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ABSTRACT: Pair production of W bosons constitutes an important background to Higgs
boson and new physics searches at the Large Hadron Collider LHC. We have calculated
the loop-induced gluon-fusion process gg — W*W™* — leptons, including intermediate
light and heavy quarks and allowing for arbitrary invariant masses of the W bosons. While
formally of next-to-next-to-leading order, the gg — W*W™* — leptons process is enhanced
by the large gluon flux at the LHC and by experimental Higgs search cuts, and increases the
next-to-leading order WW background estimate for Higgs searches by about 30%. We have
extended our previous calculation to include the contribution from the intermediate top-
bottom massive quark loop and the Higgs signal process. We provide updated results for
cross sections and differential distributions and study the interference between the different
gluon scattering contributions. We describe important analytical and numerical aspects of
our calculation and present the public GG2WW event generator.
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1. Introduction

Vector-boson pair production provides an important background to Higgs boson searches
in the pp — H — W*W* — leptons channel at the Large Hadron Collider (LHC). Since for
dileptonic W decays no Higgs mass peak can be reconstructed, this background cannot be
estimated from measured data via sideband interpolation. Precise theoretical predictions
for the irreducible W-pair continuum background are hence crucial.

The hadronic production of W pairs has been investigated extensively in the literature
(see e.g. ref. [lll). The next-to-leading order (NLO) QCD corrections to g7 — WW — (vl'v/
have been known for some time [—f]. More recently also single-resonant contributions
have been included [}, and the NLO calculation has been matched with a parton shower
and combined with a summation of soft-gluon effects [[J]. Electroweak corrections, which
become important at large WW invariant masses, have been computed in ref. [[L{].

In this article we present the first complete calculation of the gluon-induced process
gg — W*W* — leptons and study its importance as a background to Higgs searches
in the pp - H — WW — ("0 p, channel. The gluon-induced background process
is mediated by quark loops and thus suppressed by two powers of ag relative to quark-
antiquark annihilation. Although it formally enters only at next-to-next-to-leading order,
the importance of the gluon-fusion process is enhanced by experimental Higgs search cuts.
These cuts exploit the longitudinal boost and the spin correlations of the WW system to
suppress W-pair continuum production through quark-antiquark annihilation [[1], [[J].



The gluon-fusion contribution to on-shell W-pair production, gg — WW has been
computed in refs. [[d—[LF]. Here, we present a fully differential calculation of gluon-induced
W-boson pair production and decay, gg — W*W* — (of'v/, including the top-bottom
massive quark loop contribution and the intermediate Higgs contribution with full spin
and decay angle correlations and allowing for arbitrary invariant masses of the W bosons."
Partial results of this work have already been presented in refs. [20, P1]. In ref. [2Q] we
found that the contributions of the first and second quark generations enhance the NLO
WW background prediction for Higgs searches by approximately 30%.

In the following we describe details of our calculation, introduce the GG2WW program
and present cross sections and differential distributions. We discuss the impact of the
third-generation contribution and interference effects between massless and massive quark

loop as well as signal and complete background contributions.

2. Calculation

2.1 Amplitude calculation preliminaries

The calculation of the 1-loop amplitude for gg — ¢f'v/ is sufficiently complex that it is
advantageous to organize Feynman amplitudes using form factors of tensor integrals, which
are then evaluated numerically. This approach works well as long as the numerical repre-
sentation of the amplitude is stable. When calculating cross sections for tree-level processes
at NLO, 1-loop amplitudes are interfered with tree-level amplitudes. The cross section for
our loop-induced process, however, is proportional to a squared 1-loop amplitude. Stan-
dard loop amplitude representations will thus lead to more severe numerical instabilities.
It is therefore advantageous to employ an algebraic approach to tensor reduction that max-
imizes the number of cancellations that occur at the analytical level. To control the size
of the analytical expressions it is necessary to split the amplitude into irreducible building
blocks. Thus gauge cancellations and compensations of unphysical denominators in subex-
pressions of the full amplitude are facilitated, and one can use standard algebraic programs
like MAPLE and MATHEMATICA to factorize and simplify the expressions. The calculation
of the amplitude proceeds in the following steps:

translation of Feynman diagrams to amplitude expressions;

amplitude organization;

evaluation of amplitude expressions and algebraic reduction;

simplification of irreducible amplitude coefficients;

numerical amplitude evaluation.

