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ABSTRACT: Vector-boson pair production is an important background for Higgs boson
and new physics searches at the Large Hadron Collider LHC. We have calculated the
loop-induced gluon-fusion process gg — WW — leptons, allowing for arbitrary invariant
masses of the intermediate W bosons. This process contributes at O(a?) relative to quark-
antiquark annihilation, but its importance is enhanced by the large gluon flux at the LHC
and by experimental cuts employed in Higgs boson searches. We find that gg — WW
provides only a moderate correction (ca. 5%) to the inclusive W-pair production cross
section at the LHC. However, after taking into account realistic experimental cuts, the
gluon-fusion process becomes significant and increases the theoretical WW background
estimate for Higgs searches in the pp — H — WW — leptons channel by approximately
30%.

KeyworDs: QCD, Higgs Physics, Hadronic Colliders.



Contents

1. Introduction 1
2. Calculation 2
3. Results 3
4. Conclusions 6

1. Introduction

The search for Higgs particles and for physics beyond the Standard Model (SM) is central
to the physics program at the future Large Hadron Collider (LHC) at CERN. One of the
most promising processes for Higgs-boson discovery in the mass range Mpjggs between 140
and 180 GeV is the pp — H — W*W?* — (p'V' channel [1, 2], where pp — H proceeds
through gluon-gluon fusion.! The dominant irreducible background to this process is W-
pair continuum production, which has a cross section times branching ratio more than
five times larger than the Higgs-boson signal. An accurate theoretical prediction for the
background process is crucial to fully exploit the pp — H — W*W* — v’V discovery
channel, in particular as no Higgs mass peak can be reconstructed from leptonic W decays.
Besides its significance as a background to Higgs searches, vector-boson pair production
is an important testing ground for the non-Abelian structure of the SM in general. It
furthermore provides a background for many new physics searches.

In this paper we present a calculation of the gluon-induced contribution gg — W*W* —
¢ol'v which proceeds through a quark loop as shown in Fig. 1. Although suppressed by
two powers of ag relative to quark-antiquark annihilation, gluon-fusion is a potentially sig-
nificant source of W-boson pairs at the LHC because of the large gluon-gluon luminosity.
Furthermore, the importance of gluon-gluon induced background processes is enhanced
by the experimental Higgs search cuts which exploit the longitudinal boost and the spin
correlations of the WW system to suppress W-pair continuum production through quark-
antiquark annihilation.

The hadronic production of W pairs has been studied extensively in the literature. A
recent review can be found in Ref. [4]. Next-to-leading order (NLO) QCD corrections to
qq — WW have been presented in Refs. [5, 6], while NLO calculations for ¢qg — WW —
(of'V' including spin and decay angle correlations can be found in Refs. [7, 8, 9, 10].
At large WW invariant masses, also electroweak corrections become important [11]. The

! Another favourable Higgs discovery channel is the H — WW decay mode in weak boson fusion,
pp — H(— WW) + qq [3].



gluon-gluon induced contribution to on-shell W-pair production, gg — W W, has first been
calculated in Ref. [12] for the case of massless quarks circulating in the loop. The calculation
has been extended in Ref. [13] to include the top-bottom massive quark loop. In this
paper we present the first calculation of the gluon-induced process gg — W*W* — (ol
including spin and decay angle correlations and allowing for arbitrary invariant masses of
the intermediate W bosons. The main purpose of the calculation is to study the impact
of gluon-gluon induced backgrounds to Higgs boson searches in the H — W*W* — (vl')/'
decay mode. In a first step, and in order to quantify the general importance of the gluon-
fusion process, we restrict our calculation to the leading contribution which arises from
intermediate light quarks of the first two generations. Moreover, we do not take into account
gluon-gluon induced tree-level processes of the type gg — WWqgq, which have been found
to be strongly suppressed in hadronic WZ, W~ and Z~ production [14]. We finally note
that a calculation similar to ours has been performed for the process gg — Z*Z* — 41F in
Ref. [15].

Our calculation demonstrates that the gluon-fusion contribution to on-shell W-pair
production only provides a 5% correction to the inclusive W-pair production cross section at
the LHC. This result is consistent with analyses carried out for the processes gg — WZ, W~
and Z~ [14, 16]. However, after taking into account realistic experimental cuts, the process
g9 — W*W* — (of'v' becomes sizeable and enhances the theoretical WW background
estimate for Higgs searches by about 30%. In the following we will present some details of
the calculation and a discussion of the numerical results.

