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NNLO predictions for the Higgs boson signal in the
H— WW — lvlyv and H — ZZ — 4l decay
channels
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ABSTRACT: We consider Standard Model Higgs boson production by gluon-gluon fusion
in hadron collisions. We present a calculation of the next-to-next-to-leading order QCD
corrections to the cross section in the H — WW — lvilv and H — ZZ — 4l decay channels.
The calculation is implemented in the parton level Monte Carlo program HNNLO and allows
us to apply arbitrary cuts on the final state leptons and the associated jet activity. We
present selected numerical results for the signal cross section at the LHC, by using all the
nominal cuts proposed for the forthcoming Higgs boson search.
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d. Summary

1. Introduction

The search for the Higgs boson [fl] and the study of its properties (mass, couplings, decay
widths) are at the heart of the LHC physics program. In this paper we consider the
production of the Standard Model (SM) Higgs boson by the gluon fusion mechanism.

The gluon fusion process gg — H, through a heavy-quark (mainly, top-quark) loop,
is the main production mechanism of the SM Higgs boson H at hadron colliders. When
combined with the decay channels H — vy, H — WW and H — ZZ, this production
mechanism is one of the most important for Higgs boson searches and studies over the
entire range, 100 GeV < My <S1TeV, of Higgs boson mass My to be investigated at the
LHC (3, [

The dynamics of the gluon fusion mechanism in controlled by strong interactions.
Detailed studies of the effect of QCD radiative corrections are thus necessary to obtain
accurate theoretical predictions.

At leading order (LO) in QCD perturbation theory, the cross section is proportional to
a%, ag being the QCD coupling. The QCD radiative corrections to the total cross section
have been computed at the next-to-leading order (NLO) in refs. []—[f] and found to enhance
the cross section by about 80 —100%. In recent years also the next-to-next-to-leading order
(NNLO) corrections [[-[[Z] have been computed. The NNLO effect is moderate and, for
a light Higgs, it increases the NLO cross result by about 15 — 20%. The effects of a jet
veto on the total cross section has also been studied up to NNLO [[3]. We recall that all
the NNLO results have been obtained by using the large-M; approximation, M; being the
mass of the top quark.

The NNLO results mentioned above are certainly important, but they refer to situ-
ations where the experimental cuts are either ignored (as in the case of the total cross
section) or taken into account only in simplified cases (as in the case of the jet vetoed



cross section). Generally speaking, the impact of higher-order corrections may be strongly
dependent on the details of the applied cuts and also the shape of the distributions is
typically affected by these details.

The first NNLO calculation that fully takes into account experimental cuts was re-
ported in ref. [[[4], in the case of the decay mode H — ~v. In ref. [I§ the calculation
was extended to the decay mode H — WW — Ivilv. The calculations of refs. [I4, [
were performed with the method described in ref. [[[f], based on sector decomposition [[[7].
Besides Higgs boson production, the above method has been applied to the NNLO QCD
calculations of ete™ — 2 jets [[[§], vector boson production in hadron collisions [I9], and
to the NNLO QED calculation of the electron energy spectrum in muon decay [R0].

In ref. [@] we have presented an independent NNLO calculation of the Higgs production
cross section, including the decay H — 7. The method is completely different from that
used in refs. [I4, [[5]. Our calculation is based on the subtraction method.

The subtraction method [@] is probably the most popular technique to handle and
cancel infrared singularities in QCD computations at high energy, and has lead to the
formulation of general algorithms [R3, P4] to perform NLO calculations in a relatively
straightforward manner, once the relevant amplitudes are available. In recent years, several
research groups have been working to develop general NNLO extensions of the subtraction
method [PJ-R9]. NNLO results, however, have been obtained only in some specific pro-
cesses. The calculation of eTe™ — 2 jets [B{, was the first to be addressed, and, more
recently, the computation of ete™ — 3 jets [B-B4] has been completed.

The version of the subtraction method proposed in ref. [2]] can be applied to a specific
class of processes, namely, the production of colourless high-mass systems (lepton pairs,
vector bosons, Higgs bosons, ... ) in hadron collisions. As usual for calculations performed
within the subtraction formalism, the computation can be organized into a parton level
event generator. The latter feature is particularly useful, since the user can apply the
required cuts on the final state and plot the corresponding distributions in the form of bin
histograms.

In ref. [P1] we have applied our method to the computation of the Higgs production
cross section, including the decay H — ~~. In the present paper we extend the calculation
of ref. [2T]] to the other important decay modes of the Higgs boson, namely, H — WW —
Ivlv and H — ZZ — 4 leptons, and present predictions for the Higgs boson signal that take
into account all the realistic experimental cuts on the final state leptons and the associated
jet activity.

The paper is organized as follows. In section P we describe our NNLO Monte Carlo
program. In section [ we present the results of our calculation for the decay modes H —
WW — lvly and H — ZZ — 4l. In section [} we summarize our results.

