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Abstract

Weak boson fusion is expected to be an important Higgs production
channel at the LHC. Complete one-loop results for weak boson fusion
in the Standard Model have been obtained by calculating the full vir-
tual electroweak corrections and photon radiation and implementing
these results into the public Monte Carlo program VBFNLO (which in-
cludes the NLO QCD corrections). Furthermore the dominant super-
symmetric one-loop corrections to neutral Higgs production, in the
general case where the MSSM includes complex phases, have been
calculated. These results have been combined with all one-loop cor-
rections of Standard Model type and with the propagator-type cor-
rections from the Higgs sector of the MSSM up to the two-loop level.
Within the Standard Model the electroweak corrections are found to
be as important as the QCD corrections after the application of ap-
propriate cuts. The corrections yield a shift in the cross section of
order 5% for a Higgs of mass 100-200 GeV, confirming the result ob-
tained previously in the literature. For the production of a light Higgs
boson in the MSSM the Standard Model result is recovered in the de-
coupling limit, while the loop contributions from superpartners to the
production of neutral MSSM Higgs bosons can give rise to corrections
in excess of 10% away from the decoupling region.

'Former address of the authors, where much of this work was carried out: IPPP,
Durham University, Durham DH1 3LE, UK

2E-mail: Terrance.Maynard.Figy@cern.ch

3E-mail: Sophy.Palmer@particle.uni-karlsruhe.de

4E-mail: Georg.Weiglein@desy.de



1 Introduction

Weak boson fusion (WBF) is an important Higgs production channel at the
LHC [1-3] and at a future Linear Collider [4,5]. If the Higgs mechanism is
responsible for generating the masses of the weak gauge bosons Z and W=,
one would expect that at least one Higgs boson should have a significant
coupling to the weak bosons (unless the coupling to gauge bosons is shared
among a large number of Higgs bosons, see e.g. [6]) and should therefore be
produced in weak boson fusion. Besides its role as a discovery channel, it has
also been shown that weak boson fusion production can provide important
information on the couplings and CP-properties of the detected state [7H9].
A precise theoretical prediction of this channel is mandatory in this context.

QCD corrections to weak boson fusion Higgs production at the LHC
turned out to be moderate, at the level of 5% in the Standard Model (SM),
and are theoretically well under control [3,/10H17]. Additionally, uncertainties
from parton distribution functions (PDFs) to this channel are quite small [3]
in the phase space region relevant for the LHC. In view of the expected
accuracies at the LHC [1,2,8] electroweak loop corrections may also be non-
negligible. Besides the relevance of electroweak loop corrections for reducing
the theoretical uncertainties of this channel, they are also of interest because
of the potential effects of new physics entering via virtual contributions of
additional particles in the loops. In the Minimal Supersymmetric Standard
Model (MSSM), the most thoroughly studied extension of the SM, it has
been shown for the case of Higgs production in weak boson fusion at a future
linear collider that supersymmetric (SUSY) loop contributions can have a
sizable impact on the production cross section [1§]. In particular, the SUSY
loop effects can significantly modify the decoupling behaviour of the VV H
vertex, where V = Z,W*, and H is the heavy CP-even Higgs boson of the
MSSM [18] (see also Ref. [18]/19] for leading SUSY loop corrections to the
production of the light CP-even Higgs boson in WBF at the Linear Collider;
the complete one-loop contributions to the corresponding process in the SM
have been obtained in Refs. [20-22]).

Electroweak loop corrections to Higgs production in WBF at the LHC
have recently received considerable interest. In Refs. [23H25] the full one-
loop electroweak and QCD loop corrections to the total cross section and
differential distributions have been evaluated in the SM. The pure SUSY
loop corrections to this process, without the SM part, have been obtained
in [26,27], and the SUSY-QCD corrections have also been investigated [28].



In the present paper we calculate the complete electroweak one-loop correc-
tions to Higgs production in WBF at the LHC in the SM. We furthermore
calculate corrections to the production of neutral Higgs bosons in the MSSM,
combining the full one-loop SM-type contributions with the dominant SUSY
one-loop corrections involving the scalar superpartners of the SM fermions
and with the propagator-type corrections up to the two-loop level to the
mass and wavefunction normalisation of the outgoing Higgs boson. For com-
parison with the dominant SUSY contributions from sfermions we have also
calculated the full SUSY corrections to the V'V h vertex, the weak boson
self energies and the qqV vertices. We have implemented our results into
the public Monte Carlo program VBFNLO [29] so that they can be used in
experimental studies.

Our results go beyond the existing results in the literature in various
ways. In particular, they incorporate loop effects from both SM and SUSY
particles. Additionally, our SUSY loop corrections have been obtained for the
general case of non-vanishing complex phases, which enables an analysis of
the possible impact of CP-violating effects. For comparison, we have further-
more evaluated the fermion and sfermion loop corrections to the production
of the Z boson in WBEF, which is of interest as a potential reference process
to which WBF Higgs production could be calibrated. Where possible, we
compare our results with those available in the literature.

2 Details of the calculation

2.1 Notations and conventions

The Higgs sector of the MSSM comprises two scalar doublets, resulting in five
physical Higgs bosons. At lowest order the Higgs sector is CP-conserving,
giving rise to two CP-even states h and H, a CP-odd state A, and the
charged Higgs bosons H*. Besides the gauge couplings, the Higgs sector is
characterised by two independent input parameters, conventionally chosen as
M 4 and tan § (in the case of CP-violation one usually chooses My instead of
M 4 as the input parameter). Here tan /3 is the ratio of vacuum expectation
values of the two Higgs doublets. The other Higgs boson masses and the
mixing angle a between the two neutral CP-even states can be predicted
in terms of the input parameters. Higher-order contributions yield large
corrections to the masses and couplings, and can also induce CP-violation



leading to mixing between h, H and A in the case of general complex SUSY-
breaking parameters. The corresponding mass eigenstates are denoted as hq,
ha, hs.

The superpartners to the left- and right-handed fermions mix, yielding
the mass eigenstates fi, fg. In the off-diagonal entries of the mass matrix
the trilinear couplings A; and the Higgsino mass parameter p enter, which
can be complex. Similarly, the mass eigenstates of neutralinos and charginos
need to be determined from matrix diagonalisation, where the parameters
M; and M, can be complex. The gluino mass and its phase enter our results
only via the two-loop contributions to the Higgs propagators.