!Gluon-induced tree-level processes of the type gg — WWqq are expected to be strongly suppressed @,
@] and have thus not been taken into account. We note that results for a similar process, gg — Z*Z* — 4IF,
have been presented in refs. [@, @] including massive quark contributions, correlated decays and off-shell
effects.
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Figure 1: Examples for topologies contributing to gg — ¢¢''. The Z-exchange triangle diagrams

cancel when summed. Note that all external momenta are incoming.

Before describing those steps in more detail we set up our notation and provide some basic
definitions.
We consider gluon-induced W-pair production and decay and thus calculate the parton

amplitude

g(pla)‘l) +g(p27)‘2) +£(p57 _) + D(p67+) + V/(p77 _) + Z/(]987 +) - 07

where ¢ and ¢’ are charged, approximately massless leptons of different flavour and all
momenta are ingoing. This amplitude is related to the physical amplitude by crossing
symmetry. A2 specify the gluon helicities and p§74 = s34 the virtualities of the off-shell
vector bosons. The coupling of the gluons to the vector bosons is mediated through a
quark loop. Although six external particles are involved in the process, at most 1-loop
4-point functions occur in the calculation, because a pure QCD initial state couples to a
pure electroweak final state. The contributing topologies are presented in figure .

We neglect masses for the first two quark generations and all leptons, and set the
CKM matrix to unity. The photon exchange graphs vanish due to Furry’s theorem. The

Z-exchange diagrams, however, contain an axial coupling and are proportional to (m? —

u
m?l)(s;g —s4), when summed over up- and down-type contributions.? We find that they also
vanish for massless quarks as required by Furry’s theorem and weak isospin invariance. If
My 7# My, this argument is no longer valid and the triangle graphs could contribute. Note
that in the on-shell case one has s3 = s4 = M, and they still vanish [I4]. For arbitrary
invariant masses s3 # s4, we find that the contributions from double- (figure fla) and

single-resonant (figure flb) diagrams with internal Z propagator cancel each other if the

2Note that including the single-resonant diagrams in figure mb) is essential to maintain gauge invariance.



decay leptons are massless (as assumed). The only triangle graphs that contribute are thus
the Higgs exchange diagrams (figure flc) with amplitudes proportional to the g¢H Yukawa
couplings. The box diagrams do not involve these couplings and therefore form a gauge
invariant subset. Since only double-resonant diagrams contribute, the amplitude factorizes
into W*W™* production and subsequent decay mediated by the chiral fermion currents

J§ = S 0(pe)y" (1 —vs)u(ps) ,

Ji = 5 0(ps)y"(L = y5)ulpr) -

N~ N

We note that the gauge-parameter dependent terms of the amplitude in R, gauge vanish
for massless leptons due to current conservation. The W propagators thus simplify to
Feynman-gauge form

—i g

v —
PH (p) - p2—M5V+iMWFvv’
since the Goldstone bosons do not couple to the massless external leptons.

We calculate the contributing helicity amplitudes using the spinor formalism of ref. [2Z].
The complexity of the calculation is governed by the number of independent scales that
occur, i.e. six in the case at hand. We choose the Mandelstam variables s = (p1 + p2)?,
t = (pa+p3)? and u = (p1 +p3)?, and the W virtualities, s3 and s4, which obey the relation
s+t+u=s3+ s4. To account for the third generation, we calculate with non-zero quark
masses my and my.>

Following ref. [R7], we use p2 (p1) as reference vector for the polarization vector &1 (£2)

and write
1 27 |pj1™ 1 (17 |p|2™
. 1@ttt 1 (1|2t
N - B i T B
Jy = (671ul57) =TT,

and obtain as projectors for the ++ and +— helicity combinations:

el MefV = —%% <p’fp5 + piph —p1-p2 g — ie””p“p1op2p) : (2.1)
eftey = - gi; E% tr [151¢§,I;5§Z:]jr83 [52)153152’)’1'] ’ (2.2)

with tr=[['] = (tr[I'] — tr[y5I"])/2 and the spinor inner products (ij) = (p; |p;r>, [ij] =
(p; |p;>, where |pzi> is the Weyl spinor for a massless particle with momentum p;. We
define the epsilon tensor by 4i €#P7 = tr[y5y*y”~v~?]. The spinor prefactors in eqs. (R.1)
and (R.Z) are pure phases and can be disregarded when calculating |M|?.

