quark masses
whenever possible, i.e. everywhere but in the mass-
singular logarithms. In (2.2) we made the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements Vij explicit.
Note that only absolute values of the CKM matrix elements
survive after squaring the amplitudes; for the squared W-
mediated diagrams this is obvious, for the interference
between W- and Z-mediated diagrams jVijj2 results after
contraction of the CKM matrix elements with Kronecker
deltas. Numerically, only the mixing among the first two
generations could be relevant, but its impact on Higgs
production via VBF was found to be negligible. Since the
contributions of external b quarks are suppressed, either by
bottom densities or by s-channel suppression, we option-
ally include b quarks in the initial and final states in our LO
predictions, but not in the calculation of corrections.

B. Evaluation of NLO corrections

Evaluating 2! 3 particle processes at the NLO level is
nontrivial, both in the analytical and numerical parts of the
calculation. In order to ensure the correctness of our results
we have evaluated each ingredient twice, resulting in two
completely independent computer codes yielding results in
mutual agreement. The actual calculation of virtual and
real NLO corrections for the partonic processes is per-
formed along the same lines as described in Refs. [21,22]
for the decays H! 4f. Therefore, we only repeat the
salient features of the evaluation.

1. Virtual corrections

The virtual corrections modify the partonic processes
that are already present at LO; there are about 200 one-loop
diagrams per tree diagram in each flavor channel. At NLO
these corrections are induced by self-energy, vertex, box
(4-point), and pentagon (5-point) diagrams. The calcula-
tion of the EW one-loop diagrams has been performed both
in the conventional ’t Hooft-Feynman gauge and in the
background-field formalism using the conventions of
Refs. [25,26], respectively. The QCD one-loop diagrams
are evaluated in ’t Hooft-Feynman gauge.
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In contrast to the t- and u-channel contributions (first
two diagrams in Fig. 1), the s-channel diagrams (last
diagram in Fig. 1) contain resonant W- or Z-boson propa-
gators that require a proper inclusion of the finite gauge-
boson widths. For the implementation of the finite widths
we use the complex-mass scheme, which was introduced in
Ref. [27] for lowest-order calculations and generalized to
the one-loop level in Ref. [28]. In this approach the W- and
Z-boson masses are consistently considered as complex
quantities, defined as the locations of the propagator poles
in the complex plane. This leads to complex couplings and,
in particular, a complex weak mixing angle. The scheme
fully respects all relations that follow from gauge invari-
ance. A brief description of this scheme can also be found
in Ref. [29].

The amplitudes have been generated with FEYNARTS,
using the two independent versions 1 and 3, as described
in Refs. [30,31], respectively. The algebraic evaluation has
been performed in two completely independent ways. One
calculation is based on an in-house program written in
Mathematica, the other has been completed with the help
of FORMCALC [32]. The amplitudes are expressed in terms
of standard matrix elements and coefficients, which con-
tain the tensor integrals, as described in the appendix of
Ref. [33].

The tensor integrals are evaluated as in the calculation of
the corrections to e�e� ! 4f [28,34]. They are recur-
sively reduced to master integrals at the numerical level.
The scalar master integrals are evaluated for complex
masses using the methods and results of Ref. [35]. UV
divergences are regulated dimensionally and IR divergen-
ces with an infinitesimal photon or gluon mass. Tensor and
scalar 5-point functions are directly expressed in terms of
4-point integrals [36,37]. Tensor 4-point and 3-point inte-
grals are reduced to scalar integrals with the Passarino-
Veltman algorithm [38] as long as no small Gram deter-
minant appears in the reduction. If small Gram determi-
nants occur, we expand the tensor coefficients about the
limit of vanishing Gram determinants and possibly other
kinematical determinants, as described in Ref. [37] in
detail.

Since corrections due to Higgs-boson self-interactions
become important for large Higgs-boson masses, we have
included the dominant two-loop corrections to the VVH
vertex proportional toG2

�M4
H in the large-Higgs-mass limit

which were calculated in Ref. [23]. Specifically, we in-
clude this effect via a correction factor

 �G2
�M4

H
� 62:0308�86�

� G�M
2
H

16�2
���
2
p

�
2

(2.6)

to the squares of the basic LO amplitudes MVV
0 in the t-

and u-channel. We do not include this correction in the
(suppressed) s-channel contributions, because the under-
lying assumption in the derivation of �G2

�M4
H

that MH is
much larger than any other relevant scale is spoiled by the

invariant s that can be of the order of M2
H or larger. We do

not apply �G2
�M4

H
to interferences either, because this would

require a more complicated structure in the correction
(involving more than one form factor). The impact of
O�G2

�M
4
H� corrections on interferences and s-channel con-

tributions is certainly negligible, since these effects are
suppressed themselves.

2. Real corrections

The matrix elements for the real corrections (photonic/
gluonic bremsstrahlung and photon-/gluon-induced pro-
cesses) are obtained via crossing from the bremsstrahlung
corrections to the related Higgs decays, H! 4f� �=g.
Explicit amplitudes for H! 4f� � are given in Sec. 4.1
of Ref. [21] in terms of spinor products; for H! 4f� g
such results can be found in Sec. 3.3 of Ref. [22]. The
matrix elements relevant for the calculation presented here
have been checked against results obtained with
MADGRAPH [39].

The bremsstrahlung corrections involve singularities
from soft or collinear photon/gluon emission; the
photon-/gluon-induced processes contain singularities
from collinear initial-state splittings. Soft singularities,
which are regularized by an infinitesimal photon/gluon
mass, cancel between virtual and bremsstrahlung correc-
tions. Collinear singularities connected to the initial or
final state are regularized by small quark masses, which
appear only in logarithms. While singularities connected to
collinear configurations in the final state cancel for
‘‘collinear-safe’’ observables automatically after applying
a jet algorithm, singularities connected to collinear initial-
state splittings are removed via factorization by PDF re-
definitions, as described in more detail in Sec. II E.

Technically, the soft and collinear singularities for real
photon emission are isolated both in the dipole subtraction
method following Ref. [40] and in the phase-space slicing
method. For photons in the initial state the subtraction and
slicing variants described in Ref. [41] are applied. The
results presented in the following are obtained with the
subtraction method, which numerically performs better.

The phase-space integration is performed with
Monte Carlo techniques. One of our two codes employs
a multichannel Monte Carlo generator [42] similar to the
one implemented in RACOONWW [27,43]. Our second code
uses a different implementation of a multichannel
Monte Carlo generator with adaptive weight optimization.

C. Classification of QCD corrections

As QCD corrections to Higgs production via VBF we
consider the interference of VBF diagrams of the type
shown in Fig. 1 with the virtual QCD corrections arising
from gluon exchange, gluon fusion, and gluon splitting. We
also take into account the contributions from real gluon
emission and gluon-induced processes. We classify these
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corrections in the same way as done for the QCD correc-
tions to H! 4f described in Ref. [22] upon considering
possible contributions to the squared amplitude. The am-
plitude itself receives contributions from one of the two
generic tree diagrams shown in Fig. 2 or from both. Thus,
the square of this amplitude receives contributions from
squared and interference diagrams of the types depicted in
Fig. 3. Type (A) corresponds to the squares of each of the
Born diagrams, type (B) to their interference if two Born
diagrams exist.

After this preliminary consideration we define four dif-
ferent categories of QCD corrections. Examples of inter-
ference diagrams belonging to these categories are shown
in Fig. 4, the corresponding virtual QCD correction dia-
grams are depicted in Fig. 5.