2. Calculation

Our aim is to compute gluon-gluon induced off-shell W-boson pair production with decay
into lepton-neutrino pairs:

9(p1, A1) + g(p2, A2) — W (p3) + W™ (pa)
- Z,(]757"’_) —I—V/(p(;,—) +D(p77+)+€(p87_)7 (2’1)

where the momenta and helicities are given in brackets, and where p3 = ps 4+ pg and
p4 = p7 + ps. Generic Feynman diagram topologies are shown in Fig. 1. As mentioned in
the introduction, we allow for arbitrary invariant masses of the W bosons, but focus on the
dominant contribution coming from massless intermediate quark loops. This simplifies the
computation in two respects. First, the restricted number of scales allows for a compact
representation of the amplitude, which has proven necessary to achieve a numerically stable
evaluation. Second, in the limit of massless quark loops all triangle topologies in Fig. 1 with
an intermediate photon or Z boson vanish, and the box topologies form a gauge invariant
set. Note that in the case of massive quarks in the loop the non-resonant terms are crucial
for maintaining gauge invariance.

The amplitude M for the off-shell production of two charged vector bosons has the
following structure:

M = ey 0y, MPEESHA D (D3, My ) Puyv, (P4, Mw ) J52 JJ* (2.2)



with the lepton currents and W propagators given by

JE = a(pe) v (1 — v5)v(ps)

Ji = u(ps)y" (1 — v5)v(pr)
P (p, Myy) g (2.3)
P W) = M2, i My Ty '

We have evaluated the Feynman diagrams using two independent methods. The expressions
for the six box graphs have been compared with output from FeynArts 3.2 [17]. The
algebraical manipulations were performed with FORM [18] and MAPLE.

Numerical tensor reduction which is commonly used in standard algebraic packages
is in general not sufficient to achieve a numerically stable amplitude representation. In
these approaches the problem of inverse Gram determinants is usually avoided by apply-
ing experimental cuts from the start such that kinematically dangerous regions do not
contribute to the cross section. In the case of W-boson pair production with subsequent
leptonic decays, however, this is not possible, as the invisible neutrinos do not allow to
apply an experimental cut on the transverse momentum of the W bosons to avoid large
denominators. To overcome this problem we have performed a fully algebraic tensor and
scalar integral reduction following the methods described in Ref. [19]. The result has been
cross checked using standard methods [20, 21]. Each helicity amplitude has been grouped
into explicitly gauge invariant tensor structures and expressed in a basis of scalar integrals
similar to those defined in Ref. [22]. The respective coefficients have been simplified alge-
braically using MAPLE in a fully automated way so that at most one inverse power of a
Gram determinant remained. Finally, the simplified helicity amplitudes were coded in two
independent computer programs. Our representation of the cross section is numerically
stable without any cuts. More details of the calculation will be presented in a forthcoming
article.

3. Results

In this section we present numerical results for the process pp — W*W* — (ul'y at the
LHC. We tabulate the total cross section and the cross section for two sets of experimental
cuts. In addition, we show various differential distributions. The experimental cuts include
a set of “standard cuts” [9], motivated by the finite acceptance and resolution of the
detectors, where we require all charged leptons to be produced at pr, > 20 GeV and
|ne] < 2.5, and a missing transverse momentum p,. > 25 GeV. Cross sections calculated
with this set of cuts will be labelled og4.

As emphasized in the introduction, W-boson pair production constitutes the dominant
irreducible background to Higgs searches in the H — W*W* — ¢f'v/ decay mode, with a
cross section times branching ratio more than five times larger than the Higgs-boson signal.?
Various cuts have been proposed for the experimental searches to enhance the signal-to-
background ratio [1, 2, 23, 24, 25, 26]. We have adopted a set of cuts similar to those

20ther, less important backgrounds include W-boson production from top-quark decays.



advocated in a recent experimental study [26]. In addition to the “standard cuts” defined
above, we require that the opening angle between the two charged leptons in the plane
transverse to the beam direction should satisfy A¢7 ¢ < 45° and that the dilepton invariant
mass My, be less than 35 GeV. Furthermore, the larger and smaller of the lepton transverse
momenta are restricted as follows: 25 GeV < prpin and 35 GeV < prmax < 50 GeV.
Finally, a jet-veto is imposed that removes events with jets where prjt > 20 GeV and
INjet| < 3. Cross sections evaluated with the Higgs selection cuts will be labelled opp,.
To obtain numerical results we use the following set of input parameters:

My =80.419 GeV, Mz =91.188 GeV, G, =1.16639 x 107° GeV 2,
FW = 2.06 GeV, PZ = 2.49 GeV, VCKM =1.