2. The HNNLO Monte Carlo program

The numerical program HNNLO is a fortran code that implements the version of the sub-
traction method proposed in ref. [21]. The program computes the Higgs boson production
cross section at hadron colliders up to NNLO in QCD perturbation theory.



The cross section up to (N)NLO can be written as

H H H H+jet CT
The first term (virtual) is the simplest to compute numerically: it contains the LO cross
section dafo at gr = 0, g7 being the transverse momentum of the Higgs boson, suitably
convoluted with a hard function H which includes the regularized one-loop (two-loop)

corrections to the LO process. The second term (real) is the most cumbersome to evaluate.
H+jets
(N)LO>
boson in association with one (or more) jets. This contribution is evaluated with the

version of the subtraction method of ref. [24], as implemented in the MCFM [BJ] package.

When gy — 0, dagVJ;jLOtOS is divergent, and is supplemented with the subtraction of a suitable

counterterm, da(cj\% ro- The difference in the square bracket of eq. (B1) is thus finite as

Its first contribution, do is the (N)LO cross section for the production of the Higgs

qr — 0.

In the present version of the code (version 1.1) we have implemented three decay
modes for the Higgs boson: H — ~vy RIl, H - WW — v and H — Z7Z — 4
leptons. In the latter case the user can choose between H — ZZ — ptp~ete” and
H — Z7Z — eTe eTe™, which includes the appropriate interference contribution. The
program can be downloaded from [B{], together with some accompanying notes.

3. Results up to NNLO

3.1 Preliminaries

We consider Higgs boson production at the LHC (e.g. pp collisions at /s = 14 TeV). We use
MRST2004 parton distributions [B7, with densities and ag evaluated at each corresponding
order (i.e., we use (n + 1)-loop ag at N"LO, with n = 0,1,2). Unless stated otherwise,
renormalization and factorization scales are set to their default values, ugp = up = Mpy. We
remind the reader that the calculation is done in the M; — oo limit. As for the electroweak
couplings, we use the scheme where the input parameters are Gp, Mz, My and a(Myz).
In particular we take Gr = 1.16639 x 107° GeV~2, Mz = 91.188 GeV, My = 80.419 GeV
and a(Mz) = 1/128.89. The decay matrix elements are implemented at Born level, i.e.,
radiative corrections are completely neglected.? The Higgs boson is treated in the narrow-
width approximation, but in the W and Z decays we take into account finite width effects,
by using I'yy = 2.06 GeV and 'y = 2.49 GeV. As far as jets are concerned, we use the
kr-algorithm with jet size D = 0.4.

32 H—-WW — Wiy

We consider the production of a Higgs boson with mass My = 165 GeV. The width is
computed with the program HDECAY [fi(] to be 'y = 0.255 GeV. With this choice of My

'Results for this decay channel were presented at the Les Houches Workshop “Physics at TeV Colliders”
in june 2007, and at the Radcor Conference in october 2007.

*We note that the full QCD4+EW corrections to the decay modes H — WW(ZZ) — 4 leptons have
been recently computed [@]



o (fb) LO NLO NNLO
p = pg = My /2 | 136.37 £0.09 | 241.59 + 0.43 | 268.7 + 1.8
fp = pp =My | 112.08+0.07 | 206.46 + 0.33 | 247.2 + 1.3
fp = pr =2My | 92.88 +£0.06 | 178.43 £0.25 | 227.4 £ 0.8

Table 1: Cross sections for pp — H+ X — WW + X — [viv + X at the LHC when no cuts are
applied.

o (fb) LO NLO NNLO
[ip = pp = My /2 | 64.03£0.06 | 113.57 £0.28 | 124.75 + 1.28
r = pg =My | 53.10£0.05 | 97.30 £0.21 | 116.24 +0.81
pp = pg =2Mp | 44.32+£0.04 | 84.69+0.16 | 106.48 + 0.61

Table 2: Cross sections for pp — H+ X — WW 4+ X — lvlv + X at the LHC when preselection
cuts are applied.

the Higgs boson decays almost entirely into WW pairs. We consider the decay W — v
by assuming only one final state lepton combination. The corresponding inclusive cross
sections are given in table [l. The NLO and NNLO K-factors are 1.84 and 2.21, respectively,
and are in good agreement with the inclusive K-factors from the calculation of the total
NLO and NNLO cross section [Iq-[J].

We first apply a set of preselection cuts taken from the study of ref. [[].

1. The event should contain two leptons of opposite charge having pr larger than 20 GeV
and rapidity |y| < 2;

2. The missing pr of the event should be larger than 20 GeV;
3. The invariant mass of the charged leptons should be smaller than 80 GeV;

4. The azimuthal separation of the charged leptons in the transverse plane (A¢) should
be smaller than 135°.

The first cut selects dilepton events originating from the decay of W or Z bosons. Lepton
pairs originating from the inclusive production of a Z boson are mostly rejected with cuts
2-4. The corresponding cross sections are given in table fJ. Comparing with table [l we
find that the efficiency is 47% both at NLO and at NNLO. The corresponding NLO and
NNLO K-factors are 1.83 and 2.19. With respect to the inclusive case, we notice that the
preselection cuts do not alter significantly the convergence of the perturbative expansion.