(a) ‘‘Diagonal’’ QCD corrections to squared tree dia-
grams comprise all interference diagrams resulting
from diagram (A) of Fig. 3 by adding one additional
gluon. Cut diagrams in which the gluon does not
cross the cut correspond to virtual one-loop correc-
tions, the ones where the gluon crosses the cut
correspond to real gluon radiation. Note that inter-
ference diagrams in which the gluon connects the
two closed quark lines identically vanish, because
their color structure is proportional to
Tr��h�Tr��h� � 0, where �h is a Gell-Mann matrix.
Thus, the only relevant one-loop diagrams in this
category are gluonic corrections to the Vq �q0 vertex,
as illustrated in the first diagram of Fig. 5; the real
corrections are induced by the corresponding gluon
bremsstrahlung diagrams.
Previous calculations [11,16–19] of NLO QCD cor-
rections focused on this category of corrections to t-
and u-channel contributions only. This approxima-
tion is motivated by the smallness of s-channel
contributions, at least in the kinematic domain rele-
vant for Higgs production via VBF, and by the
suppression of all types of interferences in lowest
order. Both of these suppressions are due to strong
enhancements in the t- and u-channel weak-boson

propagators that receive a small momentum transfer;
only in contributions to squared amplitudes that are
related to squared t- and u-channel LO graphs four
enhancement factors of this kind can accumulate.
For instance, interferences between two different t-
and u-channel tree diagrams involve four enhanced
propagators, but they pairwise peak in different
regions of phase-space (forward or backward scat-
tered quarks).

(b) QCD corrections to interferences comprise all in-
terference diagrams resulting from diagram (B) of
Fig. 3 by adding one additional gluon, analogously
to the previous category. Relevant one-loop dia-
grams are, thus, vertex corrections or pentagon dia-
grams, as illustrated in the first two diagrams of
Fig. 5.

(c) Corrections induced by one q �qg splitting result from
loop diagrams exemplified by the third graph in
Fig. 5. The remaining graphs are obtained by shift-
ing the gluon to different positions at the same quark
line and by interchanging the role of the two quark
lines. Thus, the diagrams comprise not only box
diagrams but also vertex diagrams. They do not
interfere with Born diagrams with the same
fermion-number flow because of the color structure,
i.e. in O��s� they only contribute if two Born dia-
grams exist.
Some of the squared diagrams of this category ac-
tually correspond to (collinear-singular) real NLO
QCD corrections to loop-induced H� 1 jet produc-
tion, e.g. qg! qH or q �q! gH. Here we consider
only the interference contributions of the loop dia-
grams of this category with the lowest-order dia-
grams where the Higgs boson couples to a weak
boson (see Fig. 1), resulting in a UV- and IR- (soft
and collinear) finite correction.

(a) (b)

(c) (d)

FIG. 4. Categories of interference diagrams contributing to the
QCD corrections.

FIG. 5. Basic diagrams contributing to the virtual QCD cor-
rections to qq! qqH where V �W, Z and Q � d, u, s, c, b, t.
The categories of QCD corrections, (a)–(d), to which the dia-
grams contribute are indicated.
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(d) Corrections induced by two q �qg splittings (gg fu-
sion) result from diagrams exemplified by the fourth
graph in Fig. 5. There are precisely two graphs with
opposite fermion-number flow in the loop. Again,
owing to the color structure (see also below), these
diagrams do not interfere with Born diagrams with
the same fermion-number flow, i.e. the existence of
two Born diagrams is needed.
The squared diagrams of this category actually cor-
respond to (collinear-singular) real NNLO QCD
corrections to loop-induced Higgs production via
gluon fusion, gg! H. The considered interference
contributions of the loop diagrams of this category
with the lowest-order diagrams of Fig. 1, however,
again yield a UV- and IR- (soft and collinear) finite
correction.
This category of QCD corrections was recently
considered in the approximation of an infinitely
heavy top quark in Ref. [44] and found to be sup-
pressed. There it was also argued that QCD correc-
tions to these small contributions might be sizeable,
because further gluon exchange between the two
incoming (anti-)quarks enables an interference
with the tree diagram with the same fermion-

number flow, thereby receiving an enhancement by
four propagators with small momentum transfer.
This contribution has very recently been studied in
Ref. [45] and found to be completely negligible
owing to the appearance of several other suppres-
sion mechanisms.

D. Structure of virtual corrections

Since the color flow in EW loop diagrams is the same as
in the corresponding lowest-order diagrams, the EW one-
loop amplitudes AEW can be decomposed into color- and
CKM-stripped amplitudes MVV

EW exactly in the same way
as done in lowest order, where we decomposed A0 in
terms of MVV

0 (2.2).
According to the above classification, the QCD one-loop

amplitudes of category (a) as well as the vertex corrections
of category (b) involve only the color operator C1 of (2.3),
while the pentagon diagrams of category (b) and all loops
of categories (c) and (d) involve only the color operator C2.
Thus, we can decompose the amplitudes AQCD;�a�, etc.,
into color- and CKM-stripped parts MVV

QCD;�a�, etc., as
follows:

 

A
�uidj! �ukdl
QCD�a��QCD�b;vert� � VijV�klC

c1c2c02c
0
1

1 MWW
QCD�a��QCD�b;vert��122010� � �ik�jlC

c1c01c
0
2c2

1 MZZ
QCD�a��QCD�b;vert��110202�;

A
�uidj! �ukdl
QCD�b;pent��QCD�c��QCD�d� � VijV

�
klC

c1c2c02c
0
1

2 MWW
QCD�b;pent��122010� � �ik�jlC

c1c01c
0
2c2

2 MZZ
QCD�b;pent��QCD�c��QCD�d��110202�;

..

.

A
�didj! �dkdl
QCD�a��QCD�b;vert� � �ij�klC

c1c2c02c
0
1

1 MZZ
QCD�a��QCD�b;vert��122010� � �ik�jlC

c1c01c
0
2c2

1 MZZ
QCD�a��QCD�b;vert��110202�;

A
�didj! �dkdl
QCD�b;pent��QCD�c��QCD�d� � �ij�klC

c1c2c02c
0
1

2 MZZ
QCD�b;pent��QCD�c��QCD�d��122010�

� �ik�jlC
c1c01c

0
2c2

2 MZZ
QCD�b;pent��QCD�c��QCD�d��110202�: (2.7)

Note that W-mediated parts MWW do not receive contri-
butions of categories (c) and (d).

Since the lowest-order amplitudes only involve color
operators C1, the following color sums appear in the cal-
culation of squared lowest-order amplitudes and of inter-
ferences between one-loop and lowest-order matrix
elements:

 X�A�1 �
X
a;b;c;d

�Cabcd�1 Cabcd1 � � �Nc�2;

X�A�2 �
X
a;b;c;d

�Cabcd�1 Cabcd2 � � 0;

X�B�1 �
X
a;b;c;d

�Cabcd�1 Cadcb1 � � Nc;

X�B�2 �
X
a;b;c;d

�Cabcd�1 Cadcb2 � � Nc;

(2.8)

where
P
a;b;c;d stands for the sum over the color indices a,

b, c, d, and Nc � 3 is the color factor for a quark. Squared
Born diagrams, as illustrated in type (A) of Fig. 3, are
proportional to X�A�1 , lowest-order interference diagrams
of type (B) are proportional to X�B�1 . The situation is analo-
gous for all EW one-loop diagrams. By definition,
category (a) of the gluonic diagrams comprises all one-
loop QCD corrections proportional to X�A�1 . In category (b),
the vertex corrections are proportional to X�B�1 and the
pentagons to X�B�2 . Categories (c) and (d) receive only
contributions from X�B�2 ; interferences of one-loop dia-
grams like (c) and (d) in Fig. 5 with Born diagrams
of the same fermion-number flow vanish because of X�A�2 �

0. Finally, for the one-loop corrections to the squared
matrix elements we obtain
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 X
fci;c0ig

2 Ref�A
�uidj! �ukdl
0 ��A

�uidj! �ukdl
1 g � 2 RefV�ijVklM

WW
0 �122010��
9VijV

�
klM

WW
EW�QCD�a��122010�

� 3�ik�jlMZZ
EW�QCD�b��QCD�c��QCD�d��110202��

� �ik�jlMZZ
0 �110202��
9MZZ

EW�QCD�a��110202� � 3VijV�klM
WW
EW�QCD�b��122010��g;

..

