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1. Introduction

The Large Hadron Collider (LHC) is expected to have a great impact kitlegohysics phe-
nomenology. The increase of the centre-of-mass energy at the LHC esipiect to the Tevatron
will result in a huge boost of the available data. Most of the processehwiill be studied at the
LHC need to be calculated at least to next-to-leading order (NLO) in QC@ereas there are some
for which a theoretical prediction is needed to next-to-next-to-leadingrdMNLO). Electroweak
gauge boson pair production falls into the latter category.

The discovery of the Higgs boson is undoubtedly one of the primary goatedé LHC. The
elusive, so far, Higgs boson is responsible for the fermions and daagpns mass and also part
of the mechanism of dynamical breaking of the Electroweak (EW) symmetnpth&r aim for
the LHC is the investigation of the non-Abelian gauge structure of the Stamdadel (SM). A
detailed study of the hadronic production of gauge boson paivs, Wz, ZZ, Wy, Zy, will allow
the measurement of the vector boson trilinear couplings and therefase)@acison between data
and SM predictions.

Seen in this context, W pair production,

qq—-WW-, (1.1)

plays an important two-fold role: it serves as a signal process in thehs@mrNew Physics and
also is the dominant irreducible background to the promising Higgs discohanynel

pp— H — W*W* — lvl'V/ (1.2)

in the mass rangklyiggs between 140 and 180 Gel{ [1].

The process is currently known to NLO accuraly[]2[]3] 4] %] §} 7.8k NLO corrections
are large enhancing the tree-level by almost 70% which falls to a still largiea8ter imposing a
jet veto. Therefore, one is bound to go one order higher in the petivglexpansion, namely, to
NNLO, in order to have a theoretical estimate with an accuracy of arou¥td w@ich would allow
comparison against experimental measurements at the LHC.

The same process, hadronic W pair production, requires high agcilmearetical estimates
when studied as background to Higgs production in order to match agesikatween signal and
background. The signal process for the Higgs discovery via glusioriugg — H, as well as the
procesd — WW — 1vI’V’ are known to NNLO[[O[Id 34, 12, 1B]14] 5] [[6, [, 18], whetieas
EW corrections are known beyond NL]19]. W pair production in the limojuiced gluon fusion
channel,

gg— W W~ (1.3)

needs also to be included in the background study. It contributé¥a@g) relative to the quark-
anti-quark-annihilation channel but is nevertheless enhanced due tar¢igegluon flux at the
LHC [29, 21].

The first main difficulty in studying W pair production to NNLO in QCD is the caltiola of
the two-loop virtual amplitude since this is a2 2 process with massive external particles. The
virtual corrections in the high energy lim}, < s, t, u, whereMg is the W mass ang t andu
the Mandelstam variables, have already been computed in Rgf$. [224]23owever, this is not
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enough as one cannot thus cover the whole kinematically interesting raimgeefore, in order to
cover all kinematical regions we proceed as follows. We perform a eeggnsion in the W mass
around the high energy limit which in combination with the method of numerical iatiegr of
differential equationg[25, P6, P7] allows us the numerical computationeofitb-loop amplitude
with full mass dependence over the whole phase space.

2. The high energy limit result

The methodology for obtaining the massive amplitude in the high energy limit, nanmely th
limit where all the invariants are much larger than the W mass, is similar to the onesdallm
Refs. [2B,[2P]. The amplitude is reduced to an expression that onlyinsragasmall number of
integrals (master integrals) with the help of the Laporta algorithrh [30]. In thisutation for
the two-loop amplitude there are 71 master integrals. Next step is the construatia fully
automatised way, of the Mellin-Barnes (MB) representatipris[31, 32] diemaster integrals by
using theM Brepresentation package[[33]. The representations are then analytically continued in
the number of space-time dimensions by means oMt package[[34], thus revealing the full
singularity structure. An asymptotic expansion in the mass parameter (W massjaemed by
closing contours and the integrals are finally resummed, either with the hxigushimer [Bg] or
the PSL Q algorithm [36]. The result is expressed in terms of harmonic polylogarithms.

3. Power corrections and numerical evaluation

It was mentioned in the Introduction that the high energy limit result by itself issnough.
The next step, following the methods applied in REf] [37], is to compute poareections in the
W mass. A calculation with power corrections to a high enough order is iguiffitor covering
most of the phase space apart from the region near threshold as wedl iEgions corresponding
to small angle scattering.