The weak mixing angle is given by ¢y = My /My, s2 = 1—c?

w W

The electromagnetic
coupling is defined in the G, scheme as ag, = V2G, ME, % /m. The masses of external
fermions are neglected. We restrict our calculation to light intermediate fermions which
are treated as massless. The pp cross sections are calculated at /s = 14 TeV employing
the CTEQ6L1 and CTEQ6M [27] parton distribution functions at tree- and loop-level,
corresponding to AY® = 165 MeV and AIQ/I_S = 226 MeV with one- and two-loop running for
as(p), respectively. The renormalization and factorization scales are set to My, . Fixed-
width Breit-Wigner propagators are used for unstable gauge bosons.

We compare results for WW production in gluon scattering with LO and NLO results
for the quark scattering processes. Since we are interested in WW production as a back-
ground, the gg — H — WW signal amplitude is not included.> The LO and NLO quark
scattering processes are computed with MCFM [10], which implements helicity amplitudes
with full spin correlations [8] and includes finite-width effects and single-resonant correc-
tions. Table 1 shows gluon and quark scattering cross sections for the LHC. Total cross
sections (o4¢) are compared with cross sections when standard LHC cuts (o) and selec-
tion cuts optimized for Higgs boson searches (oyk4) are applied (see above for the definition
of the cuts). The gg process only yields a 5% correction to the total WW cross section
calculated from quark scattering at NLO QCD. When realistic Higgs search selection cuts
are applied the correction increases to 30%. We expect that the inclusion of the ¢-b quark
mediated gg — WW amplitude contribution will lead to a further increase. Note that
the experimental Higgs search cuts include a jet veto which suppresses large contributions
from gluon-quark scattering at NLO and thereby reduces the K-factor for g — WW from
1.6 to 1.1.

Table 1 also includes an estimate of the remaining theoretical uncertainty due to the
QCD scale variation. We have varied the renormalization and factorization scales indepen-
dently between My /2 < firen fac < 2My. We find that the largest cross section prediction
corresponds to choosing firen = Mw /2 and pg.c = 2My, while the reverse combination
tren = 2My and pge = My /2 yields the smallest value. For the gluon-gluon induced
contribution this is obvious, as the renormalization and factorization scale dependence is

3In the case of a light, narrow-width Higgs boson, interference effects between signal and background
are expected to be strongly suppressed, see Refs. [28, 29].



entirely due to as and the parton distribution functions, respectively: decreasing piyen in-
creases g, while increasing pg,. increases the gluon-gluon luminosity. The latter effect
turns out to be small compared to the former. For the gg — WW process we find a scale
uncertainty of approximately 25%. The scale dependence of the NLO quark-scattering
contribution is more intricate and depends sensitively on the cuts employed. For the
qq — WW process we find approximately 5% uncertainty. The Higgs selection cuts, which
suppress the gluon-quark scattering contribution, further reduce the scale dependence to a
level of only about 2%. This is a remarkably small change that, we suspect, underestimates
the uncertainty. A more detailed discussion of the scale uncertainty for ¢q¢g — WW can be
found in Ref. [9].

The cross section for pp — WW — (ul'v' is proportional to the fourth power of
the electromagnetic coupling . As mentioned above, we have evaluated « in the G,
scheme. The G, scheme is a preferred choice as it absorbs large universal higher-order
electroweak effects in the LO prediction. Alternatively, a can be identified with the fine-
structure constant /(0) or the running electromagnetic coupling a(Q?) at a high energy
scale Q. Setting o = «(0) [ = a(My)] results in a decrease [increase] of the cross-section
prediction by approximately 10%.

Off-shell effects reduce the total gg — WW cross section in narrow width approxi-
mation by 2.6%. The Higgs search selection cuts amplify the effect to about —6%. The
quark scattering process is affected in a similar way. We conclude that the narrow width
approximation yields conservative estimates for the pp — WW background. Note that
the Higgs search cuts have been optimized for a Higgs boson mass of Myiges = 165 GeV.
Off-shell effects may have a larger impact when other cuts, more suitable for lighter Higgs
masses Myiggs < 2Myy, are applied.

We have compared our results with the gg — W W cross section calculation presented
in Ref. [12]. Adopting the set-up of Ref. [12] we find perfect agreement for the invariant
WW mass distribution. Note that the large impact of the gluon-gluon induced contri-
butions to W-pair production at the LHC suggested in previous analyses [12, 13] is not
confirmed in our calculation. The difference is due to using modern parton distribution
functions, which show a less pronounced rise of the gluon-luminosity towards small values
of x, and the associated smaller values of the strong coupling a.