2.2 Types of corrections

In the following we describe details of the calculation of the one-loop elec-
troweak corrections to WBF production of the SM Higgs boson H°M and the
MSSM Higgs bosons h, H, A (hy, ha, h3) in the CP-conserving (CP-violating)
casell| In the SM we take into account the complete one-loop electroweak cor-
rections to the partonic 2 — 3 process, involving diagrams of pentagon, box,
vertex and self-energy type. Generic types of virtual electroweak one-loop
corrections, counterterm contributions and real photon emission are depicted
in Fig. |1l These contributions have been implemented into the public Monte
Carlo program VBFNLO [29], which contains the leading-order result supple-
mented by the one-loop QCD corrections in the SM. We therefore obtain
results that contain the full one-loop QCD and electroweak corrections in the
SM. In the MSSM we combine the SM-type contributions (i.e. from fermions,
gauge bosons and the full MSSM Higgs sector) with the dominant loop cor-
rections involving the scalar superpartners of the SM fermions. We evaluate
these contributions for arbitrary complex phases. Going beyond the sfermion
loop corrections, for the V'V h; vertex, the V'V self energy and the qqV ver-
tices, where V = W#*,Z and i = 1,2, 3, we have obtained the full one-loop
contributions from all SUSY particles. For the propagator corrections to the
mass and wavefunction normalisation of the outgoing Higgs boson, which are
known to be sizable in the MSSM Higgs sector, we incorporate corrections
up to the two-loop level as implemented in the program FeynHiggs [30-35].
The remaining SUSY loop corrections (the SUSY-QCD corrections and the
SUSY pentagon and box diagrams involving the superpartners of the gauge

LObviously, at leading order the CPP-odd Higgs A is not produced.



and Higgs bosons) will be presented in a forthcoming publication. They

are expected to be of sub-leading numerical importance (see the discussion
in [26]).

d U

Higgs

(e) Pentagon diagrams (f) Real photon emission
Figure 1: Types of electroweak corrections to the weak boson fusion process.

The virtual corrections are supplemented by the diagrams with real pho-
ton emission, see Fig. . The diagrams with real gluon emission (and the
corresponding virtual corrections) are already included in VBFNLO [29].

In the SM, for the perturbative evaluation of the cross section up to the
one-loop level, it is sufficient to take into account only the contributions of



the squared Born-level matrix element (as well as the one with real photon
emission) and the product of the Born-level and the one-loop amplitude. In
the MSSM, on the other hand, this is not necessarily the case. Since in par-
ticular for the production of the heavy Higgs bosons the Born-level matrix
element can be very small (or even strictly zero in the case of the CP-odd
Higgs boson), the squared contribution of the loop amplitude, |M!°°P|2  can
be numerically relevant and needs to be incorporatedE] The implementation
of our results into VBFNLO is such that these corrections are automatically in-
cluded in the MSSM calculation whenever the loop corrections are a sizeable
fraction (greater than 15%) of the leading order contributions as, even when
producing the lightest Higgs, they can be significant in the non-decoupling
regime.

Besides the contributions to Higgs production in WBF we also consider
higher-order corrections to the production of a Z boson in WBF at the par-
tonic level. This process could in principle be of interest as a reference process
(with a similar signature and, for a light Higgs, similar kinematics) to which
Higgs production could be calibrated (see e.g. [36] for a discussion), although
its experimental feasibility remains questionable at present [37]. We have
calculated the fermion and sfermion loop corrections to this process (which
is also incorporated, including one-loop QCD corrections, in VBFNLO [29]),
which allows us to compare the pattern of the radiative corrections for the
two processes.

The calculations of the Feynman diagrams were performed using the pro-
grams FeynArts [38,|39] and FormCalc [40-42], and the loop integrals were
evaluated using LoopTools [43]. Throughout, we use Dimensional Reduction
(DRED [44]).

2.2.1 Virtual corrections

The virtual corrections can be grouped into five different categories: cor-
rections to the VV H vertex, corrections to the gqV vertex (where ¢ is an
external quark), weak boson self-energy corrections and box and pentagon
diagrams, as shown in Fig.[I] Diagrams where the Higgs connects to one of
the external quark lines are not considered as we work in the limit of van-
ishing external quark masses. Within the SM it has been found that the
leading-order contribution where a Higgs is radiated off an external bottom

2The IR-divergent pieces are extracted prior to this procedure, see Sect. 223 below.



quark line can give rise to a correction of about 2% for a light Higgs [24]. In
the MSSM the Higgs coupling to bottom quarks can be enhanced compared
to the SM case. While the contributions on which we focus in this paper can
easily be supplemented by the ones where a Higgs is radiated off an exter-
nal bottom quark line, incorporation of the latter contributions would not
change our qualitative discussion below.

We incorporate the corrections to the VV H vertex and the weak bo-
son self energy by calculating an effective V'V H coupling resulting from the
loop and counterterm diagrams. The most general structure of the coupling
between a pair of gauge bosons and a scalar particle is given by [12]

T (qi,q2) = a1(qu, q2)g"" + az(q1, 2) [(1q2) 9" — @i’ ¢5] +
az(q1, 42)€"" q1,p920- (1)
Here, ¢; and ¢» are the momenta of the weak bosons, and a1, as and a3 are

Lorentz invariant formfactors. At the tree level, only the formfactor a; has
a non-zero value in the SM and the MSSM:

al}\I/I{SMWW = sin ‘9W ) (2>
iGMW . Z@MW
A = Sage (B —a), aify = SN cos(8 - a). (3

At lowest order the MSSM formfactor a; for the lightest CP-even Higgs bo-
son differs from the SM value of a; by a factor sin (8 — «), which tends to
1 in the decoupling regime, i.e. for M4 > M. The inclusion of higher or-
der diagrams, however, gives rise to different contributions to a; in the two
models, and in general yields non-zero values for as and as. The approach
of parametrising parts of the one-loop contributions in terms of formfactors
has the advantage of being relatively simple, as well as being quick to cal-
culate computationally. By running the formfactor calculation subroutines
separately, the speed of parameter scans can be greatly enhanced, making it
easier to identify interesting regions in the supersymmetric parameter space.ﬁ

We have calculated the corrections to the quark vertex in two different
ways. If only the contributions from the (s)fermion sector are considered, an
effective coupling can be used as there are only counterterm contributions in
this case. When considering the complete corrections, on the other hand, we

3Interesting Higgs phenomenology is expected to manifest itself in these formfactors,
owing to the differences between the SM and MSSM Higgs sectors.
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calculate the full matrix element. Finally, the box and pentagon diagrams
are included in VBFNLO by calculating the full 2 — 3 matrix elements.