For each event, we classify the transverse momenta of the charged leptons according
to their minimum and maximum value, prmin, and prmax. In figure Il we plot the prmi, and
PTmax distribution at LO, NLO and NNLO. We see that QCD corrections tend to make
the distributions harder. This can be also appreciated from figure |, where we compare
the NNLO distributions with the NLO ones, normalized to the same area.
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Figure 1: Transverse momentum spectra of the charged leptons forpp — H+X — WW 4+ X —
Ivlv + X at LO (dots), NLO (dashes) and NNLO (solid). Preselection cuts are applied.
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Figure 2: As in figure : comparison of pr spectra at NNLO (solid) with NLO normalized to the
same area (dashes).

In figure [ we plot the A¢ distribution at LO, NLO and NNLO. As is well known [[Z],
for the Higgs boson signal the leptons tend to be close in angle, and thus most of the events
are concentrated at small A¢. We notice that the steepness of the distribution increases
when going from LO to NLO and from NLO to NNLO. As a consequence, the efficiency of
a cut on this variable also increases with the perturbative order.

We finally consider the following selection cuts []], which are designed to isolate the
Higgs boson signal:

1. The two charged leptons, with rapidity |y| < 2, should fulfil ppyi, > 25 GeV and
35 GeV < prmax < 50 GeV;

2. The missing pr of the event should be larger than 20 GeV;
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Figure 3: Normalized distribution in the variable A¢ when preselection cuts are applied.

o (fb) LO NLO NNLO
[iF = pr = My /2 | 17.36 £0.02 | 18.11 £ 0.08 | 15.70 & 0.32
fF = pr =My | 14.39£0.02 | 17.07 £0.06 | 15.99 + 0.23
fF = g = 2Mpy | 12.00 £ 0.02 | 15.94 £ 0.05 | 15.68 & 0.20

Table 3: Cross sections for pp - H + X — WW 4+ X — lvlv + X at the LHC when selection
cuts are applied and p¥*® = 30 GeV.

3. The invariant mass of the charged leptons should be smaller than 35 GeV;

4. The azimuthal separation of the charged leptons in the transverse plane (A¢) should
be smaller than 45°;

5. Finally, there should be no jets with pjﬁt larger than a given value p}*©.
These cuts further exploit: (i) the shape of the prmin and prmax distributions shown in
figure [l (ii) the strong angular correlations of the charged leptons leading to the steep A¢
distribution in figure f§; (iii) the fact that the decay of top quarks from the ¢ background
produces b-jets with large transverse momentum. A jet veto is thus very efficient to suppress
this background.

In table | we report the corresponding cross sections in the case of pyete = 30 GeV.

A comparison with table ] reveals that the cross section is strongly suppressed with
respect to the case in which only preselection cuts are applied: the efficiency turns out to
be 8% at NLO and 6% at NNLO. The scale dependence of the result is strongly reduced
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Figure 4:  Cross sections as a function of py**® when selection cuts are applied. The bands are

obtained by varying pugr = pr between My /2 and 2Mpy.

at NNLO, being of the order of the error from the numerical integration. The impact of
higher order corrections is also drastically changed. The K-factor is now 1.19 at NLO and
1.11 at NNLO. As expected, the jet veto tends to stabilize the perturbative expansion. The
latter point has a simple qualitative explanation [13].

It is well known that the effect of higher order contributions to the inclusive Higgs
production cross section is large. The dominant part of this effect is due to soft and virtual
contributions. The characteristic scale of the highest transverse momentum pp®* of the
accompanying jets is indeed pt®* ~ (1 — z) My, where z = M% /3 and (1 — z) measures the
average distance from the partonic threshold. As a consequence, the effect of the jet veto
is small unless p¥*© is substantially smaller than p®*. Decreasing py°, the enhancement
of the inclusive cross section due to soft-radiation at higher orders is reduced, and the jet
veto improves the convergence of the perturbative series. Note, however, that when p¥*
is much smaller than the characteristic scale p7® ~ (1 — 2) My, the coefficients of the
perturbative series contain logarithmically enhanced contributions that may invalidate the

convergence of the fixed order expansion.

In order to estimate the perturbative uncertainties affecting our calculation, in figure
we report the LO, NLO and NNLO bands as a function of p¥*, when all the other selection
cuts are applied. The bands are obtained by varying up = pr between My /2 and 2Mpy.
The results of figure f] deserve some discussion.