We repeat here some of the notation of REf] [24] for completeness. iElrged vector-boson
production in the leading partonic scattering process corresponds to

a(p1) +a(p2) — W~ (p3,m)+W"(ps,m), (3.1)

wherep; denote the quark and W momenta anés the mass of the W boson.
We have chosen to express the amplitude in terms of the kinematic varkadesns which
are defined to be

t m?
X__gv ms—?, (32)
where
s=(p1+ p2)? andt = (p; — p3)*>— P, (3.3)

The variation then ok within the rangg1/2(1—),1/2(1+ B)], where = /1 —4n¥/s s the
velocity, corresponds to angular variation between the forward ariduaad scattering.

INote that the definition of here is shifted with respect to the usual Mandelstam
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It is evident that any master integid| can be expressed as

|
Mi =M (ms,x,€) =Y &l (ms,X), (3.4)
J; j

where the lowest power @fin the sum can be-4.

The interesting point now is that the derivative of any Feynman integral negpect to any
kinematical variable is again a Feynman integral with possibly higher povielsnmminators or
numerators. These new Feynman integrals can also be reduced into niagigrshe Laporta
algorithm anew. This means that one can construct a partially triangulensys differential
equations in the mass, which can subsequently be solved in the form ofeat peres expansion,
with the expansion parameter in our case bamggfollowing the conventions above.

Let us therefore, differentiate with respecttgandx, we will then have respectively

d
mSHM.(mS,x,e) = EC.J (M, X, €) Mj(mg, X, €) (3.5)
and q
X&Mi(ms,x, €)= zc{j (Mg, X, &) Mj(mg, X, €). (3.6)

We use Eq.[(3]5) to obtain the mass corrections for the masters calculatingitbegeries expan-
sion up to ordemi! (see also Ref[[37] for more details on the method). This deep expansion in
ms should be sufficient for most of the phase space but still not enougives the whole allowed
kinematical region. The way to proceed from this point is to numerically integree system of
differential equations.

In particular, we choose to have the masters expressed in the form (@.B)j.where the
dependence is explicit. We can then work with the coefficients of tieems and accordingly have

d
ms—msli(ms,x) = ZJi'\j"(rns,x) 1§ (ms,X) (3.7)

d

and q
(M%) = 3 3505 ) 11 ), (38)

where the Jacobian matricd¥ andJ* have rational function elements.

By using this last system of differential equations, one can obtain a folenigal solution to
the problem. What we are essentially dealing now with is an initial value probhehitee main
requirement is to have the initial conditions to proper accuracy. The initiadiions would be the
values of the masters at a proper kinematical point which we call initial poid.ifitial point has
to be chosen somewhere in the high energy limit region, wimgre small and therefore, the values
obtained by the power series expansion are very accurate. StartmdHeve, one can evolve to
any other point of the phase space by numerically integrating the systeiffieoéutial equations
Egs. (3]7) and[(3]8).

We parametrise with a suitable grid of points the region close to threshold amd/éhealcu-
late the masters for all points of the grid by evolving as described previd@algn that the master
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integrals have to be very smooth one can use, after having obtained tles f@luhe grid points,
interpolation to get the values at any point of the region. We use 1600 poirttsef grid and take
as initial conditions the values of the master integrals at the pajnt 5x 1073, x=1/4. The
relative errors at that point were estimated not to exceed®10

The numerical integration is performed by using one of the most advamndeuase pack-
ages implementing the variable coefficient multistep method (ODEPACK) [38Ls&euadruple
precision to maximise accuracy. The values at any single grid point cabtbmed in about 15
minutes in average (with a typical 2GHz Intel Core 2 Duo system). The compiletidone with
the Intel Fortran compiler. The accuracy is around 10 digits for most gbdivets of the grid. It
is interesting to note that in order to perform the numerical integration omdsrteedeform the
contour in the complex plane away from the real axis. This is due to the falibng the real axis
there are spurious singularities. We use an elliptic contour and we achimttea estimate of the
final global error by calculating more than once for each point of the gsithg each time different
eccentricities.

There will be no results presented as we only report on work in pregrBse aim here was
to describe the numerical method, the results of the study will be presentedaiihid a future

publication [39].

4. Conclusions

W pair production via quark-anti-quark-annihilation is an important preémsthe LHC seen
both as signal in the search for New Physics and as the dominant irretlbeitkground for the
Higgs discovery channeld — WW — 4 leptons. Therefore, the need for accurate study of this
process at the LHC is beyond dispute. After having calculated the twodadpthe one-loop-
squared virtual QCD corrections to the W boson pair production in the limitevakkinematical
invariants are large compared to the mass of the W boson we proceed txtlséepe Namely, we
use a combination of a deep expansion in the W mass around the high energydiroftnumerical
integration of differential equations that allows the computation of the two-dogplitude with full
mass dependence over the whole phase space.
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