3While keeping the full m; dependence in our calculation, we note that the limit ms — 0 is a very good
approximation for LHC energies. The induced error is O(mi/m3) ~ 0.1%. As my serves as an IR cutoff
many basis function coefficients vanish in this limit. The non-zero coefficients simplify considerably, too.



2.2 Symbolic amplitude evaluation with algebraic tensor reduction

As discussed in section P.], the amplitude iM factorizes into the production of two virtual
charged vector bosons

g(p1, A1) + g(p2, A2) + W *(p3) + W (py) — 0

and their decay. The production amplitude is thus contracted with the vector boson prop-
agators and lepton currents:

ZM( gfyy - 0) = &1 62“21'MM1M2M3M4P#3V3 (p3)P;L4V4 (p4)<]§/3 4

The coupling constants and colour factors are conveniently absorbed in the scattering tensor
MHPE2E3E4 ywhich can be decomposed in terms of Lorentz tensor structures built from the
metric g"”, the external momenta p/, py, p§ and the vector kfj = i e/P*P2P3. Note that ko
products are reducible: kfkl = agh” + ﬂsz“ ¥. The basis of tensor structures that can
occur is defined by momentum conservation, Schouten identities, the transversality /gauge
conditions €1:p1 = €1:p2 = €9-p1 = €2-p2 = 0 and current conservation J3-p3 = J4-pg = 0.
We find

MIM2 M3 e M2 13 4 L H2 M3
M = Aghthig + § 03112]3341)]1 Dy, P, pj4

J1,J2,J3,J4
1 2 B3 1 pha w3
Y Bl 9P Y B, ¢ 0 i+ Y B, o 0
J3,J4 32,4 32,43
p2ps P M4 Z 5 _popa  p1 Z W3 4 2
Z B11J4 U N s Bj s 97 0y p]3 Bmz 9 p]l Pj,
J1,J4 J1,J3 J1,J3

1 2

D ookl 9" B+ D Ef ook 9" bl
3 4

+ Z Eioj ko* 9" ) + Z Eiojs ko' 9" 1

(1 3 f4
+ Z ]2]3]4 0 p]z p]3 p]4 + Z j1j3]4 0 pj1 pjs pj4

.]27.737.74 .717.]37.74
2 : 2 : H1 o p2, (3
+ ]1]2]4 0 p]1 p]2 p]4 + j1j2]3 0 pj1 pjz pjs (2'3)
.]17.727.74 .717.]27.73

with ji,j2 = 3 and j3,74 € {1,2}. Based on eq. (.J) a gauge invariant representation
with 36 coefficients can be derived. The terms involving an epsilon tensor, i.e. kg, are
parity odd and their coefficients are proportional to (m? — mz) and vanish if weak isospin
is conserved [[L3, [[4], in particular for massless quarks.

The amplitude is invariant under exchange of the gluons (Bose symmetry). Since the

amplitude is also CP invariant,* only two helicity amplitudes are independent:

M35t 0, 53, 80) = MITII3(s 0t sy, 85) (2.4)

MBI (s w53, 84) = MTTT43(s,u,t, 54, 83) (2:5)

4Note that lepton flavour cannot be distinguished in the limit of massless leptons.



with MAAeJals = g ed2 MuvPo Jo .

Further simplification can be achieved by expressing the helicity amplitudes

9
A2 J3J. A1 2 2
MAtA2dsde — E le *(s,t,u, 53,84, mjy, my) 7;(J3, Ja)
Jj=1

in terms of the nine gauge-independent scalar structures

1 €{Js - Ju, J3-pr Ja-pr, J3-pi Ja- ko, J3 ko Ja-prt,

where [,k € {1,2}. The coefficients C;‘IAQ are linear combinations of the amplitude coef-
ficients defined in eq. (2.3) and will subsequently be expressed in terms of basis integrals.
The final coefficients contain negative powers of the Gram determinant

det G = 2s(tu — s3s4),

which emerges during tensor reduction. In reference frames with back-to-back gluons, it is
related to the transverse momentum of the W boson: det G = 2s? pgT. As the transverse
momentum of the vector boson approaches zero, the inverse Gram determinant diverges
while the amplitude remains finite. In this phase space region large numerical cancellations
occur and finite machine precision can lead to instabilities during evaluation. To mitigate
this effect, our goal is to cancel as many powers of det G as possible. For this purpose, we
expose the Gram determinant in our expressions by introducing the auxiliary vector

[det G
]53 = 2—82 (O,sin ¢3,COS ¢37O)T . (26)