In order to check these procedures for internal consistency, the corrections
to the Higgs vertex have also been calculated using the full matrix elements
instead of the simpler formfactor parametrisations, and we have verified that
the two sets of results agree with each other.

2.2.2 Higgs propagator corrections

Higgs propagator corrections, which can be very important numerically, en-
ter the prediction for the mass of the external Higgs boson and are further-
more required to ensure the correct on-shell properties of S-matrix elements
involving external Higgs bosons, i.e. unit residue and vanishing mixing be-
tween different Higgs bosons on mass shell. It is convenient in this context to
use finite wave function normalisation factors, which make it easy to incorpo-
rate leading higher-order contributions. A vertex function with an external
Higgs boson h, (a = 1,2,3) in general receives contributions from all three
lowest-order neutral Higgs statesf_f] according to

Ty, T,
I | =2 |Tx ], (4)
T, I

where the elements of the (non-unitary) matrix 7 have been defined in [33,
45]. In the C’P-conserving case mixing occurs only between the two CP-even
states. We calculate the wavefunction normalisation factors and the Higgs
boson masses using the program FeynHiggs, taking into account the full
one-loop result as well as the dominant two-loop contributions.

In our numerical discussion below we incorporate the universal wave-
function corrections into the lowest order matrix element, so that the effect
of the genuine one-loop corrections can be discussed separately from the
known propagator-type contributions. Accordingly, in the following we use
the phrase “leading order” for the tree-level element supplemented by the
wavefunction normalisation factors (and parametrised in terms of the loop-
corrected mass of the outgoing Higgs boson), whereas “tree” refers to the

4In general, one also needs to consider mixing with Goldstone bosons. For the case
of weak boson fusion, however, no such contributions occur at the one-loop level and we
therefore do not consider them here. For completeness, contributions due to mixing with
gauge bosons are included in the calculation, although they are not significant numerically.
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purely tree level diagrams without the wavefunction normalisation factors
(parametrised also in this case in terms of the loop-corrected Higgs mass).

In principle there is a choice between treating the universal wavefunction
corrections as an “additive” correction, i.e. absorbing them into the tree-level
part of the amplitude only, or as a “multiplicative” correction, i.e. applying
them both to the tree-level and the one-loop part of the amplitude. The
difference between the two options is of higher order. For the results shown
below, in which the wavefunction corrections are treated as “additive”, the
numerical difference between the two options is insignificant. Sizable effects
are possible, however, in “extreme” regions of the parameter space, for in-
stance in the non-decoupling regime of C’P-violating scenarios. In cases like
this the inclusion of the wavefunction corrections in the loop part of the am-
plitude can have an impact on the shape of azimuthal angle distributions. As
the universal wavefunction corrections are not the main focus of the present
paper, we will not discuss this issue any further here.

2.2.3 Real corrections

As mentioned above, we work in the limit of vanishing quark mass for the
external (1st and 2nd generation) quarks. We regularise the IR and collinear
divergences by a small photon mass and small quark masses, respectively, and
use the dipole subtraction formalism as described in [46]. As an additional
check on the IR finiteness of the results, we have also implemented the soft
photon approximation (see e.g. [47]) as an alternative to dipole subtraction.
Matrix elements for processes with real photon emission have been calculated
using helicity amplitudes [48], and have been numerically compared with
matrix elements generated with Madgraph [49] for individual phase space
points.

2.3 Renormalisation

We perform the renormalisation of the parameters and fields as outlined
in [33]. While the algebraic structure of the counterterms for the g¢V" vertex
and V'V self energy are the same in the MSSM as in the SM, the countert-
erms for the VV H vertices contain contributions from the renormalisation
of tan  and off-diagonal contributions from the Higgs field renormalisations.
For the CP-conserving case the explicit form of these counterterms has been
given in [18]. In the CP-violating case there are non-zero counterterm con-



tributions for all three vertices of the kind VVh,, a = 1,2,3. The relevant
MSSM counterterms were implemented into a FeynArts model file. The im-
plementation of our results into VBFNLO has three options for parametrising
the electromagnetic coupling in the Born level cross section. In the code the
electromagnetic coupling can be parameterised by «(0), a(Mz) and via the
Fermi constant, Gr. In the latter case the relation

SRCCAT Y

aza(O)—m Tz (5)

is employed, where the quantity Ar contains higher-order corrections to muon
decay, see [50,51]. The charge renormalisation counterterm is adjusted ac-
cording to the chosen option.

We have checked that the UV divergences cancel not only for the full
result but also separately for the (s)top / (s)bottom and for the (s)fermion
contributions. Furthermore we have verified for the (s)fermion contributions
that the corrections from the gqV" vertex, the weak boson self energy and the
VV H vertex are all separately finite. We have also checked, algebraically
and numerically, that the weak boson field renormalisation constants drop
out in the sum of all counterterm contributions. The parameters used for
regularising the UV divergence and the IR divergencies (quark mass and
photon mass) can all be varied numerically in the code. We have verified
that our result has no dependence on any of these parameters.

3 Numerical results

Unless otherwise stated, we use the PDF set MRST2004qed [52], as this in-
cludes QED corrections (thus allowing photon induced processes to be con-
sidered), the gauge coupling is parametrised by G, and a centre of mass
energy of 14 TeV is used. We normally set m;, = 172.6 GeV [53], and for the
other parameters we use the values given by the Particle Data Group [54].
By default, we use My, as both the renormalisation and factorisation scale.
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3.1 Cuts and non-WBF processes
By default, the cuts used here are those described in [24]:

pr; > 20 GeV
ly; | > 45
Ay =y —yp | > 4
Y Y < 0, (6)

where pr, is the transverse momentum of a jet, and y; is its rapidity. In
addition, the kp algorithm is used to reconstruct jets from the final state
partons, using the parameters

[n| <5, (7)

where Rj; is the R separation of the two jets, and 7 is the pseudorapidity
of the partons. These cuts ensure that the signal is relatively clean and
that the effect of processes such as the s-channel Higgsstrahlung process is
small [15,24,55]. Consequently, the Higgsstrahlung process is not included
in this work.