At LO there are no jets accompanying the Higgs boson, and thus the cross section
is independent on p¥*®. The NLO band overlaps with the LO one for p§**© smaller than
about 50 GeV. Without jet veto (p¥*® — o0o) the K-factor, defined with respect to the LO

cross section at central values of the scales, ranges between 1.32 (up = ur = 2Mp) and



1.63 (urp = pr = My /2). Comparing with the inclusive results, we see that the selection
cuts 1-4 alone already imply a reduction of the impact of higher order corrections. We also
observe that the NLO band becomes very narrow as soon as py© decreases.

The NNLO band overlaps with the NLO one for pJ*° 2 30 GeV and thus suggests a
good convergence of the perturbative expansion in this region of p¥**®. On the contrary,
for p¥**© <30 GeV, the NNLO band is very narrow and does not overlap with the NLO
one, suggesting that, in this region, the perturbative uncertainty obtained through scale
variations is likely to be underestimated.

The NNLO corrections to the pp — H+ X — WW + X — lviv 4+ X at the LHC were
independently computed in ref. [LJ]. The preselection cuts we use are the same as those
considered in ref. [[§]. Taking into account the different normalization,® the ensuing cross
sections in table [ are in good agreement with those given in table 2 of ref. [[[5]. When
selection cuts are applied, a direct comparison is not possible, since the cuts we employ are
not exactly the same. Figure 1 of ref. [I5] shows that, when only the jet veto is applied, the
NLO and NNLO bands computed as in figure [] overlap for p¥® <40 GeV. Nonetheless,
when all the selection cuts are applied and p¥*® = 25 GeV, the NLO and NNLO results
reported in table 3 of ref. 1] do not overlap. Although the selection cuts we use are not
exactly the same, the latter result is consistent with the behaviour we observe in figure i
In the recent study of ref. [l the efficiencies obtained at NNLO are shown to be in good
agreement with those predicted by the MC@NLO event generator [[4].

33 H—ZZ — ete ete™

We now consider the production of a Higgs boson with mass My = 200 GeV. The width
is computed with the program HDECAY [[id] to be I'y = 1.43GeV. In this mass region
the dominant decay mode is H — ZZ — 41, providing a clean four lepton signature. In
the following we consider the decay of the Higgs boson in two identical lepton pairs. When
no cuts are applied, the signal cross sections are reported in table f|. We find that the
interference contribution is smaller than 1% in this mass region. The ensuing inclusive
cross section is thus a factor of 2 smaller than the cross section in the decay channel
H— 77— ptpetet

The NLO K-factor is K = 1.87 whereas at NNLO we have K = 2.26. These results are
in good agreement with those obtained from the calculation of the total NLO and NNLO

cross section [[L4-[1F].

We consider the following cuts [f:

1. For each event, we order the transverse momenta of the leptons from the largest (pr1)
to the smallest (pr4). They are required to fulfil the following thresholds:
pr1 > 30 GeV pro > 25 GeV pr3 > 15 GeV pry > 7 GeV;

3In our calculation we strictly apply the large-M; approximation, whereas in the calculation of ref. [@]
the results are normalized to the Born cross section with exact top-quark mass dependence.

“In the case of H — ZZ — ete~eTe™ there is an additional diagram, obtained for example by exchanging
the momenta of the two electrons, but there is also a symmetry factor 1/4, due to the two pairs of identical
particles [@]



o (fb) LO NLO NNLO
(ip = pg = My /2 | 2457 £0.001 | 4.387 +0.006 | 4.90 & 0.03
(p = pp = My | 2.000 £0.001 | 3.738 + 0.004 | 4.52 £ 0.02
pp = pr = 2My | 1.642 £0.001 | 3.227 £0.003 | 4.14 &+ 0.01

Table 4: Cross sections for pp — H+ X — ZZ + X — ete"ete™ + X at the LHC when no cuts
are applied.

o (fb) LO NLO NNLO
fip = pr = Mg /2 | 1.541 £0.002 | 2.764 +0.005 | 3.013 + 0.023
F = pr = My | 1.264 £ 0.001 | 2.360 & 0.003 | 2.805 & 0.015
[iF = pp = 2Mp | 1.047 £0.001 | 2.044 £ 0.003 | 2.585 % 0.010

Table 5: Cross sections for pp — H+ X — ZZ + X — eTe eTe™ + X at the LHC when cuts are
applied.

2. Leptons should be central: |y| < 2.5;

3. Leptons should be isolated: the total transverse energy Ep in a cone of radius 0.2
around each lepton should fulfil Er < 0.05 pp;

4. For each possible ete™ pair, the closest (m;) and next-to-closest (msg) to My are
found. Then m; and mo are required to be 81 GeV < my < 101 GeV and 40 GeV
< mg < 110 GeV.

These cuts are designed to maximize the statistical significance for an early discovery, but
to keep the possibility for a more detailed analysis of the properties of the Higgs boson.
The corresponding cross sections are reported in table ff.