.

X
fci;c0ig

2 Ref�A
�didj! �dkdl
0 ��A

�didj! �dkdl
1 g � 2 Ref�ij�klM

ZZ
0 �122010��
9MZZ

EW�QCD�a��122010�

� 3�ik�jlMZZ
EW�QCD�b��QCD�c��QCD�d��110202��

� �ik�jlM
ZZ
0 �110202��
9MZZ

EW�QCD�a��110202�

� 3�ij�klM
ZZ
EW�QCD�b��QCD�c��QCD�d��122010��g: (2.9)

As already observed for the squared LO amplitudes, also
here only absolute values of the CKM matrix elements,
such as jVijj2, contribute after contracting the Kronecker
deltas of the generation indices.

E. Hadronic cross section

The hadronic cross section �pp�P1; P2� for colliding
protons results from the partonic cross section
�̂ij�x1P1; x2P2� upon convolution with the parton densities
fi�xl; �2

F�, which corresponds to parton i carrying the
fraction xl of the proton momentum Pl (l � 1, 2),
 

�pp�P1; P2� �
Z 1

0
dx1

Z 1

0
dx2

X
i;j

fi�x1; �
2
F�fj�x2; �

2
F�

� �̂ij�x1P1; x2P2�; (2.10)

where �F is the factorization scale that separates the hard
partonic process from the soft physics contained in the
PDFs. The sum over the partons i, j includes all quarks,
antiquarks, gluons, and the photon. In LO only quarks and/
or antiquarks are present in the initial state, in NLO also
processes with one gluon or photon contribute. In detail the
NLO parton cross sections read
 

�̂qq � �̂qq;LO � �̂qq;virt � �̂qq;real � �̂qq;fact;

�̂qg � �̂qg;real � �̂qg;fact; �̂gq � �̂gq;real � �̂gq;fact;

�̂q� � �̂q�;real � �̂q�;fact; �̂�q � �̂�q;real � �̂�q;fact;

�̂gg � �̂g� � �̂�g � �̂�� � 0; (2.11)

where q generically stands for any relevant quark or anti-
quark. The LO and virtual one-loop contributions (‘‘LO’’
and ‘‘virt’’) involve the partonic 2! 2 kinematics, while
real emission contributions (‘‘real’’) are of the type 2! 3
with one additional light (anti)quark, gluon, or photon in
the final state. The calculation of these subcontributions
has been briefly described in the previous sections. The
contribution called ‘‘fact’’ results from the PDF redefini-
tion necessary to absorb collinear initial-state singularities
into the PDFs via factorization, so that the partonic cross

sections �̂ij are free of such singularities. This separation
introduces a logarithmic dependence on the factorization
scale �F in �̂ij;fact that compensates the implicit �F de-
pendence in the PDFs in NLO accuracy. The factorization
explicitly proceeds as follows.

The virtual and real contributions of the parton cross
sections contain mass singularities of the form �s ln�mq�

and � ln�mq�, which are due to collinear gluon/photon
radiation off the initial-state quarks or due to a collinear
splitting g=�! q �q of initial-state gluons or photons. For
processes that in LO involve only quarks and/or antiquarks
in the initial state, the factorization is achieved by replac-
ing the (anti-)quark distribution fq�x� according to (see e.g.
Ref. [41])
 

fq�x;�
2
F�!fq�x;�

2
F��

Z 1

x

dz
z
fq

�
x
z
;�2

F

��
2�s
3�

�
ln
�
�2

F

m2
q

�

�
Pff�z����
Pff�z��2ln�1�z��1���

�Cff;QCD�z�
�
�
�

2�
Q2
q

�
ln
�
�2
F

m2
q

�

Pff�z���

�
Pff�z��2ln�1�z��1����Cff;QED�z�
��

�
Z 1

x

dz
z
fg

�
x
z
;�2

F

�
�s
4�

�
ln
�
�2

F

m2
q

�
Pf��z��Cfg�z�

�

�
Z 1

x

dz
z
f�

�
x
z
;�2

F

�
�

2�
3Q2

q

�
ln
�
�2

F

m2
q

�

�Pf��z��Cf��z�
�
; (2.12)

whereCij�z� are the so-called coefficient functions, and the
splitting functions Pij�z� are defined as

 Pff�z� �
1� z2

1� z
; Pf��z� � z2 � �1� z�2: (2.13)

Starting from the hadronic LO cross section after the
substitution (2.12), the factorization contributions �̂ij;fact
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correspond to the terms of O��s� and O��� involving the
PDF of i and j. The replacement (2.12) defines the same
finite coefficient functions as the usual D-dimensional
regularization for exactly massless partons where the
ln�mq� terms appear as 1=�D� 4� poles. The actual form
of the coefficient functions defines the finite parts of the
NLO corrections and, thus, the factorization scheme.
Following standard definitions of QCD, we distinguish
the MS and DIS-like schemes which are formally defined
by

 CMS
ff �z� � CMS

fg �z� � CMS
f� �z� � 0;

CDIS
ff �z� �

�
Pff�z�

�
ln
�
1� z
z

�
�

3

4

�
�

9� 5z
4

�
�
;

CDIS
fg �z� � CDIS

f� �z� � Pf��z� ln
�
1� z
z

�
� 8z2 � 8z� 1:

(2.14)

The MS scheme is motivated by formal simplicity, because
it merely rearranges the IR-divergent terms (plus some
trivial constants) as defined in dimensional regularization.
The DIS-like scheme is defined in such a way that the deep
inelastic scattering (DIS) structure function F2 does not
receive any corrections; in other words, the radiative cor-

rections to electron-proton DIS are implicitly contained in
the PDFs.

Whatever scheme has been adopted in the extraction of
PDFs from experimental data, the same scheme has to be
used when predictions for other experiments are made
using these PDFs. In particular, the absorption of the col-
linear singularities of both QCD and QED origin into PDFs
requires the inclusion of the corresponding QCD and QED
corrections into the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution of these distributions and into
their fit to experimental data. We use the MRST2004QED
PDFs [46] which consistently include QCD and QED NLO
corrections. These PDFs include a photon distribution
function for the proton and thus allow one to take into
account photon-induced partonic processes. As explained
in Ref. [41], the consistent use of these PDFs requires the
MS factorization scheme for the QCD corrections, but the
DIS scheme for the QED corrections, i.e. we employ CMS

ff

and CMS
fg of (2.14) for the QCD, but CDIS

ff and CDIS
f� for the

QED corrections.