3.2 Comparison with the literature

As a first step, the leading order result in the SM was checked against the
result obtained using MadGraph [49]. The results were found to agree to
within the numerical accuracy of the respective codes. Additionally, the
tree-level matrix elements for Higgs production via weak boson fusion plus a
photon were also compared with [56], and found to be in full agreement.
We next compare the complete one-loop result for the weak boson fusion
channel in the SM with the result obtained in Ref. [24]. Accordingly, we
compare our result with the t-channel contribution given by the code HAWK,
which was developed in Ref. [24]EI Table (1| shows a comparison for on-shell
Higgs production between VBFNLO, incorporating our results, and the result

SContributions from the s-channel and t/u interference are numerically small, below the
level of ~0.5%, once weak boson fusion cuts have been applied. We furthermore have not
included photon induced processes in this comparison, as in general their s- and t-channel
contributions are not separately gauge-invariant, but we have verified that our results for
the photon induced processes are in good agreement with Ref. [24].
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Table 1: Comparison of our results, as implemented into the code VBFNLQ (labelled
“this work”), for the leading order (LO) cross section and the full one-loop con-
tribution (NLO, containing both QCD and electroweak corrections) to the weak
boson fusion (t) channel with those obtained using HAWK, the code developed in
Ref. [24].

120

150

200

oro, HAWK [fb]

oro, this work [fb]

1876.96 £ 1.59
1876.66 £ 1.32

1589.87 £ 1.25
1590.19 £ 1.10

1221.40 £ 0.87
1221.26 £+ 0.82

onLO, HAWK [fb]

1637.85 £ 3.22
1634.54 £ 2.39

1387.36 £ 2.40
1387.37 £ 2.09

1074.14 £ 1.72
1073.08 + 1.54

onro, this work [fb]

obtained using HAWK, with all parameters and cuts set to match Ref. [24].
Table [I] shows that both the leading order results of the two codes as well
as the predictions for the cross section including the complete QCD and
electroweak one-loop corrections in the SM fully agree with each other within
the numerical uncertainties.

We now turn to the comparison with the results for the purely supersym-
metric corrections to weak boson fusion in the MSSM with real parameters
given in Ref. [26]. The separation into “pure SUSY” and “SM-type” contri-
butions can easily be performed as long as one only considers loop contribu-
tions from SM fermions and their scalar superpartners. Going beyond the
(s)fermion contributions, however, this distinction is less obvious owing to
the increased complexity of the Higgs sector in the MSSM as compared to
the SM case. The authors of Ref. [26] have chosen to define the “pure SUSY”
corrections for the production of the light C’P-even Higgs boson according to

osusy = Oussy — Sin (B — a) osar, (8)

which ensures that ogysy contains only IR-finite virtual contributions (the
factor sin?(8 — «) is the ratio of the squared lowest order coupling of the
light CP-even Higgs to two weak bosons over the corresponding coupling
of a SM Higgs, see Egs. (2), (3)). In comparing with Ref. [26] we focus
on the supersymmetric contributions to the VVh vertex[f| Table [2] shows a

6Here, as in Ref. [26], we include contributions from photon fusion and photon-Z fusion.
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Table 2: Comparison of percentage corrections to the total Higgs production cross
section arising from contributions to the V'V h vertex of pure SUSY type, defined
according to Eq. , with the results presented in Ref. [26]. The column labelled
“This work” gives our results, incorporating Higgs propagator corrections up to
the two-loop level. The column labelled “Tuned result” was obtained by adapting
our calculation to the prescriptions used in Ref. [26] (see text). The column la-
belled “Propagator-type corrections” gives the percentage correction arising from
the universal wavefunction normalisation factors, see Sect.2.2.2l The right-most
column shows the results as given in Ref. [26].

SPS  This work Tuned result Propagator-type corrections Ref. [26]

la -0.210 -0.365 3.231 -0.329
1b 0.044 -0.204 3.431 -0.162
2 -0.046 -0.224 3.539 -0.147
3 -0.028 -0.214 3.557 -0.146
4 -0.065 -0.274 3.173 -0.258
3 -0.651 -0.619 1.970 -0.606
6 -0.108 -0.281 3.395 -0.226
7 -0.052 -0.246 3.691 -0.206
8 -0.007 -0.216 3.766 -0.157
9 0.031 -0.190 3.956 -0.094

comparison of our results with the ones of Ref. [26] for the relative impact of
the pure SUSY loop corrections, defined according to Eq. , on the total
Higgs production cross section. In order to enable a comparison with the
relative corrections given in Ref. [26] we have expressed the Higgs propagator
corrections (see Sect.[2.2.2)) as part of the loop contributions rather than
absorbing them into the leading order result as we do elsewhere in this paper/]

There are several differences between our approach and that used in
Ref. |26], related in particular to the treatment of higher-order corrections
in the Higgs sector. We use the tree level Higgs masses and mixing angle
for all Higgs bosons occuring within loop diagramsﬁ whereas Ref. [26] uses

"It turns out that our result for the leading order cross section differs from the value
stated in Ref. [20].
8This ensures the UV finiteness of the Higgs self energies.
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loop-corrected masses and couplings. In our work, we incorporate contri-
butions up to the two-loop order in the Higgs propagator-type corrections
entering the predictions for the Higgs masses and the Higgs wavefunction
normalisation factors (see Sect.2.2.2]), while in Ref. [26] the contributions
to the Higgs field renormalisations are restricted to the one-loop level. A
further difference arises from the fact that we focus on the vector boson fu-
sion process, whereas Ref. [26] also includes Higgsstrahlung contributions (as
discussed above, since weak boson fusion cuts are applied the impact of the
latter contributions is numerically small). We have added a column labelled
“Tuned result” in Table [2| that has been obtained using a specially tuned
version of our code, where the treatment of the higher-order corrections in
the Higgs sector has been performed in accordance with the prescription in
Ref. [26] ]

The comparison in Table [2| has been carried out for the SPS benchmark
points [57], where the same low-energy input parameters have been used as
in Ref. [26]. Furthermore, the electromagnetic coupling constant is set to
a(0), the PDF set MRST2002nlo 58] is applied, the top mass is set to m; =
170.9 GeV, the renormalisation and factorisation scale is set to M}, and the
same set of cuts is used as in Ref. |26]. For illustration, in the column labelled
“Propagator-type corrections” in Table [2] we separately show the percentage
loop correction arising from the universal wave function normalisation factors
(see Sect. 2.2.2)).