Comparing with table [], we see that, contrary to what happens in the H — WW —
lvly decay mode, the cuts are quite mild, the efficiency being 63% at NLO and 62% at
NNLO. The NLO and NNLO K-factors are 1.87 and 2.22, respectively. Comparing with
the inclusive case, we conclude that these cuts do not change significantly the impact of
QCD radiative corrections. We also find that the effect of lepton isolation is mild: at
NNLO it reduces the accepted cross section by about 4%.

In figure f] we plot the pr spectra of the final state leptons. We note that at LO,
without cuts, the ppr; and ppy are kinematically bounded by M /2, whereas prs < My /3
and pry < My /4. Tt is well known that, in the vicinity of kinematical boundaries, QCD
cross sections may develop perturbative instabilities beyond a given order, if the behaviour
of the cross section is not smooth at that order [ig]. This is what can be observed in the pr
spectra of the photons in the H — vy decay mode [@] In the present case, the effect of the
cuts further reduces the kinematically allowed region, but the LO distributions smoothly
reach their kinematical boundary, and we do not observe such perturbative instabilities
beyond LO.
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Figure 5: Tranverse momentum spectra of the final state leptons forpp - H+ X — ZZ+ X —
ete~ete™ + X, ordered according to decreasing pr, at LO (dotted), NLO (dashed), NNLO (solid).

As in figure [l, in figure f| we see that QCD corrections tend to make the distribu-
tions harder. This can be also appreciated from figure f], where we compare the NNLO
distributions with the NLO ones, normalized to the same area.

4. Summary

We have presented a calculation of the NNLO cross section for Higgs boson production
at the LHC, in the decay modes H — WW — lvilyv and H — ZZ — 4 leptons. The
calculation takes into account all the experimental cuts designed to isolate the Higgs boson
signal [, . In the case of the decay mode H — WW — [vlv, we confirm previous
findings that the effect of radiative corrections is strongly reduced by the selection cuts. In
the case of the decay mode H — ZZ — 4 leptons, we find that the proposed cuts are mild
and do not change dramatically the size of QCD radiative corrections.

Our calculation is implemented in the numerical program HNNLO ] The present
version of the program includes the most relevant decay modes of the Higgs boson, namely,
H—-~vy, H—- WW — lvlv and H — ZZ — 4 leptons. In the latter case it is possible
to choose between H — ZZ — pTp~ete™ and H — ZZ — ete~eTe, which includes the

— 10 —
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appropriate interference contribution. The user can apply all the required cuts on the final
state leptons (photons) and the associated jets and plot the corresponding distributions
in the form of bin histograms. These features should make our program a useful tool for
Higgs studies at the Tevatron and the LHC.

Acknowledgments

I wish to thank Stefano Catani for helpful discussions and comments.

References

[1] For a review on Higgs physics in and beyond the Standard Model, see J.F. Gunion,
H.E. Haber, G.L. Kane and S. Dawson, The Higgs hunter’s guide, Addison-Wesley, Reading,
MA (1990);
A. Djouadi, The anatomy of electro-weak symmetry breaking. I: the Higgs boson in the
standard model, hep-ph/0503172; The anatomy of electro-weak symmetry breaking. II: the
Higgs bosons in the minimal supersymmetric model, [LPT-ORSAY-05-1§ [hep-ph/0503173].

[2] ATLAS collaboration, ATLAS detector and physics performance: technical design report.
Volume 2, CERN/LHCC/99-15 (1999).

— 11 —


http://arxiv.org/abs/hep-ph/0503172
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= LPT-ORSAY-05-18
http://arxiv.org/abs/hep-ph/0503173
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN/LHCC/99-15

3]

CMS collaboration, G.L. Bayatian et al.,CMS physics technical design report: physics
performance. Volume 2: Physics performance, J. Phys. G 34 (2007) 995
[CERN/LHCC/2006-021].

S. Dawson, Radiative corrections to Higgs boson production, [Nucl. Phys. B 359 (1991) 283.

A. Djouadi, M. Spira and P.M. Zerwas, Production of Higgs bosons in proton colliders: QCD
corrections, [Phys. Lett. B 264 (1991) 44(.

M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC,
[Nucl. Phys. B 453 (1995) 17 [hep-ph/950437¢.

R.V. Harlander, Virtual corrections to gg — H to two loops in the heavy top limit,

Lett. B 492 (2000) 74 [hep—ph/0007289].

[9]

[10]

[11]

[12]

S. Catani, D. de Florian and M. Grazzini, Higgs production in hadron collisions: soft and
virtual QCD corrections at NNLO, JHEP 05 (2001) 025| [hep-ph/01022217].

R.V. Harlander and W.B. Kilgore, Soft and virtual corrections to pp — H + X at NNLO,
[Phys. Rev. D 64 (2001) 013015 [hep-ph/0102241].

R.V. Harlander and W.B. Kilgore, Nezt-to-next-to-leading order Higgs production at hadron
colliders, |[Phys. Rev. Lett. 88 (2002) 201801| [hep—ph/020120§].