III. NUMERICAL RESULTS

A. Input parameters and setup

We use the following set of input parameters [47]:

 

G� � 1:166 37� 10�5 GeV�2; ��0� � 1=137:035 999 11; �s�MZ� � 0:1187;

MLEP
W � 80:425 GeV; �LEP

W � 2:124 GeV; MLEP
Z � 91:1876 GeV; �LEP

Z � 2:4952 GeV;

me � 0:510 998 92 MeV; m� � 105:658 369 MeV; m� � 1:776 99 GeV; mu � 66 MeV;

mc � 1:2 GeV; mt � 174:3 GeV; md � 66 MeV; ms � 150 MeV; mb � 4:3 GeV:

(3.1)

If not stated otherwise, the Higgs-boson mass is set to

 MH � 120 GeV: (3.2)

Using the complex-mass scheme [34], we employ a fixed
width in the resonant W- and Z-boson propagators in
contrast to the approach used at LEP to fit the W and Z
resonances, where running widths are taken. Therefore, we
have to convert the ‘‘on-shell’’ values of MLEP

V and �LEP
V

(V �W, Z), resulting from LEP, to the ‘‘pole values’’
denoted by MV and �V . The relation between the two
sets of values is given by [48]

 MV � MLEP
V =

��������������������������������������
1� ��LEP

V =MLEP
V �2

q
;

�V � �LEP
V =

��������������������������������������
1� ��LEP

V =MLEP
V �2

q
;

(3.3)

leading to

 MW � 80:397 . . . GeV; �W � 2:123 . . . GeV;

MZ � 91:1535 . . . GeV; �Z � 2:4943 . . . GeV:

(3.4)

We make use of these mass parameters in the numerics
discussed below, although the difference between using
MV or MLEP

V would be hardly visible.
The masses of the light quarks are adjusted to reproduce

the hadronic contribution to the photonic vacuum polar-
ization of Ref. [49]. Since quark-mixing effects are sup-
pressed1 we neglect quark mixing and use a unit CKM
matrix.

We use the G� scheme, i.e. we derive the electromag-
netic coupling constant from the Fermi constant according
to

 �G� �
���
2
p
G�M

2
W�1�M

2
W=M

2
Z�=�: (3.5)

In this scheme, the weak corrections to muon decay �r are
included in the charge renormalization constant (see e.g.
Ref. [50]). As a consequence, the EW corrections are
practically independent of the masses of the light quarks.

1We checked that the cross section without cuts changes by
one per mille and the one with VBF cuts by less than 0.01%
when using a realistic quark-mixing matrix.
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Moreover, this definition effectively resums the contribu-
tions associated with the running of � from zero to the W-
boson mass and absorbs leading universal corrections /
G�m2

t from the 	 parameter into the LO amplitude.
We use the MRST2004QED PDFs [46] which consis-

tently include O��� QED corrections. Since no associated
LO PDFs exist, we use these distributions both for LO and
NLO predictions. We do not include processes with exter-
nal bottom quarks in our default setup. These are sup-
pressed either because of the smallness of the b-quark
densities or due to s-channel suppression. Partonic pro-
cesses involving b quarks are, however, included in our
code in LO. As discussed in Sec. III D, these contributions
are at the level of a few percent. In contrast to Ref. [20], we
use MW (instead of MH) as a factorization scale both for
QCD and QED collinear contributions, which is a better
scale choice when considering large Higgs-boson masses.
For the calculation of the strong coupling constant we
employ MW as the default renormalization scale, include
5 flavors in the two-loop running, and fix �s�MZ� �
0:1187.

Jet reconstruction from final-state partons is performed
using the kT-algorithm [51] as described in Ref. [52]. Jets
are reconstructed from partons of pseudorapidity j
j< 5
using a jet resolution parameter D � 0:8. Real photons are
recombined with jets according to the same algorithm.
Thus, in real photon radiation events, final states may
consist of jets plus a real identifiable photon, or of jets only.

We study total cross sections and cross sections for the
set of experimental ‘‘VBF cuts’’ defined in Ref. [18]. These
cuts are expected to significantly suppress backgrounds to
VBF processes, enhancing the signal-to-background ratio.
We require at least two hard jets with

 pTj > 20 GeV; jyjj< 4:5; (3.6)

where pTj is the transverse momentum of the jet and yj its

rapidity. Two tagging jets j1 and j2 are defined as the two
jets passing the cuts (3.6) with highest pT such that pTj1 >
pTj2 . Furthermore, we require that the tagging jets have a
large rapidity separation and reside in opposite detector
hemispheres:

 �yjj � jyj1 � yj2 j> 4; yj1 
 yj2 < 0: (3.7)

All results presented in the following have been obtained
using the subtraction method. For the results in the tables
we used 108 events for the setup with VBF cuts and 5�
107 events without cuts. For the plots of MH and factoriza-
tion scale dependence we generated 107 events without
cuts and 2� 107 events with VBF cuts. The plots for the
distributions are based on 109 events. Generally, the real
corrections and the finite virtual QCD corrections are only
calculated for each 10th event, the finite virtual EW cor-
rections only for each 100th event.

B. Results for integrated cross sections

We first consider results for integrated cross sections. In
Fig. 6 we plot the total cross section with and without VBF
cuts as a function of the Higgs-boson mass. In the left panel
we show the absolute predictions in LO and in NLO
including QCD and EW corrections. For MH � 100 GeV
to about 200 GeV the results without cuts are larger by a
factor 2–4, while for MH � 700 GeV this factor reduces
to 1.7. In the right panel we show the relative QCD and EW
corrections separately. For Higgs-boson masses in the
range 100–200 GeV, without cuts, the QCD corrections
drop from �5% to 0%, and the EW corrections are about
�5% depending only weakly on the Higgs-boson mass.
For very small Higgs-boson masses, QCD and EW correc-
tions cancel each other substantially. With VBF cuts the
EW corrections are somewhat more negative, while the
QCD corrections vary between�4% and�6%. For higher
Higgs-boson masses, the QCD corrections do not change

FIG. 6 (color online). Higgs-boson-mass dependence of LO and complete NLO cross section (left) and relative EW and QCD
corrections (right) without and with VBF cuts.
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much and reach 1% and �7% at MH � 700 GeV without
cuts and with VBF cuts, respectively. The EW corrections
increase steadily with the Higgs-boson mass up to 8% and
7% at MH � 700 GeV without cuts and with VBF cuts,
respectively. In the EW corrections the WW, ZZ, and tt
thresholds are clearly visible.

It is interesting to note that, at least for Higgs-boson
masses below 200 GeV, the EW corrections to the full VBF
channel are similar in size and sign to the subreactions
pp!WH=ZH� X [50]. Compared to the related decays
H!WW=ZZ! 4f [21,22] the size is similar, but for low
Higgs masses of 100–200 GeV the sign is different.

In Table I we present numbers for integrated cross
sections for MH � 120, 150, 200, 400, and 700 GeV with-
out any cuts and in Table II results for the VBF cuts defined
above. We list the LO cross section �LO, the cross section
including NLO QCD and EW corrections, �NLO, and
various contributions to the relative corrections. The com-
plete EW corrections �EW comprise the EW corrections
resulting from loop diagrams and real photon radiation,
�EW;qq, and the corrections from photon-induced processes
�q�. Furthermore, �EW;qq includes the dominant two-loop
correction �G2

�M4
H

due to Higgs-boson self-interaction,

which was introduced in Sec. II B. The QCD corrections
�QCD are decomposed in the diagonal contributions
�QCD;diag, nondiagonal contributions �QCD;nondiag, the con-
tribution resulting from gluon splitting �g-split, and those
from gluon-gluon fusion �gg-fusion, as explained in
Sec. II C.

