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1. Introduction

In order to deal with the data from the experiments at LHC lar $tudy of elementary par-
ticles, signals and potential backgrounds for new physimsho be under control at sufficient
accuracy [1]. In particular, hard processes with high rmlittities, involving many particles or par-
tons, cannot be neglected. Furthermore, such processesdibe dealt with at the next-to-leading
order (NLO) level to, for example, reduce the scale depetelehobservables and to have a better
description of the shape of their distributions.

At the leading order in perturbation theory, many tools dreaaly available that are able to
deal with any scattering process involving up to severalopar[2]. These tools are highly auto-
mated and they have been widely used [3]. At NLO the situadess advanced, but there has
been considerable progress recently. MCFM [4] is able talyce results at NLO accuracy for
specific scattering processes, based on analytic calm$atRegarding the calculation of one-loop
amplitudes, the only automatic tool available for some timoer was EEYNCALC [5] and FORM-
CALcC [6]. These tools rely heavily on the use of computer algebaaprocesses with two particles
in the final state, their performance is very satisfactoyerg exist several important calculations
that make use of these automatic packages andN\ARRTS [7], QGRAF [8], producing results
with up to four particles in the final state [9], but for the m@mh no publicly available automatic
tool exists. Recently a program called GOLEM [10] has beasgmted, that is able to deal with
processes up to six external legs [11].

The aforementioned programs express one-loop amplitidEsyinman graphs, which again
are expressed in terms of one-loop tensor integrals. Thesthen calculated using universal re-
duction technigues, independent of the amplitude, by esimg them in terms of scalar integrals.
Whereas this so-called tensor reduction happens usuatherically, the expression in terms of
tensor integrals is obtained algebraically and turnedardomputer program for numerical evalua-
tion. These expressions can be huge, and a fully numeripabaph could overcome this obstacle
to large multiplicities.

One possibility is to still make use of tensor integrals, ealdulate the tensors they are eventu-
ally contracted with numerically using recursive Dysoriy8imger equations [12]. A very different
line of thinking is known under the name of unitarity apptoaeas set forward starting from the
pioneering work in [13]. It proved to be very powerful in comtimg multi-parton amplitudes in
QCD that seemed to be impossible with the traditional Feyngraph approach. The reason is
that one-loop amplitudes are calculated by using treerdodiéding blocks, that are either known
analytically with very compact expressions, or can be etaliusing fast recursive equations. Us-
ing the crucial input from [14], a fully numerical approactasvpresented in [15], introducing a
systematic framework in order to calculate all coefficieitshe scalar integrals, as well as part
of the so-called rational contribution, related to the ooence of UV-divergences. The remaining
rational part can be reproduced by counter terms encodederliike Feynman rules involving up
to four fields [16]. Therefore, this method, known as the ORfhwd, provides a self-contained
framework for the evaluation of the full one-loop amplitudie [17], the OPP method was applied
within the so-called generalized unitarity approach [8],ih order to get also the full rational
contribution to the amplitude, paying the price to work witke-amplitudes in higher dimensions.

The systematic extraction of all coefficients and of theoradl term opened the road for the
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construction of tools that are able to compute one-loop angas with any number of particles.
BLACKHAT [19] and RocKET [20] were the first tools to realize such a possibility. In thkow-
ing, we report on the development of another implementation

2. The program

For any one-loop amplitude, a numbeiof propagator denominators can be identified such
that the amplitude can be represented in the form

IJ4 dddq N|(q) S e 2
S /e nao@ - D@-@rpriont, (2.1)

IC{l7 .,n}

where the loop momentuepand the numerator polynomiall$ (G) are considered to be evaluated
in d dimensions. They are combinations of the external momenta, andnthare the masses of
particles running a loop. It is well-known that fdr— 4, each such term can be cast into the form

/H4_dddq N (@)
2m9 e D

where Box, Tri, Bub and Tad refer to the one-loop scalar nalsgwith four, three, two and one
external leg, andR = R; + R; is the rational term. Given the momentg the massesy and a
function evaluating the 4-dimensional numerdtipas function ofg, the program ©TToOLS[21]
identifies the scalar integrals to be evaluated, calcutatesoefficients, and determinBg follow-
ing the OPP method. The scalar integrals can be evaluatbdheitools from [22] or with our own
code QNELOOP.

For the evaluation of the numerator, the prograsLkc [23] is used. It efficiently calculates
tree-level amplitudes by applying recursive relationsdffirshell currents [24]. The convenience
of its applicability stems from the freedom in the choicelw initial decomposition represented by
the summation in Eq. (2.1). In our set-up, it is a sum overagbtogically inequivalent partitions
of the external particles. For a one-loop amplitude withesiternal legs, for example, we have

3 2 6 2 6 5 4 3 5
6
=4 1+, 1+ + +-- (2.3)
2 ! 5 1
5 6 3 5 4 3

Each graph in the formula above corresponds to an instaniteeddébell in Eq. (2.1). The blobs
do not contain propagators depending on the integrationentumg. HELAC can easily evaluate
such a term by considering one line to be cut, and summingavpos-

@ Zdj Box; + ZCJ Trij + Zb, Bub; + Zaj Tad; + R, (2.2)

sible internal spin, flavor and/or color states of that aut liOn the right, 6 2
for example, the second graph above is cut. Each term in tinisis an

amplitude with two more external particles, restrictednsthat it only con- 4 1
tains contributions of Feynman graphs including the praparg eventu- 2
ally forming the loop. This can easily be accomplished byipgttogether 3 5 8

the necessary off-shell currents provided bgLAC.
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Regarding the color-treatment,EHAC uses the color-connection representation. External
guarks and anti-quarks are represented by a color or alati-talex, gluons are represented by
a pair of color/anti-color indices, anddAc calculates all non-zero tree-level color-connections.
The same is done to for the amplitudes with two more partickeessary to calculate the one-loop
numerators. The contributions from non-planar loops atained by taking into account different
orderings of these extra particles among the other extpartitles. For example, whereas

:_:j g L_j 4 3
6:] [:1 — 5% +—'—2 (2.4)
T el

8 7

gives a planar contribution, exchanging 8 with 5 gives a plamar contribution

T TET w
3R EE

5 7

The evaluation of the rational paRb, finally, follows the same line as the calculation of the
counter terms necessary for renormalization, and is cosbpatrivial.

3. Summary

We presented a program to evaluate any one-loop amplitadelying any Standard Model
particles, for any momentum, color, and helicity configiamatof the external particles. The cal-
culation is performed in an automatic way, and is purely micaé It is able to deal with at
least all sub-processes included in the 2007 Les Houchdslisifor LHC involving 3 or 4 par-
ticles in the final state. In combination with the implemeiota HELAC-DIPOLES [25] of the
dipole-subtraction method, it has been used, and has pitsvesefulness, in differential full NLO
calculations [26].
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