For example, if ps3 is replaced by ps3 in eq. (B.J) the Gram determinant in the denominator
cancels explicity. More generally, we write the helicity amplitudes

9
MM A2zl — ZC?1A2(s,t,u, 83,54, Mz, m3) 7(J3, Js) (2.7)
j=1

in terms of the following scalar structures (see appendix [A]):

7; € {J3-Ju, p1-Jspr-Ja, p1-J3D3 - Ju, p1- JaDs - I3, D3 - J3p3 - Ju, €(p1,p2, J3, Ja),
p1- J3 €(p17p27ﬁ37 J4)7 p1- J4 6(p17p27]537 J3)7 ﬁ3 : J3 6(p17p27]537 J4)} .

The coefficients in eq. (2.7) involve tensor (loop momentum) integrals, which can be
written in terms of Lorentz tensors with coefficients involving only scalar integrals. As an
alternative to the standard methods of refs. [23, P4, we also applied the improved reduction
formalism of refs. [2§—P7] to calculate the amplitude. Here, for instance, a rank two 4-point
tensor integral is reduced via

pv 2 4,2 _uv E
I4 (Tl,T27T3,m1,m2,m3,m4) B> M +

J1,J2=1

J1J2 J1 ]2’



where 71 = p1, ro = p1 + p2 and r3 = —p4 with the external momenta p1,po, p3,ps. The

4,2
form factors B%2 and Ajijz

Lorentz invariants s;; = (p; + pj)z, 5j = p? and the internal masses. At most rank 4 tensor

depend on scalar integrals and are ultimately functions of the

integrals are present. The corresponding form factors are expressed in terms of Feynman
parameter integrals with at most three Feynman parameters in the numerator. In that way

5

only inverse Gram determinants to the third power occur.® For the calculation at hand,

we generate explicit analytical representations in terms of the scalar integral basis®
I, e {18, 17, 17,1} .

In total 27 different scalar integrals appear. As analytical results do not exist for all 6-
dimensional 4-point functions I¢, we have represented them in terms of 3- and 4-point
functions in n = 4.7

Since the process is loop induced, no real corrections exist and even for massless inter-
nal quarks each loop diagram is infrared (IR) finite. We confirmed that the coefficients of
IR divergent basis functions vanish. Since no ggW W counter term exists, the amplitude
is also ultraviolet (UV) finite. Note however that each box diagram is UV divergent and
only the gauge invariant sum of all box graphs is finite. We therefore employ dimensional
regularization to define the amplitudes for individual graphs and evaluate the 2-point func-
tion coefficients to order € = (n — 4)/2 for space-time dimension n. The V — A coupling
of the charged vector bosons to the internal quarks requires a prescription to treat n- and
4-dimensional objects consistently. We apply standard dimension splitting rules [R§] (see
appendix B).

The coefficients in eq. (R.7) can now be written in terms of basis functions I as

AN 2 2 AALA 2 2
le Q(S’taua 83, 84, My, M ) = ZC]];l 2(Sat’U, 53, 84, My, My )Ik,
k,l

where the coefficient 5;‘,;1)‘2 corresponds to diagram [ and is a rational polynomial that is

computed with and saved as FOrRM B9 code.® The irreducible amplitude coefficients are
then simplified with MAPLE. First, each é?‘,;fq 7; expression is simplified. For AjAy =
++4, —— all inverse Gram determinants cancel in this step. For Ay Ao = +—, —+, however,
one inverse power survives. Next, we sum over the diagrams, which facilitates further
simplification, because discrete symmetries and gauge invariance are restored. The final
output is converted to FORTRAN code. All steps are automatized.

For the triangle topologies with Higgs exchange we thus obtain the well-known result

1
s—m%{—i—imHl‘H

iM(gg — H — WHW ™ — (o) l) = MMA>7s

® Analytical and numerical representations for the form factors are provided in ref. @]

5The tadpole integral does not appear in this list, as it can be viewed as a degenerate 2-point integral.

"This introduces an inverse Gram determinant, but the expression can be grouped such that the combi-
nation of scalar integrals tends to zero as the inverse Gram determinant diverges and no additional stability
problem is introduced.