The QCD corrections are dominated by the diagonal
contributions, i.e. by the vector-boson-quark-antiquark
vertex corrections to squared LO diagrams. All other con-
tributions are at the per mille level and even partially
cancel each other. They are not enhanced by contributions
of two t- or u-channel vector bosons with small virtuality
and therefore even further suppressed when applying VBF
cuts. The photon-induced EW corrections are about 1%
and reduce the EW corrections for small and intermediate
MH. The two-loop correction �G2

�M4
H

is negligible in the
low-MH region, but becomes important for large Higgs-
boson masses. ForMH � 700 GeV this contribution yields
�4% and constitutes about 50% of the total EW correc-
tions. Obviously for Higgs masses in this region and above
the perturbative expansion breaks down, and the two-loop
factor �G2

�M4
H

might serve as an estimate of the theoretical
uncertainty.

C. Subcontributions from s channel and t=u
interference

Previous calculations of the VBF process [11,16–19]
have consistently neglected s-channel contributions

TABLE III. s-channel contributions and contributions from
interference between t and u channels to the pp! H� 2 jets�
X cross section at LO and NLO, without any cuts.

MH 
GeV� 120 150 200 400 700

�LO;s 
fb� 1294.4(2) 639.4(1) 244.26(4) 19.69 2.11
�NLO;s 
fb� 1582.1(4) 769.4(2) 289.80(9) 21.72(1) 2.29(1)
�LO;t=u-int 
fb� �9:2 �5:6 �2:71 �0:32 �0:041
�NLO;t=u-int 
fb� �27:6 �9:4 0.04(1) �1:08�1� �0:19

TABLE II. As in Table I, but with VBF cuts applied.

MH 
GeV� 120 150 200 400 700

�LO 
fb� 1876.3(5) 1589.8(4) 1221.1(3) 487.31(9) 160.67(2)
�NLO 
fb� 1665(1) 1407.5(8) 1091.3(5) 435.4(2) 160.36(5)
�EW 
%� �6:47�2� �6:27�2� �4:98�1� �3:99�1� 6.99(2)
�EW;qq 
%� �7:57�2� �7:42�2� �6:19�1� �5:37�1� 5.44(2)
�q� 
%� 1.10 1.15 1.22 1.38 1.55
�QCD 
%� �4:77�4� �5:20�4� �5:65�3� �6:67�3� �7:18�2�
�QCD;diag 
%� �4:75�4� �5:17�4� �5:66�4� �6:63�3� �7:18�2�
�QCD;nondiag 
%� �0:011 �0:0052�1� 0.0032(1) 0.0030 0.0022
�g-split 
%� �0:0085�1� 0.0084(1) 0.027 0.014 0.0074
�gg-fusion 
%� �0:030 �0:030 �0:028�1� �0:020 �0:014
�G2

�M
4
H

%� 0.0035 0.0086(1) 0.027 0.43 4.06(1)

TABLE I. Cross section for pp! H� 2 jets� X in LO and
NLO without cuts and relative EW and QCD corrections split
into various subcontributions.

MH 
GeV� 120 150 200 400 700

�LO 
fb� 5943(1) 4331(1) 2855.4(6) 900.7(1) 270.51(4)
�NLO 
fb� 5872(2) 4202(2) 2765(1) 871.8(3) 294.33(9)
�EW 
%� �4:94�2� �4:91�2� �3:67�1� �2:97�1� 7.74(2)
�EW;qq 
%� �5:79�2� �5:92�2� �4:85�1� �4:50�1� 5.99(2)
�q� 
%� 0.85 1.00 1.18 1.53 1.75
�QCD 
%� 3.75(5) 1.94(3) 0.49(3) �0:24�3� 1.06(3)
�QCD;diag 
%� 3.97(3) 2.04(3) 0.55(3) �0:06�3� 1.14(3)
�QCD;nondiag 
%� 0.010(2) 0.027(2) 0.050(1) 0.026 0.013
�g-split 
%� �0:015�1� 0.059(1) 0.110(1) 0.040(1) 0.017(1)
�gg-fusion 
%� �0:19�1� �0:20 �0:22 �0:24 �0:11�1�
�G2

�M4
H

%� 0.0027 0.0073 0.025 0.42 4.03(1)
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(‘‘Higgs strahlung’’), which involve diagrams where one of
the vector bosons can become resonant, as well as the
interference between t- and u-channel fusion diagrams.
To better understand the effect of these approximations
we have calculated these contributions to the integrated
cross section. In Tables III and IV we present, with and
without VBF cuts, respectively, contributions from
s-channel processes, �s, and from t=u-channel interfer-
ence terms �t=u-int, at both LO and NLO. The NLO result
does not include the corrections due to photon-induced
processes, which cannot be split into the above subcon-
tributions respecting gauge invariance.

While t=u-interference terms, with or without VBF cuts,
contribute less than 1% to the cross section, s-channel
contributions are clearly nonnegligible when no cuts are
used. At LO (NLO), for MH � 120 GeV they contribute
22% (27%) to the total cross section, while for MH �
200 GeV this contribution decreases to 9% (10%). For
MH � 700 GeV s-channel processes contribute less than
1% to the cross section, with and without VBF cuts. Thus,
for increasing Higgs-boson masses, the contribution from
Higgs-strahlung processes becomes less and less important
compared to the contribution from pure fusion processes.
When VBF cuts are used, both the s-channel and t=u-
channel-interference contributions are strongly sup-
pressed, yielding less than 0.6% of the cross section for
all the studied Higgs-boson masses. The comparably large
NLO s-channel contribution after VBF cuts originates
from real gluon corrections with up to three jets in the final
state, because in contrast to LO the two jets from the weak-
boson decay, which tend to be aligned owing to a boost, are
not forced to be the two well-separated tagging jets. We
conclude that, applying typical experimental VBF cuts, the
contributions from s-channel diagrams and t=u-channel
interferences can be safely neglected.

D. Leading-order b-quark contributions

In this section we present the contributions arising at LO
from processes that include b quarks in the initial and/or
final states. There are three types of contributions involving
b quarks. The first type consists of s-channel diagrams with
a b�b pair in the initial state, the second type comprises
s-channel diagrams with a b�b pair in the final state, and the
third type involves s-channel diagrams with a b�b pair in
both the initial and the final state as well as all t- and
u-channel diagrams where a b or �b quark goes from the

initial state to the final state. In Table V we show, for
different MH values, LO cross section results without b-
quark contributions, �LO;no b, the results including only
initial-state b quarks, �LO;b-in, the results including only
final-state b quarks, �LO;b-out, and including both initial-
and final-state b quarks, �LO;b-in=out. The relative contribu-
tions arising from these subprocesses, �b-in, �b-out, and
�b-in=out, are also shown. In Table VI we present LO results
including VBF cuts.