The relative corrections for the different SPS benchmark points shown
in Table [2| are found to be rather small, well below the level of 1%. This
turns out to be a consequence of large cancellations between the univer-
sal propagator-type corrections, which are at the level of 3-4%, as seen in
the fourth column of Table [2| and the process-specific genuine vertex cor-
rectionsm The latter tend to overcompensate the positive correction arising
from the propagator-type contributions, yielding overall a negative correction
at the sub-percent level for most of the SPS points. It should furthermore
be noted in this context that all SPS points belong to the decoupling region
of the supersymmetric parameter space, where the couplings of the light CP-
even Higgs are SM-like, i.e. no large SUSY loop effects on the Higgs couplings
are expected in this parameter region. The comparison between our results

9Note that slightly different versions of FeynHiggs were used, leading to small differ-
ences in the values of the Higgs parameters.

10Note that the propagator corrections used in this comparison are larger than those
used in the rest of this paper, owing to a different scale choice.
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(labelled as “This work”) and the ones quoted in Ref. [26] shows reasonably
good agreement, with absolute deviations at the level of 0.2% or below. The
agreement further improves if our “Tuned result” (where the treatment of
the higher-order corrections in the Higgs sector has been performed in ac-
cordance to the prescription in Ref. [26], as explained above) is used for the
comparison. The remaining deviations between the “Tuned result” and the
results of [26] are likely due to a combination of small factors, such as slight
remaining differences in the calculation of the Higgs sector, the inclusion of
additional diagrams, and the numerical inaccuracy inherent in the Monte
Carlo integration.

3.3 Total cross sections and distributions

Figure shows the total cross section in the Standard Model for a range
of My, obtained from VBFNLO incorporating our results. The curve labelled
“tree 4 full corrections” shows the full one-loop result in the SM for Higgs
production in weak boson fusion at the LHC with 14 TeV, using the input
values and cuts as specified above. The full one-loop result is compared
with the tree-level result (labelled “tree”), the result incoporating only QCD
corrections (“tree + QCD corrections”) and the result incorporating in ad-
dition fermion-loop corrections (“tree + QCD + fermion corrections”). For
illustration the full result is also shown for energies of 10 TeV and 7 TeV,
corresponding to a reduction of the cross section by a factor of approximately
1.8 and 3.8 respectively (for a Higgs mass of 120 GeV compared to the cross
section at 14 TeV). Figure shows the percentage corrections. One can
see from the plot that the QCD and the electroweak corrections are of similar
size, being of order 5%, and enter with the same sign. It is interesting to
note that the non-fermion contributions to the loop corrections are signifi-
cant, causing a further reduction in the cross section. In our parametrisation
of the result, the (bosonic) box- and pentagon-type contributions turn out
to be numerically small. In Figure 2(b)] the thresholds at My = 2My and
My = 2My are clearly visible. The reduction in the percentage corrections
for lower centre of mass energies originates primarily in the QCD corrections.

As an example for a differential distribution we show the azimuthal angle
distribution in Figure [3] This distribution is of particular interest in deter-
mining the structure of the coupling between the Higgs boson and the weak
boson pairs [59], since its shape is in principle sensitive to the relative values
of the formfactors a;, as and as, as defined in Eq. . The distribution is
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Figure 2: Results for Higgs boson production via weak boson fusion in the
Standard Model. The full one-loop result, labelled “tree + full corrections”
is compared with various approximations (see text).

shown for a mass My = 120 GeV in the SM. The relative impact of the
different types of corrections is as in Figure (here, we also present the
result containing the contributions from the third generation quarks in addi-
tion to the QCD corrections (“tree + QCD + t/b corrections”), which shows
that the fermion loop contributions are dominated by the third generation
quarks). The shape of the distribution turns out to be affected only mildly
by the higher-order corrections. This can be understood from the fact that
only the formfactor a; receives significant corrections in the SM, at the level
of 1-2%, while the formfactors ay and a3 in the SM are extremely small (ap-
proximately 5 and 10 orders of magnitude smaller than Aa; respectively) so
that the corresponding effects will not be experimentally detectable at the
LHC [60].

Moving to the case of the MSSM, we first investigate the impact of the
loop corrections from fermions and sfermions on the formfactors aq, as, as
for the WWh vertex. This is shown in Fig.[d] where the MSSM predic-
tions in different benchmark scenarios are given as a function of tan g for
My = 150 GeV. The (CP-conserving) M no-mixing, small a.g and glu-
ophobic benchmark scenarios have been defined in Ref. [61], while for the
(CP-violating) CPX scenario we use the definition given in Ref. [62], ex-
cept that for the trilinear coupling parameter A; we use the (on-shell) value
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Figure 3: Azimuthal angle distribution in the Stanglard Model, with My =
120 GeV. The full one-loop result, labelled “tree + full corrections” is com-
pared with various approximations (see text).

of 900 GeV (for the CPX scenario we use My+ = 150 GeV rather than
M4 = 150 GeV). For comparison, the result in the SM is also shown, where
the value of the Higgs mass has been set to the value obtained for the light
CP-even Higgs mass in the M;"** scenario.