C. Anastasiou and K. Melnikov, Higgs boson production at hadron colliders in NNLO QCD,
[Nucl. Phys. B 646 (2002) 220 [hep-ph/0207004].

V. Ravindran, J. Smith and W.L. van Neerven, NNLO corrections to the total cross section
for Higgs boson production in hadron hadron collisions, [Nucl. Phys. B 665 (2003) 32§
[hep-ph/0302135).

S. Catani, D. de Florian and M. Grazzini, Direct Higgs production and jet veto at the
Tevatron and the LHC in NNLO QCD, JHEP 01 (2002) 015 [hep-ph/0111164].

C. Anastasiou, K. Melnikov and F. Petriello, Higgs boson production at hadron colliders:
differential cross sections through next-to-next-to-leading order, [Phys. Rev. Lett. 93 (2004)

262002 [hep-ph/040908d]; Fully differential Higgs boson production and the di-photon signal

[15]

[16]

[17]

through next-to-next-to-leading order, Nucl. Phys. B 724 (2005) 197 [hep-ph/0501130).

C. Anastasiou, G. Dissertori and F. Stockli, NNLO QCD predictions for the
H — WW — lvv signal at the LHC, JHEP 09 (2007) 01§ [arXiv:0707.2373.

C. Anastasiou, K. Melnikov and F. Petriello, A new method for real radiation at NNLO,
[Phys. Rev. D 69 (2004) 07601(| [hep-ph/0311311].

T. Binoth and G. Heinrich, An automatized algorithm to compute infrared divergent
multi-loop integrals, [Nucl. Phys. B 585 (2000) 741| [hep-ph/0004013]; Numerical evaluation
of phase space integrals by sector decomposition, |[Nucl. Phys. B 693 (2004) 13
[hep-ph/0402265;

K. Hepp, Proof of the Bogolyubov-Parasiuk theorem on renormalization,

Phys. 2 (1966) 301|.

C. Anastasiou, K. Melnikov and F. Petriello, Real radiation at NNLO: ete™ — 2 jets through
O(a?), |Phys. Rev. Lett. 93 (2004) 032009 [hep-ph/040228(].

- 12 —


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB%2CG34%2C995
http://www-spires.slac.stanford.edu/spires/find/hep/www?r= CERN/LHCC/2006-021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB359%2C283
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB264%2C440
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB453%2C17
http://arxiv.org/abs/hep-ph/9504378
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB492%2C74
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB492%2C74
http://arxiv.org/abs/hep-ph/0007289
http://jhep.sissa.it/stdsearch?paper=05%282001%29025
http://arxiv.org/abs/hep-ph/0102227
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD64%2C013015
http://arxiv.org/abs/hep-ph/0102241
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C88%2C201801
http://arxiv.org/abs/hep-ph/0201206
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB646%2C220
http://arxiv.org/abs/hep-ph/0207004
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB665%2C325
http://arxiv.org/abs/hep-ph/0302135
http://jhep.sissa.it/stdsearch?paper=01%282002%29015
http://arxiv.org/abs/hep-ph/0111164
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C93%2C262002
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C93%2C262002
http://arxiv.org/abs/hep-ph/0409088
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB724%2C197
http://arxiv.org/abs/hep-ph/0501130
http://jhep.sissa.it/stdsearch?paper=09%282007%29018
http://arxiv.org/abs/0707.2373
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD69%2C076010
http://arxiv.org/abs/hep-ph/0311311
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB585%2C741
http://arxiv.org/abs/hep-ph/0004013
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB693%2C134
http://arxiv.org/abs/hep-ph/0402265
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C2%2C301
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CMPHA%2C2%2C301
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C93%2C032002
http://arxiv.org/abs/hep-ph/0402280

[19] K. Melnikov and F. Petriello, The W boson production cross section at the LHC' through
O(a?)), |Phys. Rev. Lett. 96 (2006) 231809 [hep-ph/0603189]; Electroweak gauge boson
production at hadron colliders through O(a?), |13h1/5 Rev. D 74 (2006) 11401?'

[hep-ph/060907(].

[20] C. Anastasiou, K. Melnikov and F. Petriello, The electron energy spectrum in muon decay
through O(a?), JHEP 09 (2007) 014 [hep-ph/0505069].

[21] S. Catani and M. Grazzini, An NNLO subtraction formalism in hadron collisions and its
application to Higgs boson production at the LHC, |Phys. Rev. Lett. 98 (2007) 222002
[hep-ph/0703012).

[22] R.K. Ellis, D.A. Ross and A.E. Terrano, The perturbative calculation of jet structure in eTe™
annihilation, Nucl. Phys. B 178 (1981) 421|.

[23] S. Frixione, Z. Kunszt and A. Signer, Three-jet cross sections to next-to-leading order,
| Phys. B 467 (1996) 399 [hep-ph/951232§];
S. Frixione, A general approach to jet cross sections in QCD, [Nucl. Phys. B 507 (1997) 29§
[hep-ph/9706545).