8Unevaluated amplitude expressions for each contributing Feynman graph have been compared with
output from FeynArts 3.2 [E]



with

MA1A2J3J4 = @IJIAQ(Samgam?) J3 : J4

and
@i{i(s,mg,mf) = —2m? (s —4m?) I}(s,0,0,m?, m?, m?)
—2m3 (s —4m}) I$(5,0,0,m2, m?, m?) + 4 (m? +m3),
(ij(s,mg,mQ) =0.
Here, only the helicity combinations A\; A2 = ++ and —— contribute, since the intermediate

scalar forces the gluons to be in an L = S = 0 state. Eq. (P.4) implies 5IJ§+ = 51_{_ The
explicit results for the box topologies are too complex to be presented.

Two independent calculations of the amplitude have been performed. All symmetry
relations of the amplitude have been checked analytically. In one calculation the tensor
reduction methods described in this section were applied, while standard methods [23, P4
were used in the other.

2.3 Numerical amplitude evaluation

The symbolic evaluation method described in section R.3 strongly reduces the destabiliz-
ing effects of inverse Gram determinants in the final amplitude representation, but does
not completely remove them for the +— and —+ helicity combinations. When evaluated
in double precision, our analytic expression for the amplitude thus exhibits numerical in-
stabilities in the extreme forward scattering region, e.g. pr(W*) — 0, where (det G)™*
diverges. Since the v pair is not detected, this phase space region still contributes to the
cross section after application of the selection cuts.

Numerical instabilities can be remedied by evaluating the amplitude in quadruple
precision. But, a huge runtime penalty is incurred in comparison to double precision. In
order to overcome this practical problem, one can restrict the use of quadruple precision
to a small region in phase space where

pr(W¥) < 6 GeV

and
pT(Wi) <1 GeV or max <"/p12/vi — MWD > 5T,

while double precision is used in the remainder of the phase space. Using this “mixed”
mode of our numerical program, the results presented below in section f were calculated
with no indication of numerical instabilities and no significant runtime overhead. For a
specific phase space configuration we compared numerical results for |M|? obtained with
our independent amplitude calculations and found agreement. We use LoopTools [BI] to

evaluate the scalar integrals numerically.



2.4 Cross-section calculation and the GG2WW program

The cross sections and distributions presented in section [J were verified with two indepen-
dent phase space and Monte Carlo integration implementations.

Our public program, named GG2WW, includes all background and signal contributions,
full spin correlations, off-shell and interference effects, as well as finite top and bottom quark
mass effects. It can be used either at the parton level or to generate weighted or unweighted
events in Les Houches Accord format [BJ]. A combination of the multi-channel [33, B4
and phase space-decomposition [BY, Monte Carlo integration techniques was used with
appropriate mappings to compensate peaks in the amplitude. In addition, automatized
VEGAS-style [B7] adaptive sampling is employed using OmniComp-Dvegas, which features
a parallel mode (including histogram filling) [B§. Parton distribution functions are included
via the LHAPDF package [BY]. Selection cuts and histograms can be specified in a user-
friendly format. The program is available on the Web [[i(] and has already been used by
ATLAS and CMS in recent H — WW studies [1]-[J.

3. Results

In this section we present numerical results for the process pp — W*W* — (ol'V at
the LHC. We tabulate the total cross section and the cross section for two sets of ex-
perimental cuts. We focus on the impact of the massive top-bottom loop, which has
been neglected in ref. [RJ], and the size of the signal-background interference. As dis-
cussed in section R4, we provide a public parton-level event generator for the process
g9 — W*W?* — leptons [if, which can be used to study alternative sets of cuts or to
generate any kind of distribution.

The experimental cuts include a set of “standard cuts” [[i], where we require both
charged leptons to be produced at pr, > 20GeV and |n| < 2.5 motivated by detector
coverage, and a missing transverse momentum p, > 25 GeV characteristic for leptonic W
decays. Cross sections calculated with this set of cuts will be labeled og4. Various further
cuts have been proposed for the experimental Higgs searches to enhance the signal-to-
background ratio [[L], [, B4 -E7]. As in our previous publication [R(] we have studied a set
of cuts similar to those advocated in a recent experimental study [7]. 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¢r ¢ < 45° and that
the dilepton invariant mass My, be less than 35 GeV. Furthermore, the larger and smaller
of the charged lepton transverse momenta are restricted as follows: 25 GeV < pr min and
35 GeV < prmax < 50 GeV. Finally, a jet veto is imposed that removes events with jets
where prjer > 20GeV and |njet| < 3. Cross sections evaluated with the Higgs selection
cuts will be labeled opg.