Selected differential distributions for pp — W*W* — v’y at the LHC are shown in
Figs. 2, 3 and 4. The standard set of cuts defined above has been applied throughout.

Figure 2 shows the distribution in the invariant mass of the pair of charged leptons.
We compare the gluon-gluon induced contribution with the quark scattering process in
LO and NLO. We observe that the invariant mass distribution of the gluon-gluon induced
process is similar in shape to the quark scattering contributions and suppressed by more
than one order of magnitude in normalization.

W-boson pairs produced in quark-antiquark scattering at the LHC are in general
strongly boosted along the beam axis. Gluon induced processes on the other hand re-
sult in WW events at more central rapidities. This feature is born out by the distribution
in the pseudorapidity of the negatively charged lepton shown in Fig. 3. In order to distin-
guish the shapes of the various contributions we have chosen a linear vertical scale and plot



the gluon-gluon contribution multiplied by a factor 10. Compared to LO quark-antiquark
scattering, the lepton distribution of the gluon-gluon process shows a more pronounced
peak at central rapidities. We also observe an enhancement of the NLO corrections at
central rapidities which is due to the substantial contribution of gluon-quark processes at
NLO.

Figure 4 finally shows the distribution in the transverse-plane opening angle of the
charged leptons. This observable reflects the spin correlations between the WW pair and
allows one to discriminate W bosons originating from scalar Higgs decays and WW con-
tinuum production [30]. Note that the importance of the gluon-gluon process is enhanced
by the Higgs search selection cuts which require a small opening angle A¢p o < 45°.

4. Conclusions

We have calculated the loop-induced gluon-fusion process gg — W*W* — ¢ol'v/ which
provides an important background for Higgs boson searches in the H — WW channel at
the LHC. We have presented numerical results for the total cross section, the cross section
with two sets of experimental cuts and various differential distributions. Our calculation
demonstrates that the gluon-fusion contribution to on-shell W-pair production only yields
a 5% correction to the inclusive W-pair production cross section at the LHC. However, after
imposing realistic Higgs search selection cuts, the process gg — W*W* — v’V becomes
the dominant higher-order correction to the WW background estimate and enhances the
theoretical prediction from quark-antiquark scattering at NLO by approximately 30%. We
conclude that gluon-gluon induced W -pair production is essential for a reliable description
of the background and has to be taken into account to exploit the discovery potential of
Higgs boson searches in the pp — H — WW — leptons channel at the LHC.
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Figure 1: Generic Feynman diagrams for the process gg — W*W* — (ul'v'.

o(pp — W*W* — (pl'v') [fb]

99 qq ONLO | INLO+gg

LO NLO Lo | ONLO
oot | 53.61(2)7152 | 875.8(1) o2  1373(1)FL | 157 | 1.04

Osta | 25.89(1) TS5 | 270.5(1)T208  491.8(1)*355 | 1.82 | 1.05

Obkg | 1.385(1)703) | 4.583(2)10 3% 4.79(3)10%; | 1.05 | 1.29

Table 1: Cross sections for the gluon and quark scattering contributions to pp — W*W* — (ul'v/
at the LHC (y/s = 14 TeV) without selection cuts (tot), with standard LHC cuts (std: prs > 20
GeV, || < 2.5, p > 25 GeV) and Higgs search selection cuts (bkg, see main text) applied. The
integration error is given in brackets. The errors denote the QCD scale uncertainty obtained by
varying renormalization and factorization scales independently between My /2 < firen fac < 2Myy.
We also show the ratio of the NLO to LO cross sections and the ratio of the combined NLO+gg
contribution to the NLO cross section at the central scale u = My .
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Figure 2: Distributions in the charged lepton-pair invariant mass my, for the gluon scattering
process (solid) and the quark scattering process in LO (dotted) and NLO QCD (dashed) of pp —
W*W* — (ul'V at the LHC. Input parameters as defined in the main text. Standard LHC cuts
have been applied (see main text and Table 1).
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Figure 3: Distributions in the pseudorapidity 7,- of the negatively charged lepton. Details as in
Fig. 2. The gg distribution is displayed after multiplication with a factor 10.
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Figure 4: Distributions in the transverse-plane opening angle of the charged leptons A¢r ¢.
Details as in Fig. 2. The gg distribution is displayed after multiplication with a factor 10.
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