[24] S. Catani and M.H. Seymour, A general algorithm for calculating jet cross sections in NLO
QCD, INucl. Phys. B 485 (1997) 291 [Erratum ibid. B 510 (1998) 503] [hep-ph/9605323].

[25] D.A. Kosower, Antenna factorization of gauge-theory amplitudes, [Phys. Rev. D 57 (1998)

‘ 541(] [hep-ph/9710213]; Multiple singular emission in gauge theories, [Phys. Rev. D 67
‘ (2003) 116007 [hep-ph/0212097; Antenna factorization in strongly-ordered limits,

| D 71 (2005) 045016 [hep-ph/0311272).

[26] S. Weinzierl, Subtraction terms at NNLO, JHEP 03 (2003) 062 [hep-ph/030218(];
Subtraction terms for one-loop amplitudes with one unresolved parton, [JHEP 07 (2003) 053
[hep-ph/030624§].

[27] S. Frixione and M. Grazzini, Subtraction at NNLO, [JHEP 06 (2005) 01( [hep-ph/0411399].
[28] A. Gehrmann-De Ridder, T. Gehrmann and E.-W.N. Glover, Quark-gluon antenna functions

from neutralino decay, |Phys. Lett. B 612 (2005) 3@ |hep-ph/0501291]; Gluon gluon antenna
functions from Higgs boson decay, [hep-ph/050211d]; Antenna
subtraction at NNLO, m [mﬂ;

A. Daleo, T. Gehrmann and D. Maitre, Antenna subtraction with hadronic initial states,
JHEP 04 (2007) 016 |hep—ph/0612257].

[29] G. Somogyi, Z. Trécsényi and V. Del Duca, Matching of singly- and doubly-unresolved limits
of tree-level QCD squared matriz elements, |JHEP 06 (2005) 024 [hep-ph/050222€; A
subtraction scheme for computing QCD jet cross sections at NNLO: reqularization of
doubly-real emissions, JHEP 01 (2007) 070) [hep-ph/0609042);

G. Somogyi and Z. Trécsanyi, A subtraction scheme for computing QCD jet cross sections at
NNLO: regqularization of real-virtual emission, JHEP 01 (2007) 052 [hep-ph/0609043.

[30] A. Gehrmann-De Ridder, T. Gehrmann and E.W.N. Glover, Infrared structure of ete™ — 2
jets at NNLO, [Nucl. Phys. B 691 (2004) 195 [hep-ph/0403057].

[31] S. Weinzierl, NNLO corrections to 2-jet observables in electron positron annihilation,
| Rev. D 74 (2006) 01402(] [hep-ph/0606004].

[32] A. Gehrmann-De Ridder, T. Gehrmann, E.-W.N. Glover and G. Heinrich, Second-order QCD
corrections to the thrust distribution, |Phys. Rev. Lett. 99 (2007) 132009 [arXiv:0707.1284].

— 13 -


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C96%2C231803
http://arxiv.org/abs/hep-ph/0603182
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C114017
http://arxiv.org/abs/hep-ph/0609070
http://jhep.sissa.it/stdsearch?paper=09%282007%29014
http://arxiv.org/abs/hep-ph/0505069
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C98%2C222002
http://arxiv.org/abs/hep-ph/0703012
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB178%2C421
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB467%2C399
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB467%2C399
http://arxiv.org/abs/hep-ph/9512328
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB507%2C295
http://arxiv.org/abs/hep-ph/9706545
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB485%2C291
http://arxiv.org/abs/hep-ph/9605323
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD57%2C5410
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD57%2C5410
http://arxiv.org/abs/hep-ph/9710213
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD67%2C116003
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD67%2C116003
http://arxiv.org/abs/hep-ph/0212097
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD71%2C045016
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD71%2C045016
http://arxiv.org/abs/hep-ph/0311272
http://jhep.sissa.it/stdsearch?paper=03%282003%29062
http://arxiv.org/abs/hep-ph/0302180
http://jhep.sissa.it/stdsearch?paper=07%282003%29052
http://arxiv.org/abs/hep-ph/0306248
http://jhep.sissa.it/stdsearch?paper=06%282005%29010
http://arxiv.org/abs/hep-ph/0411399
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB612%2C36
http://arxiv.org/abs/hep-ph/0501291
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB612%2C49
http://arxiv.org/abs/hep-ph/0502110
http://jhep.sissa.it/stdsearch?paper=09%282005%29056
http://arxiv.org/abs/hep-ph/0505111
http://jhep.sissa.it/stdsearch?paper=04%282007%29016
http://arxiv.org/abs/hep-ph/0612257
http://jhep.sissa.it/stdsearch?paper=06%282005%29024
http://arxiv.org/abs/hep-ph/0502226
http://jhep.sissa.it/stdsearch?paper=01%282007%29070
http://arxiv.org/abs/hep-ph/0609042
http://jhep.sissa.it/stdsearch?paper=01%282007%29052
http://arxiv.org/abs/hep-ph/0609043
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB691%2C195
http://arxiv.org/abs/hep-ph/0403057
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C014020
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C014020
http://arxiv.org/abs/hep-ph/0606008
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C99%2C132002
http://arxiv.org/abs/0707.1285

[33]

[34]

[35]

[36]
[37]

A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover and G. Heinrich, Infrared structure
of ete™ — 3 jets at NNLO, JHEP 11 (2007) 05§ [prXiv:0710.0344)].