To obtain numerical results we have used the same set of input parameters as in

ref. 0]:

My =80.419 GeV, My =91.188 GeV, G, =1.16639 x 107> GeV 2,
I'yw = 2.06 GeV, 'y, =249 GeV, Vexm = 1.



The top-bottom quark-loop contribution has been evaluated using M; = 178 GeV and
My = 4.4 GeV. To study the signal-background interference we have chosen three Higgs
mass values (Mpy = 140, 170, 200 GeV), with the corresponding Higgs widths I'yy =
0.008235 GeV (M = 140 GeV), 'y = 0.3837 GeV (Mg = 170 GeV), and 'y = 1.426 GeV
(My = 200 GeV), as calculated by HDECAY [§]. The weak mixing angle is given by
cw = Mw /My, s% =1—c2, and the electromagnetic coupling has been defined in the G,
scheme as ag, = \/iGuMa,s?N /7. The masses of external fermions have been neglected.
The pp cross sections have been calculated at /s = 14 TeV employing the LHAPDF [B9]
implementation of the CTEQ6L1 and CTEQ6M [[J] parton distribution functions at tree-
and loop-level, corresponding to AIgO = 165 MeV and Alg/l_s = 226 MeV with 1- and 2-loop
running for ag(u), respectively.” The renormalization and factorization scales are set to
My . Fixed-width Breit-Wigner propagators are used for unstable gauge bosons.

In table [I] we present the total cross section and the cross section for two sets of ex-
perimental cuts: “standard cuts” (osq) and Higgs search cuts (abkg) as defined above.
The results for the gluon-fusion cross section in table [I] include the contribution from the
massive top-bottom loop and supersede our previous calculation [R(]], which was based
on intermediate light quarks only. For reference, we also show the LO and NLO quark
scattering cross sections, which have been computed with MCFM [fi]. As already demon-
strated in ref. [R(] 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%. For a discussion of the renormalization and
factorization scale uncertainties we refer to ref. [2(].*°

The importance of the top-bottom loop contribution can be inferred from table [,
where we compare the results based on intermediate light quarks of the first two generations
only to the contribution of the top-bottom loop and the interference between massless
and massive quark loops. We find that the top-bottom loop increases the theoretical
prediction by 12% and 15% for the inclusive cross section, o, and the cross section
with standard cuts, o4, respectively. After imposing Higgs search cuts, however, the
contribution of the massive quark loop is reduced to 2% only, which is almost entirely due
to interference with the massless loop amplitude. The reduction can largely be attributed
to the cut on A¢r s as can be seen in figure Bl: while the impact of the top-bottom loop is
sizeable in most of phase space, it is strongly reduced in the region A¢r g < 45° selected
by the Higgs search cuts. In figure B, we also see that off-shell effects slightly decrease the
cross section and become negligible for almost back-to-back charged leptons. Allowing for
arbitrary invariant masses of the W bosons changes the complete background cross section
with standard cuts by —2.8%, which increases to —6.4% when Higgs search cuts are applied.

An interesting distribution, which we did not display in ref. [R0] is the transverse
mass distribution do/dMyp, where one uses a measurable proxy for the Higgs transverse

9We observe a relative deviation of @(10™*) when comparing cross sections obtained with the LHAPDF
implementation of CTEQ6 to those obtained with the original CTEQ6 implementation.

10WWe have also studied the sensitivity to the top-mass value. While a 3-sigma variation of m; leads to a
0.5% change in the total cross section, no significant changes are found when Higgs boson search cuts are
imposed. These variations are negligible with respect to the scale uncertainty of our result.

,10,



o(pp — W*W* — (ul'V) [fb], LHC

g9 qq ONLO INLO+gg

LO NLO Lo INLO
oot | 60.00(1) | 875.8(1) 1373(1) | 1.57 1.04

o | 29.798(6) | 270.5(1) 491.8(1) | 1.82 | 1.06

Opkg | 1.4153(3) | 4.583(2)  4.79(3) | 1.05 | 1.30

Table 1: Cross sections for the gluon and quark scattering contributions to pp — W*W* —
(o' at the LHC (y/s = 14TeV) without selection cuts (tot), with standard LHC cuts (std:
pre > 20GeV, |ne| < 2.5, pr > 25GeV) and Higgs search selection cuts (bkg) applied. The Higgs
signal has not been included. The integration error is given in brackets. We also show the ratio of
the NLO to LO quark scattering cross sections and the ratio of the combined NLO+gg contribution
to the NLO cross section.