For low Higgs-boson masses and no cuts, final-state
b quarks increase the LO cross section by up to 2%. The
increase due to initial-state b quarks is one per mille or less,
being strongly suppressed due to the two bottom densities
involved (b�b-annihilation processes). Including both initial
and final-state b quarks increases the total cross section by
up to 4%, a contribution that is similar in absolute value to
the total EW correction, but opposite in sign. The contri-
butions from final-state and/or initial-state b quarks de-
crease with increasing Higgs-boson mass. For
MH � 700 GeV, b-quark contributions from either final
state or initial state become negligible, while simultaneous
initial- and final-state b-quark corrections decrease to
1.4%. When VBF cuts are imposed, b-quark contributions
become less important. This is particularly noticeable in
contributions arising from processes with final-state but no
initial-state b quarks and vice versa, Higgs-strahlung pro-
cesses of the form q �q! b�bH and b�b! q �qH. These are
s-channel processes and, as already shown in Sec. III C,
this type of contributions is strongly suppressed by the
VBF cuts.

TABLE V. LO cross section for pp! H� 2 jets� X with
and without initial- and/or final-state b quarks, without any cuts.

MH 
GeV� 120 150 200 400 700

�LO;no b 
fb� 5943(1) 4331(1) 2855.2(6) 900.7(1) 270.60(4)
�LO;b-in 
fb� 5951(1) 4334(1) 2856.3(6) 900.7(1) 270.60(4)
�b-in 
%� 0.13(2) 0.07(2) 0.04(2) 0.01(2) 0.00(2)
�LO;b-out 
fb� 6054(1) 4386(1) 2876.7(6) 902.4(1) 270.77(4)
�b-out 
%� 1.87(2) 1.27(2) 0.75(2) 0.19(2) 0.06(2)
�LO;b-in=out 
fb� 6203(1) 4495(1) 2945.7(6) 919.5(2) 274.49(4)
�b-in=out 
%� 4.37(2) 3.79(2) 3.17(2) 2.09(2) 1.44(2)

TABLE VI. As in Table V, but with VBF cuts applied.

MH 
GeV� 120 150 200 400 700

�LO;no b 
fb� 1876.1(5) 1589.8(4) 1221.1(3) 487.32(9) 160.66(2)
�LO;b-in 
fb� 1876.1(5) 1589.8(4) 1221.1(3) 487.32(9) 160.66(2)
�b-in 
%� 0.00(3) 0.00(2) 0.00(2) 0.00(2) 0.00(1)
�LO;b-out 
fb� 1876.1(5) 1589.8(4) 1221.1(3) 487.32(9) 160.66(2)
�b-out 
%� 0.00(3) 0.00(2) 0.00(2) 0.00(2) 0.00(1)
�LO;b-in=out 
fb� 1918.5(5) 1624.5(4) 1246.3(3) 495.55(9) 162.75(2)
�b-in=out 
%� 2.26(3) 2.18(2) 2.06(2) 1.69(2) 1.30(1)

TABLE IV. As in Table III, but with VBF cuts applied.

MH 
GeV� 120 150 200 400 700

�LO;s 
fb� 0.0025 0.0015 0.000 71 0.000 072 0.000 006 9
�NLO;s 
fb� 9.45(1) 5.21(1) 2.33 0.29 0.044
�LO;t=u-int 
fb� �0:12 �0:091 �0:060 �0:016 �0:0034
�NLO;t=u-int 
fb� �0:75 0.17 0.76 0.089 0.0044(1)
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E. Scale dependence

In Figs. 7 and 8 we show the dependence of the total
cross section on the factorization and renormalization scale
for MH � 200 GeV and MH � 400 GeV, respectively. We
relate the factorization scale �F, which applies to both
QCD and QED contributions, and the renormalization
scale �R to the W-boson mass as

 � � �F � �FMW; �R � �RMW; (3.8)

and vary �F and �R between 1=8 and 8. We study the scale
dependence of the LO cross section, of the QCD-corrected
NLO cross section, and of the complete NLO cross section
including both QCD and EW corrections for �R � �F. In
addition we depict the QCD-corrected NLO cross section
for the setup where �R � 1=�F (NLO QCD0). For MH �
200 GeV, varying the scale up and down by a factor of 2
(8) changes the cross section by �3% (� 9%) in LO and

by �1% (� 2%=� 9%) in NLO for the setup without
cuts. With VBF cuts, the scale uncertainty amounts to
�6% (� 18%) in LO and �2% (� 11%) in NLO. For
MH � 400 GeV, the scale uncertainty is reduced from
�7% (� 24%) in LO to �1% (� 11%) in NLO for the
cross section without cuts, and from�8% (� 29%) in LO
to �3% (� 15%) in NLO for the cross section with VBF
cuts. ForMH � 400 GeV, it is clearly seen from the results
that MW is a more appropriate scale choice than MH. For
this reason we have chosen MW as default scale in this
paper, while we used MH in Ref. [20], where we only
considered Higgs-boson masses comparable to MW.

F. Slicing cut dependence

In the slicing approach (as e.g. reviewed in Ref. [53]),
phase-space regions where real photon/gluon emission and
photon/gluon-induced processes contain soft or collinear

FIG. 8 (color online). Scale dependence of LO and NLO cross section with QCD or QCD� EW corrections for MH � 400 GeV
without cuts (left) and with VBF cuts (right).

FIG. 7 (color online). Scale dependence of LO and NLO cross section with QCD or QCD� EW corrections for MH � 200 GeV
without cuts (left) and with VBF cuts (right).
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singularities are defined by the auxiliary cutoff parameters
�s, �c � 1. In real photon/gluon radiation processes, the
region

 � < k0 < �s

���̂
s
p

2
; (3.9)

where k is the photon/gluon momentum,
���̂
s
p

the partonic
center-of-mass energy, and � an infinitesimal photon/gluon
mass, is treated in soft approximation. The regions deter-
mined by

 1� cos��f�;ggq�< �c; k0 > �s

���̂
s
p

2
; (3.10)

where �f�;ggq is the angle between any quark q and the
photon or gluon, are evaluated using collinear factoriza-
tion. In photon- or gluon-induced processes, singularities
arise only in the collinear region, i.e. a slicing cut on the
angle between any final-state quark q and the initial-state
photon or gluon is sufficient to exclude the singularity from
phase-space. Specifically, we define this angular cut as in
(3.10). The collinear-splitting singularities are also treated
using collinear factorization.

In the remaining phase-space no regulators (photon/
gluon and quark masses) are used. Therefore, the slicing
result is correct up to terms of O��s� and O��c�. In Fig. 9
we show the dependence of the complete corrections to the
cross section with VBF cuts on �s for fixed �c � 10�6 and
the dependence on �c for fixed �s � 10�3. The error bars
reflect the uncertainty of the Monte Carlo integration.
These results were obtained with 109 events for the slicing
method and 108 events for the subtraction method, using
MH as factorization and renormalization scale. For de-
creasing auxiliary parameters �s and �c, the slicing result
reaches a plateau and becomes compatible with the sub-
traction result. The integration error in the result obtained
with the slicing method increases for lower cutoff parame-

ters. On the other hand, the subtraction results, for the same
number of events, always show smaller integration errors.

G. Differential cross sections

In this section we consider results for distributions in-
volving Higgs-boson and tagging-jet observables. We
show results for MH � 120 GeV in the setup including
VBF cuts. For each distribution we plot the absolute pre-
dictions in LO and in NLO including QCD and EW cor-
rections. In addition, we show the relative corrections, both
the QCD and EW corrections separately, as well as their
sum.

We first consider Higgs-boson observables and show the
distribution in the transverse momentum pT;H in Fig. 10.
The differential cross section drops strongly with increas-
ing pT;H, while both the relative EW and QCD corrections
increase in size and reach�20% for pT;H � 500 GeV. It is
interesting to note the differences between this result and
the same distribution in Higgs-boson production via gluon
fusion, as e.g. shown in Ref. [54]. In weak-boson fusion,
this distribution is broader and peaks at a much larger value
of pT;H.