Fig. illustrates that the corrections to a; can be larger in the CP-
conserving benchmarks than in the SM case, but are still typically of the
order of a few per cent (note that, unlike in Sect. B.2] these results include all
fermion and sfermion diagrams involved in the corrections to the formfactors,
rather than the purely supersymmetric corrections). The situation is different
in the CPX scenario, see Fig. |4(b)} where a; has an exceedingly small value in
certain regions of parameter space, due to the loop-induced mixing between
the three neutral Higgs bosons. As in the SM case, the contributions to as
and az (see Fig. [4(c)] turn out to be very small.ﬂ

We next consider the total cross section for the production of the light
MSSM Higgs boson h in the M scenario as a function of M4. We begin
in Fig. p] by comparing the leading order (LO) cross section in the MSSM
(as explained above, the LO cross section contains the effect of the universal
wavefunction normalisation factors and is evaluated at the loop-corrected

INote that, as expected, the sfermions do not contribute to the value of as. The
behaviour of a3 as a function of tan g is purely the result of different couplings to the
Higgs boson.
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Figure 4: Corrections from fermion and sfermion loops to the formfactors of
the WW hy vertex in the MSSM as a function of tan 3, with M, = 150 GeV
(for the CPX scenario, My+ = 150 GeV is used). For comparison, the SM
formfactors are also shown, with a Higgs mass that matches the light CP-even

Higgs mass in the M;"** scenario.

value of the Higgs mass) with the prediction where SM QCD corrections are
included (labelled “LO + QCD corrections”) and with the predictions where
in addition the loop corrections from the third generation quarks and their
scalar superpartners (“LO 4+ QCD + (s)t/b corrections”) and from all three
generations of quarks and leptons and their scalar superpartners (“LO +
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Figure 5: Light Higgs boson h production as a function of M, in the M
scenario, with tang = 10.

QCD + (s)fermion corrections”) are included. The range in M, displayed
in Fig. [ represents a variation in the mass of the lightest Higgs boson from
~ 98 GeV to =~ 130 GeV. For comparison, the Standard Model cross section
for the corresponding value of the Higgs mass is also shown. Fig. [B|(b) shows
the relative size of the higher-order corrections, normalised to the leading-
order prediction (we parametrise the leading order cross section in terms
of the Fermi constant G, see Eq. , taking into account the appropriate
contributions to Ar in the SM and the MSSM).

It is well known that in the decoupling limit, i.e. for M4 > M, the light
C'P-even MSSM Higgs boson behaves in an SM-like fashion. This feature can
clearly be seen in Fig. [B, where for M, Z 150 GeV the MSSM cross section
including QCD corrections and fermion / sfermion loop contributions is very
close to the corresponding SM cross section (incorporating QCD corrections
and fermion loop contributions). As in the SM case, the incorporated cor-
rections are at the level of —6% in this region. For small M4, on the other
hand, the couplings of the light CP-even Higgs deviate significantly from the
SM case, giving rise to a suppression of the WBF production of A (while
production of the heavy CP-even Higgs boson, H, becomes relevant in this
region, see below). The relative size of the loop corrections is much larger
in this region compared to the decoupling region, exceeding —11% for small

My.
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Figure 6: Light Higgs boson h production as a function of M, in the
MP* scenario, with tan/s = 10. The most complete MSSM result (“MSSM:
fully corrected”) incorporates all one-loop SM-type corrections as well as all
sfermion loop contributions and the further MSSM corrections to the VVh,
V'V and ¢qV contributions. The leading order (LO) result and results con-
taining different parts of the higher-order corrections are also shown. The
numerical uncertainties of the Monte Carlo integration on the corrected cross
section are at the per-mille level.

Moving beyond the electroweak corrections from fermion and sfermion
loops, we now present our most complete prediction for WBF Higgs pro-
duction in the MSSM. We incorporate all SM-type corrections, i.e. the NLO
QCD corrections already present in VBFNLO together with the self-energy,
vertex, box and pentagon contributions involving the gauge bosons, leptons,
quarks and the particles of the MSSM Higgs sector, as well as the real photon
radiationB Since we treat the external quarks of the WBF process to be
massless, no Higgs or Goldstone bosons appear in the loops of the box and
pentagon contributions, so that those contributions are the same as in the SM
case, except for the modified coupling of the outgoing Higgs boson. Those
SM-type corrections are combined with the sfermion loop contributions in
the MSSM. The corresponding result is shown for WBF production of the

12 As discussed above, the SM-type contributions beyond the fermion loops play a sig-
nificant role in this context.
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light CP-even Higgs boson in Fig. [6] labelled as “MSSM: LO + sfermion +
SM-type corrections”. For illustration, we also show the prediction where
furthermore the full MSSM corrections to the V'V h, V'V and qqV contribu-
tions are taken into account, labelled “MSSM: fully corrected”. Accordingly,
the “MSSM: fully corrected” result differs from the complete one-loop result
in the MSSM only in that we neglect the SUSY QCD (i.e. gluino-exchange)
contributions as well as contributions from charginos and neutralinos to the
box and pentagon corrections.m The MSSM results are compared with the
complete one-loop result in the SM for the corresponding value of the Higgs
mass. Furthermore, the leading order result in the MSSM and the result
incorporating QCD and fermion / sfermion loop corrections, both already
shown in Fig. 5] are also displayed.

One can see in Fig. [6that the result including the full SM-type corrections
as well as the sfermion loop contributions (“MSSM: LO + sfermion + SM-
type corrections”) is very close to the one where the remaining MSSM one-
loop corrections to the VVh, VV and qqV contributions are also taken into
account (“MSSM: fully corrected”). In fact, the contribution from charginos
and neutralinos amounts to a correction of only ~ 0.3% in the decoupling
regime, and is slightly larger in the non-decoupling regime. It seems reason-
able to expect that, as for the VVh, VV and gqV corrections, the contribu-
tion from charginos and neutralinos will have a relatively small effect on the
boxes and pentagons. The calculation and implementation of the full result
in the MSSM (including also the SUSY QCD contributions) will be presented
in a forthcoming publication, but the result presented here should serve as a
good approximation to the complete one-loop result in the MSSM (supple-
mented by higher-order propagator-type contributions), except possibly in
parameter regions with a rather light gluino.

In the right plot of Fig. [0] the relative effect of the various contributions is
shown. The SM-type contributions beyond the QCD and fermion / sfermion
loop corrections can be seen to give rise to a downward shift of the cross
section by about —6% in the decoupling region (M4 > My). As before,
the MSSM result for the light C’P-even Higgs boson in the decoupling limit
is found to converge to the SM result with the corresponding value of the
Higgs mass. The deviation between the relative corrections in the SM and in

13 As above, the leading order cross section is parameterised in terms of the Fermi con-
stant Gp. For the evaluation of the quantity Ar in the MSSM we neglect contributions
from charginos and neutralinos.