5 17

4L
[ signalx5

da/dA¢'r,11 [fb/deg]

0 50 100 150
Agqy [deg]

Figure 2: Distribution in the transverse-plane opening angle of the charged leptons A¢r ¢, for
pp — W*W* — (of'v' at the LHC. Displayed is the background process from gluon scattering
without (dashed) and with the top-bottom loop (solid) — the latter also without off-shell W effects
(dotted) — each multiplied with a factor 15; the background from quark scattering at NLO (dot-
dashed); and the signal process for My = 170 GeV (long-dashed) multiplied with a factor 5. Input
parameters as defined in the main text. Standard LHC cuts have been applied. The Higgs search
cuts select the region A¢r g, < 45° left of the vertical dashed line.

mass defined by My = \/(Eru + F1)? — (Oree + Pr)?, with Ergy = 1/p2T7a + m3?, and

Fp = \/pr+ mZ, [pd]. Cuts on the transverse mass My provide an additional handle
to suppress the background with respect to the Higgs signal, see e.g. refs. [[§, i5, [d].
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o(pp — W*W* — (ul'V') [fb], LHC

quark loop quark loop | gen.1,2,3 interference
generations 1,2 | generation 3 | gens. 1,2 %
it [99] 53.64(1) 2.859(3) 1.12 1.06
Tbkgl99] 1.3837(3) 0.00377(2) 1.02 1.02

Table 2: Cross sections for the gluon scattering contribution to pp — W*W* — (wl'V' at the
LHC (y/s = 14 TeV) without selection cuts (tot) and Higgs search selection cuts (bkg) applied. We
show the cross section with 2 massless generations [E], the contribution of the top-bottom loop,
and the size of the interference effects. The Higgs signal has not been included. The integration
error is given in brackets.

3.0 T T T 0.20 T T T
qq NLO + gg

25 e ]
= = 015 8
$ 20r qq NLO 1038
X A X
2 * 2
— 15 — 0.10 .
£ [
= =
g, 3

1.0 — b
S LO .. S
° Qq © o5k ]

0.5 4

0.0 S ! ! 0.00 E !

50 100 150 200 250 50 100 150 200 250
M; [GeV] My [GeV]

Figure 3: Distribution in the transverse mass My (as defined in the text) with standard cuts
(left figure) and Higgs search cuts (right figure). Displayed are the total background from quark
scattering at NLO and gluon-fusion (solid), and from quark scattering alone at LO (dotted) and
NLO (dot-dashed).

In figure | we compare the Mp-distribution of the ¢¢ background in LO and NLO with
the contribution from gluon-gluon scattering before and after applying Higgs search cuts.
The figures reveal that the gluon-induced contribution becomes the dominant higher-order
correction to the background process after Higgs selection cuts have been imposed.

We now turn to the discussion of the interference effects between the gluon-gluon
induced signal and background processes. Table [ shows cross sections for the signal and
gluon-fusion background with and without interference. We show results for My = 140,
170 and 200 GeV, spanning the Higgs mass range for which the H — WW decay mode
is of particular relevance. It turns out that the interference effects are quite small and
never exceed 10% of the gluon-induced signal plus background cross section. Adding the
NLO background contribution from quark scattering, the overall effect of the interference
term is always less than 5%. These results are consistent with the small signal-background
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olgg(— H) — W*W* — (ul'V'] [fb]

cut selection tot bkg
Mp[GeV] 140 170 200 140 170 200
o[signal] 79.83(2) | 116.23(3) | 75.40(2) | 1.8852(5) | 12.974(2) | 1.6663(7)

o[signal + bkg(gg)] | 132.50(5) | 174.58(9) | 134.46(5) | 3.174(2) |15.287(6) | 3.413(2)

olsig+bkg(gg)]
Tanall To[bke(2a)] 0.948 0.991 0.993 0.962 1.062 1.108

Table 3: Interference effects between the signal and gluon-induced background processes. Details
as in table [.

T T T T T T T T T T
)
30+ ' i
S S
[ [
<] (C]
X ~
& =20F 18
& &
= =
el ©
N B
- 10 43
0
0

Figure 4: Distribution in the W~ invariant mass for My = 140 GeV. The resonant region is
magnified on the right hand side. Complete gg background without signal (dashed, blue), signal
only (dotted), signal and background with interference (solid) and signal and background without
interference (dot-dashed) are displayed. No selection cuts are applied (tot).

interference observed in pp — H — v [B1], fJ]. Due to the imposed jet veto, we expect only
small effects at the LHC when NLO corrections are taken into account for the signal [5J]
and gg background.