A. Gehrmann-De Ridder, T. Gehrmann, E.-W.N. Glover and G. Heinrich, NNLO corrections
to event shapes in eTe™ annihilation, JHEP 12 (2007) 094 [rrXiv:0711.4711].

J. Campbell and R.K. Ellis, MCFM - Monte Carlo for FeMtobarn processes,
lhttp: //mcfm.fnal.gov|

lhttp://theory.fi.infn.it/grazzini/codes.html.

A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Physical gluons and high-E(T)
jets, |Phys. Lett. B 604 (2004) 61| [hep-ph/041023(].

A. Bredenstein, A. Denner, S. Dittmaier and M.M. Weber, Precise predictions for the
Higgs-boson decay H — WW/ZZ — 4 leptons, [Phys. Rev. D 74 (2006) 013004
[hep-ph/0604011l]; Radiative corrections to the semileptonic and hadronic Higgs-boson decays
H—WW/ZZ — 4 fermions, JHEP 02 (2007) 08(] [hep-ph/0611234)].

S. Catani, Y.L. Dokshitzer, M.H. Seymour and B.R. Webber, Longitudinally invariant K(T)
clustering algorithms for hadron hadron collisions, [Nucl. Phys. B 406 (1993) 187
S.D. Ellis and D.E. Soper, Successive combination jet algorithm for hadron collisions,

Rev. D 48 (1993) 316( [hep—ph/9305264).

[45]

[46]

A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the
standard model and its supersymmetric extension, [Comput. Phys. Commun. 108 (1998) 5(
[hep-ph/970444§].

G. Davatz, G. Dissertori, M. Dittmar, M. Grazzini and F. Pauss, Effective K-factors for
g9 — H — WW — (vlv at the LHC, JHEP 05 (2004) 009 [hep-ph/040221§].

M. Dittmar and H.K. Dreiner, How to find a Higgs boson with a mass between 155 GeV to
180 GeV at the LHC, [Phys. Rev. D 55 (1997) 167 [hep-ph/9608317].

C. Anastasiou, G. Dissertori, F. Stockli and B.R. Webber, QCD radiation effects on the
H — WW — lvlv signal at the LHC, prXiv:0801.2689.

S. Frixione and B.R. Webber, Matching NLO QCD computations and parton shower
simulations, JHEP 06 (2002) 029 [hep-ph/0204244];

S. Frixione, P. Nason and B.R. Webber, Matching NLO QCD and parton showers in heavy
flavour production, UHEP 08 (2003) 007 [hep-ph/0305259].

C. Zecher, T. Matsuura and J.J. van der Bij, Leptonic signals from off-shell Z boson pairs at
hadron colliders, {Z. Physik C 64 (1994) 219 [hep-ph/940429§.

S. Catani and B.R. Webber, Infrared safe but infinite: soft-gluon divergences inside the
physical region, JHEP 10 (1997) 00§ [hep-ph/9710333].

— 14 —


http://jhep.sissa.it/stdsearch?paper=11%282007%29058
http://arxiv.org/abs/0710.0346
http://jhep.sissa.it/stdsearch?paper=12%282007%29094
http://arxiv.org/abs/0711.4711
http://mcfm.fnal.gov
http://theory.fi.infn.it/grazzini/codes.html
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB604%2C61
http://arxiv.org/abs/hep-ph/0410230
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD74%2C013004
http://arxiv.org/abs/hep-ph/0604011
http://jhep.sissa.it/stdsearch?paper=02%282007%29080
http://arxiv.org/abs/hep-ph/0611234
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB406%2C187
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD48%2C3160
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD48%2C3160
http://arxiv.org/abs/hep-ph/9305266
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CPHCB%2C108%2C56
http://arxiv.org/abs/hep-ph/9704448
http://jhep.sissa.it/stdsearch?paper=05%282004%29009
http://arxiv.org/abs/hep-ph/0402218
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD55%2C167
http://arxiv.org/abs/hep-ph/9608317
http://arxiv.org/abs/0801.2682
http://jhep.sissa.it/stdsearch?paper=06%282002%29029
http://arxiv.org/abs/hep-ph/0204244
http://jhep.sissa.it/stdsearch?paper=08%282003%29007
http://arxiv.org/abs/hep-ph/0305252
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC64%2C219
http://arxiv.org/abs/hep-ph/9404295
http://jhep.sissa.it/stdsearch?paper=10%281997%29005
http://arxiv.org/abs/hep-ph/9710333