21



the MSSM, indicating the impact of the additional SUSY loop contributions
present in the MSSM, is at the level of 0.8% in this region. In the non-
decoupling regime, on the other hand, the loop effects in the MSSM can
differ from those in the SM by more than 10% (it should be noted, of course,
that the relative size of the loop contributions is largest in the parameter
region where the production cross section for the light CP-even MSSM Higgs
boson is most heavily suppressed as compared to the SM case).

effective alpha — — -
propagator approximation

Figure 7: Comparison between the most complete MSSM result for h pro-
duction with predictions where the complete one-loop result in the SM has
been rescaled by the propagator-type corrections in the MSSM (solid red
line) and by the effective coupling factor sin®(3 — aeg) (dashed blue line).
The parameters are the same as in Fig. [6]

An approximate treatment widely used in the literature for obtaining
MSSM predictions for Higgs production cross sections is to supplement the
loop-corrected cross section for Higgs production in the SM with an ap-
propriate scaling factor. For weak boson fusion, a possible scaling factor
is obtained from the Higgs propagator-type contributions (written here for
the CP-conserving case; a generalisation to the case where all three neutral
MSSM Higgs bosons mix with each other is easily possible)

oMssM ~ | SIN(B — Qree) Znh + €088 — Qiree) Zna|?* Tsm. 9)

Approximating the wave function normalisation factors further (see for in-
stance Ref. [63]) leads to a simple effective coupling factor which rescales the
SM cross section,

omssm ~ sin’ (8 — aerr) osu- (10)
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In Fig. [{]we consider the approximation where the complete one-loop result in
the SM is rescaled as described above (labelled “propagator approximation”
and “effective alpha”, respectively) and compare the resulting prediction with
our most complete MSSM result as given in Fig.[0] As expected, in the
decoupling region, M4 > My, where h becomes SM-like, the simple rescaling
of the loop-corrected SM result provides a good approximation of the MSSM
prediction (it turns out that in this particular scenario the SM result scaled
with sin?(3 — aeg), which involves additional approximations, happens to be
closer to the most complete MSSM result than for the case where the scaling
factor based on the Higgs propagator contributions is used). On the other
hand, for lower M4 we find significant deviations of up to ~ 15%.
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Figure 8: Partonic cross sections for h and Z production in the M
scenario incorporating (s)fermionic corrections, with M, = 150 GeV at
V5 =500 GeV.

As discussed above, we have also calculated the fermion and sfermion loop
corrections to the process where a Z boson is produced in WBF, which in
principle could be used as a reference process to which the Higgs production
channel could be calibrated. For simplicity, we compare our predictions for
the two processes at the partonic level, for v/§ = 500 GeV. Fig. [§ shows the
results for the dominant partonic processes

u+d—d+h/Z +u,
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where (s)fermionic loop corrections are included. The partonic cross section
for Z boson production is larger than that for h production, by a factor of
~ 10 (this is also the case in the Standard Model). The loop corrections for
the two processes act in the same direction, leading to a slight reduction of
the respective cross sections. The loop corrections are at the percent level,
where the effects on the light Higgs production cross section are somewhat
larger, and (as expected) the light Higgs production cross section is more
sensitive to the parameters M4 and tan j.

1800 —
[ ] /‘/ 10
1600 ! Ao [0

oLO [/6}

5

1400 )
1200
1000
800
600

400

h production: LO — - -
h production: fully corrected

H production: LO — - =
H production: fully corrected

0 2 production: rrections
100 150 200 250 300 350 400 - 910[) 150 200 250 300

My [GeV] My [GeV]

200

(a) A comparison of production of the light  (b) Loop correction percentages as a func-
and heavy CP-even Higgs bosons as a func-  tion of M4.

tion of My.

Figure 9: Production of the light and heavy CP-even Higgs bosons in the

M;"® scenario, with tan 8 = 10.

While up to now we have concentrated on the production of the light
MSSM Higgs boson in WBF, we now compare the cross sections for produc-
tion of the light, A, and the heavy, H, CP-even Higgs bosons of the MSSM.
Fig. [9 shows a comparison of the production cross sections in the M sce-
nario of the light and the heavy CP-even Higgs, as a function of the mass
of the CP-odd Higgs, M4, with tan § = 10, where our ’fullest’ corrections
have been included (i.e. we neglect only the SUSY-QCD contributions and
the box and pentagon type contributions from charginos and neutralinos).
At low values of M4, in the non-decoupling regime where the heavy CP-even
Higgs boson has SM-type couplings to gauge bosons, production of the heavy
Higgs is the dominant process. This cross section rapidly decreases with in-
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creasing M4, and becomes close to zero in the decoupling regime where the
light Higgs h becomes SM-like. Due to this strong suppression of the leading
order cross section, the percentage corrections to heavy Higgs production
increase in the decoupling regime, although the total cross section is still, of
course, relatively smal]El For the heavy Higgs the loop corrections in the
M scenario tend to increase the cross section in the decoupling region (see
Ref. |18] for a discussion of scenarios where a much larger enhancement of the
heavy Higgs production cross section is possible). For small values of M4 the
corrections to the heavy Higgs production cross section reach approximately
—10%.
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My, = 129.6 GeV. Higgs boson (M}, = 97.6 GeV), the heavy
CP-even Higgs (My = 133.1 GeV) and
Standard Model Higgs bosons (Mpgsn =
97.6 GeV and Mgsm = 133.1 GeV) with
our most complete corrections included.
Figure 10: Azimuthal angle distributions in the M;"*** scenario, with tan 3

= 10.