The distribution in the rapidity yH of the Higgs boson is
presented in Fig. 11. While the relative EW corrections
depend only weakly on this variable, the QCD corrections
show an increase for large rapidities. Total corrections
decrease the differential cross section by more than 10%
in the central region, inducing an important change in the
shape of this distribution.

Figures 12 and 13 show the differential cross section as
function of the transverse momentum of the harder and
softer tagging jet, respectively. These distributions peak
near or below pj;T �MW and then drop strongly with
increasing jet transverse momentum. QCD and EW cor-
rections become more and more negative with increasing

FIG. 9 (color online). Dependence of the relative corrections to the total cross section with VBF cuts on the energy cutoff �s for
�c � 10�6 (left-hand side) and on the angular cutoff �c for �s � 10�3 (right-hand side) in the slicing approach for MH � 120 GeV.
For comparison the corresponding result obtained with the dipole subtraction method (with 10 times less statistics) is shown as a 1�
band in the plots.

ELECTROWEAK AND QCD CORRECTIONS TO HIGGS . . . PHYSICAL REVIEW D 77, 013002 (2008)

013002-13



FIG. 10 (color online). Distribution in the transverse momentum pT;H of the Higgs boson (left) and corresponding relative
corrections (right) for MH � 120 GeV.

FIG. 11 (color online). Distribution in the rapidity yH of the Higgs boson (left) and corresponding relative corrections (right) for
MH � 120 GeV.

FIG. 12 (color online). Distribution in the transverse momentum pj1 ;T of the harder tagging jet (left) and corresponding relative
corrections (right) for MH � 120 GeV.
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FIG. 13 (color online). Distribution in the transverse momentum pj2;T of the softer tagging jet (left) and corresponding relative
corrections (right) for MH � 120 GeV.

FIG. 14 (color online). Distribution in the rapidity yj1 of the harder tagging jet (left) and corresponding relative corrections (right) for
MH � 120 GeV.

FIG. 15 (color online). Distribution in the rapidity yj2 of the softer tagging jet (left) and corresponding relative corrections (right) for
MH � 120 GeV.
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pj;T. For low transverse momentum these corrections are at
the level of 5%, while for pj;T � 400 GeV and 150 GeV
they add up to about �38% and �25% for the harder and
softer tagging jet, respectively. This induces a substantial
change in shape of these distributions.

In Figs. 14 and 15, we depict the distributions in the
rapidities of the harder and softer tagging jet, respectively.
It can be clearly seen that the tagging jets are forward and
backward located. The EW corrections vary between�4%
and �7%. The QCD corrections exhibit a strong depen-
dence on the jet rapidities. For the harder tagging jet they
are about �8% in the central region but become positive
for large rapidities, where they tend to compensate the EW
corrections. For the softer tagging jet the variation for large
rapidities is smaller, and the QCD corrections become
small also near yj � 0. Shape changes due to the full
corrections can reach 10%.

In Fig. 16 we present the distribution in the azimuthal
angle separation of the two tagging jets. This distribution is
particularly sensitive to nonstandard contributions to the
HVV vertices [18]. As expected for VBF processes, there is
a large azimuthal angle separation between the two tagging
jets. While QCD corrections are almost flat in this variable,
the QCD� EW corrections exhibit a dependence on �
jj

on the level of 4%.
Finally, in Fig. 17 we show the distribution in the

tagging-jet-pair invariant mass Mjj. Tagging jets identified
in EW processes have typically larger jet-pair invariant
masses than the ones identified in QCD processes.
Consequently, Mjj can be used to further suppress QCD
backgrounds, as e.g. pointed out in Ref. [1]. This distribu-
tion peaks at approximately Mjj � 500 GeV and is
strongly suppressed for higher invariant-mass values. The
EW corrections decrease with increasing Mjj and compen-

FIG. 17 (color online). Distribution in the tagging-jet-pair invariant mass Mjj (left) and corresponding relative corrections (right) for
MH � 120 GeV.

FIG. 16 (color online). Distribution in the azimuthal angle difference �
jj of the tagging jets (left) and corresponding relative
corrections (right) for MH � 120 GeV.
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sate the increasing QCD corrections for large invariant
masses. The total correction is of the order of �10%.

H. Comparison with related NLO QCD calculations

In this section we compare our results to those obtained
with the software packages VV2H by M. Spira [55] and
VBFNLO by D. Zeppenfeld et al. [56].2 These programs
allow one to calculate the LO and NLO-QCD-corrected
cross sections for Higgs-boson production via VBF at
hadron colliders. It is important to note that s-channel
contributions and t=u-channel-interference contributions
are not taken into account in these calculations. In particu-
lar, only the O��s� corrections that correspond to our
class (a) of QCD contributions (see Sec. II C) are included.
In order to allow for a tuned comparison, we here use only
four quark flavors for the external partons, i.e. we have
switched off the effect of initial- and final-state b quarks in
the calculations. We compare the results of VV2H and
VBFNLO with LO and NLO-QCD-corrected results of our
code with s-channel contributions and t=u-channel-
interference contributions switched off, �tuned. In addition,
we give the results of our code, �best, with these contribu-
tions and all interferences switched on and including all
EW corrections apart from photon-induced processes. We
use CTEQ6 parton distributions [57] and our default set of
input parameters.

We first compare our results to those obtained with
VV2H, which implements the formulas presented in
Ref. [16]. As it is not possible to include phase-space

cuts in VV2H, we have only compared total cross sections.
The results of this comparison can be found in Table VII.
We observe that the LO cross sections agree within 0.05%
and the NLO corrected results within 0.2%, a difference
which is of the order of the statistical error. Our complete
predictions �best differ from the results of VV2H by up to
30% for low Higgs-boson masses and by a few percent for
high Higgs-boson masses. The bulk of this big difference
for small MH values is due to the missing s-channel con-
tributions in VV2H.

We now turn to VBFNLO, which implements the results of
Ref. [17]. As explained there, VBFNLO generates an iso-
tropic Higgs-boson decay into two massless ‘‘leptons’’
(which represent ���� or �� or b�b final states), and
imposes a cut on the invariant mass of the Higgs boson.
In order to be able to compare with this setup, we have
implemented a convolution with a Breit-Wigner distribu-
tion for the Higgs boson in one of our codes. When
performing this convolution we can either evaluate the
matrix element for Higgs production for an on-shell
Higgs boson or for a Higgs boson with an invariant mass
given by the Breit-Wigner distribution. While the first
variant is gauge invariant and corresponds to a pole ap-
proximation, the second one, which is implemented in
VBFNLO, violates EW gauge invariance. Because of the
simple structure of the matrix element, this might not be a
problem in LO and if only QCD corrections are included.
Both variants neglect contributions that do not involve a
resonant Higgs boson, which is a good approximation for

TABLE VII. Total cross section for pp! H� 2 jets� X in LO and NLO calculated with our
program, �LO=NLO, and with VV2H, �VV2H

LO=NLO, for the setup defined in the text.