In figure [§ we finally show the W~ invariant-mass distribution without applying se-
lection cuts for My = 140 GeV < 2Myy. Although this distribution is not measurable it is
instructive in understanding interference and off-shell effects. We compare the signal and
the gluon-induced background with and without interference effects. In addition to a pro-
nounced, narrow resonance at My, the W™ invariant mass distribution exhibits a second
small and broad resonance at about 55 GeV, which stems from the kinematic constraint
imposed by the dominant Higgs resonance in the signal process. We note that without
any selection cuts and for Higgs masses around 140 GeV, the gluon-induced background

exceeds the Higgs-boson signal in the resonant region near Myy .
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4. Conclusions

We have presented the first complete calculation of the loop-induced gluon-fusion process
g9 — W*W* — (pf'V/| including intermediate light and heavy quarks, and studied its
importance for Higgs boson searches in the H — WW channel. We find that the top-
bottom loop, which had been neglected in ref. [2{] contributes at a level of about 10-15%
to the inclusive gluon-induced cross section but is strongly suppressed after Higgs search
cuts have been imposed. We have also studied interference effects between signal and
background processes and found them to be small (about 5% or less) in the relevant Higgs
mass range between My = 140 — 200 GeV. We provide the GG2WW package [[0], a public
parton-level Monte Carlo program and event generator for the process gg — W*W* —
(vl'V" that can be used to calculate cross sections with any set of cuts or any kind of
differential distribution, or to generate weighted or unweighted events for experimental
analyses.
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A. Auxilliary vector relations

t— s3 U — S3

p3 = p1+
S S

P2 + P3

U — S4 S4 ~
S b2 — p3

t
pa = p1+
~ s~

p1-p3 =p2-p3 =20
kg = 6(1?1, P2, ﬁ37 M)

9 det G
Ps = 79

To define the basis used in eq. (B.7) we exploit that

t — s3 U — S3
p3-J3 = S p1-J3+

S p2-J3+p3-J3 =0,
U — Sy t— s4

pa-Jy = p1-Js+

s s

p2-Jy—p3-Jy =0,

2 S - N
J3-Jy = g(pl'J3P2'J4+p2'J3p1'J4)—7S4P3'J3p3w]4

ut — s3

4
S g _
+5(Ut—5384)6(p1’p2’p3’ 3) €(p1, 02,03, Ja)

S - ~
€(p1p2, I3, Ja) = _mm - Jsko - Ju — P3 - Juko - J3]
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B. Dimension splitting formulae

When using dimensional regularization in combination with genuinely 4-dimensional ob-
jects, one is forced to apply a calculational scheme to deal with the 5 problem. We apply
standard dimension splitting rules R§] and use an n-dimensional loop momentum k and
gamma matrices 7,, but work with 4-dimensional external momenta. The following rules
are sufficient to evaluate the diagrams in figure [l:

k=k+k , K=E+k
Y=AE L BRAI=0 L (A=
i =04 . pik=pj-k
{¥, 75t =10 s sl =0.

All hat objects are defined in 4 dimensions, whereas the ones with tildes are (n — 4)-
dimensional remnants. Remaining integrals that contain remnants of the n-dimensional
algebra, i.e. factors of (k - k)* are evaluated with the following relations [B4]:

d"k _(k-k)° JJla—en—4 0

/ A"k (k- k)*krEY B (_DaHF(a —€) wn—4n+2a n242a
2 (B2 — M2)N ri-oY "4 o N

The n-dimensional N-point integral is defined by 7|

n [ dk 1
IN_/ im 2 T (k= )2 —m2)

J

1 N
= (-DVD(N —n/2) /dwl Ldxyo(1 le )(M2)/2=N

2 2 2 2
M* = — E xiSijmj , Sz‘j = —(7“2‘ — Tj) +m; + mj .
i,j=1

Below we list all required integrals, expanded to the relevant order in e.

-y d"k k- kEkrEY g
I4751:/'n/2 ) N2 2 :_?4_0()
i = o (B —rj)? —m3)
m :/ d"k (k - k)2 _ Lo
P (k)2 - m2) 6
7 = 0(e)
d"k k-k 1
I = | - =——+0(e
boer = | () 279
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