As an example of a differential distribution, Fig.[10(a) shows the az-
imuthal angle distribution for A production in the M;"** scenario in the de-
coupling regime (with tan 8 = 10 and M4 = 400 GeV) in comparison with

4Note that the right hand plot of Fig. [0] only presents percentage loop corrections for
the range M4 = 100-300 GeV, where the production cross section of the heavy Higgs is
non-negligible.
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the corresponding result in the SM with the same value of the Higgs mass,
with our most complete corrections included (i.e. in the SM the complete
one-loop corrections are included, and in the MSSM only the SUSY-QCD
and box and pentagon contributions from charginos and neutralinos are ne-
glected). As expected, h production in the MSSM closely resembles the SM
result in this parameter region, so that only small differences occur between
the SM and the MSSM results. Moving out of the decoupling regime, the
differences between the MSSM and the SM become more significant. This
can be seen in Fig. [I0[b), which shows a comparison between the SM and
the MSSM results for the light and heavy CP-even Higgs bosons in the M
scenario for M4 = 100 GeV, again with our fullest corrections included™] In
this non-decoupling region the cross section of the heavy CP-even Higgs bo-
son is more SM-like than that of the lightest Higgs. While differences in the
total rates are clearly visible in this example, the shape of the distribution
(which as discussed above contains information about the tensor structure
of the coupling between the Higgs and the weak boson pair) in Fig. [I0|(b) is
not significantly altered in the MSSM as compared to the SM case.

4 Conclusions

We have evaluated higher-order corrections to weak boson fusion Higgs pro-
duction at the LHC in the SM and the MSSM. The weak boson fusion channel
is expected to be one of the most important channels for searching for Higgs
bosons and for determining the properties of possible Higgs candidates. Our
results have been implemented into the public Monte Carlo program VBFNLO.
Within the SM, a complete one-loop result for weak boson fusion Higgs pro-
duction has been obtained by evaluating the full virtual electroweak correc-
tions and photon radiation and combining those contributions with the NLO
QCD corrections already present in VBFNLO. Within the MSSM, the full one-
loop SM-type corrections, taking into account the extended Higgs sector of
the MSSM, have been combined with the dominant supersymmetric one-loop
corrections from the scalar partners of the SM fermions and with propagator-
type corrections from the MSSM Higgs sector up to the two-loop level. We
have also presented a result where in addition the remaining MSSM contri-
butions to the vertex of the Higgs boson with two gauge bosons, to the gauge

15The two SM curves in Fig. [I0(b) are for SM Higgs bosons with masses matching the
light and heavy CP-even Higgs bosons respectively.
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boson self-energies and to the quark vertices are incorporated, and we have
verified that the numerical impact of the SUSY loop contributions beyond
the dominant sfermion loops is insignificant. Our results have been obtained
for the general case of the MSSM with arbitrary complex parameters. The
remaining supersymmetric contributions at the one-loop level, namely con-
tributions from neutralinos and charginos to boxes and pentagons as well as
the gluino-exchange contributions, are expected to have a small numerical
effect, except possibly in the region of a rather light gluino. Results for those
contributions will be presented elsewhere. Besides the weak boson fusion
Higgs production channel, we have also investigated loop corrections from
fermions and their scalar superpartners to Z-boson production in weak bo-
son fusion, which in principle could be of interest as a reference process to
which the Higgs production channel could be calibrated.

For those parts of our work where results already exist in the literature
we have performed detailed comparisons. For the SM case, we find complete
agreement with the results of Ref. [24] within the numerical uncertainties.
For the case of the purely supersymmetric corrections to weak boson fusion
with real parameters we performed a comparison of the contributions to the
Higgs vertex with two gauge bosons both for the default settings of our code
and for a “tuned result” where the higher-order corrections in the Higgs sector
have been treated in the same way as in Ref. [26]. The numerical results in
Ref. [26] are all given for parameters corresponding to the decoupling limit
of the MSSM, where the impact of loop corrections affecting the production
of the light CP-even Higgs boson is expected to be small. We found that
the very small corrections at the level of a fraction of a percent reported in
Ref. |26] are due to sizable cancellations between the universal propagator-
type corrections and the genuine vertex corrections. For our tuned result
we find good agreement with the results obtained in Ref. [26], within the
expected uncertainties.

Within the SM, after applying the standard WBF cuts, we find that the
electroweak corrections give rise to a downward shift in the cross section of
order 5% for a Higgs of mass 100-200 GeV. This is approximately the same
size as the QCD NLO corrections in this region of parameter space, lead-
ing to a full NLO correction of order —10%. Concerning the production of
the light CP-even Higgs boson in the MSSM, the effects caused by loops in-
volving supersymmetric particles are generally small in the decoupling limit,
as expected. Comparison of our results for the MSSM and the SM (with
the corresponding value of the SM Higgs mass) shows that in this limit the
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SM result is indeed recovered from the MSSM prediction to good accuracy.
Away from the decoupling region, on the other hand, the genuine vertex
corrections in the MSSM show a different behaviour compared to those in
the SM, and loops involving supersymmetric particles give rise to corrections
in excess of 10%. In fact, approximating the MSSM prediction by the SM
result scaled with an effective coupling factor yields only satisfactory results
in the decoupling region, while for smaller values of M4 deviations of up to
about 15% are possible. Particularly large effects on the Higgs production
cross section are possible in the (CP-violating) CPX benchmark scenario.
The loop corrections to the Z production process in weak boson fusion are
in general smaller than for Higgs production and tend to go into the same
direction.

In the non-decoupling region, the heavy CP-even MSSM Higgs boson
becomes more SM-like, and the production of the heavy Higgs dominates
over the production of the light Higgs for very small M. In this region, we
find corrections to heavy Higgs production of about —10%. In the numer-
ical examples that we have analysed we find a partial cancellation between
electroweak and QCD corrections to the production of the heavy CP-even
MSSM Higgs in weak boson fusion in this region. For larger values of M4,
where heavy Higgs production becomes suppressed, the relative corrections
change sign and increase with increasing My.

The implementation of our results in VBFNLO provides a fast and effi-
cient tool for studying cross sections and differential distributions based on
state-of-the-art predictions in the SM and the MSSM including the effects of
experimental cuts. In this context our approach of parametrising the loop
contributions to the vertex of the Higgs boson with two gauge bosons in
terms of an effective coupling turned out to be a computationally very effi-
cient way of implementing this part of the calculation. The effective coupling
correction was combined with the full 2 — 3 matrix element including the re-
maining loop contributions. The version of VBFNLO incorporating our results
will be distributed with the next release.
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