MH 
GeV� 120 150 170 200 400 700

�tuned
LO 
fb� 4226.3(6) 3357.8(5) 2910.7(4) 2381.6(3) 817.6(1) 257.49(4)

�VV2H
LO 
fb� 4226.2(4) 3357.3(3) 2910.2(3) 2380.4(2) 817.33(8) 257.40(3)

�best
LO 
fb� 5404.8(9) 3933.7(6) 3290.4(5) 2597.9(4) 834.5(1) 259.26(4)

�tuned
NLO 
fb� 4424(4) 3520(3) 3052(3) 2505(2) 858.4(7) 268.2(2)

�VV2H
NLO 
fb� 4415(1) 3519.7(8) 3055.8(7) 2503.4(6) 858.8(2) 268.03(6)

�best
NLO 
fb� 5694(4) 4063(3) 3400(3) 2666(2) 839.0(7) 285.9(3)

TABLE VIII. Cross section for pp! H� 2 jets� X in LO and NLO calculated with our
program, �LO=NLO, and with VBFNLO, �VBFNLO

LO=NLO , without any cuts and for the setup defined in the
text.

MH 
GeV� 120 150 170 200 400 700

�tuned
LO 
fb� 4216.8(6) 3350.0(5) 2904.5(4) 2377.9(3) 824.8(1) 284.28(8)

�VBFNLO
LO 
fb� 4218.4(2) 3351.1(2) 2905.2(1) 2378.8(1) 825.06(5) 284.35(2)

�pole
LO 
fb� 4216.8(6) 3349.7(5) 2903.6(4) 2373.5(3) 786.1(1) 206.15(3)

�best
LO 
fb� 5394.0(9) 3925.1(6) 3282.5(5) 2590.5(4) 802.6(1) 207.75(3)

�tuned
NLO 
fb� 4407(3) 3512(3) 3050(2) 2500(2) 865.5(6) 296.8(3)

�VBFNLO
NLO 
fb� 4405.3(3) 3512.0(2) 3049.5(2) 2500.5(2) 866.32(7) 296.63(3)

�pole
NLO 
fb� 4409(3) 3511(3) 3043(4) 2494(2) 825.8(5) 214.7(1)

�best
NLO 
fb� 5678(5) 4055(3) 3392(3) 2659(2) 808.1(5) 229.0(2)
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small Higgs-boson masses, where the Higgs-boson width
is small, but not for large Higgs-boson masses, where the
width is large. Using these two variants of our code, we
have compared cross sections without imposing any cuts
on the decay products of the Higgs boson and using a unit
branching ratio. To define the integration region in the
neighborhood of the Higgs resonance, we employ the value
for the Higgs-boson width calculated by VBFNLO.

The results for the cross section without cuts are com-
pared in Table VIII, while results including VBF cuts can
be found in Table IX. The relative difference between the
results of VBFNLO and the variant of our code with off-shell
matrix elements, �tuned, is below 0.04% for the total LO
cross section and below 0.2% for the NLO-QCD-corrected
cross section, both with and without VBF cuts. This dif-
ference is of the order of the statistical error. The difference
between �tuned and the variant with on-shell matrix ele-
ments, �pole, is at the per mille level for Higgs-boson
masses below 200 GeV but strongly increases for a heavy
Higgs boson. For MH � 400 and 700 GeV the differences
reach about 4% and 30%, respectively, which illustrates the
order of uncertainty without a more sophisticated treatment
of off-shell effects of the Higgs boson including its decay.
The results for �best are obtained with on-shell matrix
elements only, since the off-shell matrix elements with
EW corrections become gauge dependent. For small
Higgs-boson masses and VBF cuts applied these predic-
tions differ from those of VBFNLO by one per mille or less
in LO and by 6%–8%, the size of the EW corrections, in
NLO. On the other hand, without cuts the big difference
between �best and the other predictions at small MH values
is again due to s-channel contributions.

IV. CONCLUSIONS

Higgs-boson production via weak-boson fusion is one
of the most important processes in the search for and
the study of a standard model-like Higgs boson at the
LHC. In this paper we presented the first calculation of

the NLO electroweak corrections for this process and we
extended previously existing approximate NLO QCD cal-
culations by including s-channel topologies (Higgs-
strahlung processes) and all interferences, both in LO
and NLO.

We found that the electroweak corrections are of the
order of 5%–10%, i.e. as large as the NLO QCD correc-
tions. Real corrections induced by photons in the initial
state increase LO results by roughly 1%. More precisely,
the electroweak corrections are approximately �5% for
Higgs masses below 200 GeV and for larger MH values
steadily increase up to about �7% for MH � 700 GeV.
For this Higgs-boson mass the leading two-loop effects in
the heavy Higgs limit, which are included in our calcula-
tion, become as large as the one-loop corrections. This
signals the breakdown of perturbation theory for large
Higgs-boson masses. We suggest that the theoretical un-
certainty from missing higher-order corrections can be
estimated by the size of the leading two-loop heavy
Higgs effects in this domain. Moreover, for MH *

400 GeV owing to the large Higgs-boson width the on-
shell approximation is not sufficient any more and a more
sophisticated treatment including off-shell effects of the
Higgs boson and its decay width is required.

We have implemented our calculation in a flexible
Monte Carlo event generator, and studied differential dis-
tribution in Higgs-boson and tagging-jet observables.
Specifically, we have presented results for distributions in
transverse momenta, in rapidities, in the azimuthal angle
difference of the tagging jets, and in the tagging-jet-pair
invariant mass. We found that QCD and electroweak cor-
rections do not simply rescale differential distributions, but
induce distortions at the level of 10%.

Finally, we have compared our NLO QCD-corrected
results with existing calculations, which only take into
account t=u-channel squared-diagram contributions.
Working in this approximation, which renders the QCD
corrections particularly simple, we found technical agree-
ment between our results and the existing calculations
within statistical integration errors. We also found that,
when typical VBF cuts are applied, our full NLO QCD
results agree with the ones in the t=u-channel approxima-
tion within fractions of a percent.

TABLE IX. As in Table VIII, but with VBF cuts applied.

MH 
GeV� 120 150 170 200 400 700

�tuned
LO 
fb� 1683.2(3) 1430.6(2) 1287.3(2) 1104.6(1) 448.40(6) 159.44(3)

�VBFNLO
NLO 
fb� 1683.32(5) 1430.75(4) 1287.74(4) 1104.76(3) 448.41(1) 159.431(5)

�pole
LO 
fb� 1682.6(3) 1430.4(2) 1287.5(2) 1103.6(1) 434.00(5) 123.13(1)

�best
LO 
fb� 1682.9(3) 1429.6(2) 1287.0(2) 1103.2(1) 433.89(5) 123.11(1)

�tuned
NLO 
fb� 1726(1) 1459(2) 1307(1) 1118(1) 442.4(3) 155.0(2)

�VBFNLO
NLO 
fb� 1725.3(2) 1458.9(1) 1308.8(1) 1117.6(1) 442.68(3) 154.71(1)

�pole
NLO 
fb� 1724(2) 1460(1) 1310(2) 1118(1) 427.7(3) 118.0(1)

�best
NLO 
fb� 1595(2) 1351(2) 1228(1) 1045(1) 403.2(3) 124.82(9)

2For this comparison we have employed the VV2H version
dated July 23, 2007, and VBFNLO-V.1.0.
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With the complete knowledge of NLO QCD and elec-
troweak corrections, the theoretical uncertainty from miss-
ing higher-order effects should be of the order of 1%–2%
in total cross section predictions for Higgs-boson masses in
the range 100–200 GeV. For distributions, the uncertainty
will be larger in suppressed phase-space regions. The
phenomenological error of the parton distributions contrib-
utes a further 3.5% to the uncertainty, as reported in
Ref. [17]. We thus conclude that the presented state-of-
the-art results match the required precision for predictions
at the LHC.
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