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After a brief review of the various approaches available for the automated computation of multi-
particle scattering amplitudes at the one-loop level, in this presentation we describe the main
features of the GOSAM (Golem/Samurai) framework. The GOSAM approach combines a d-
dimensional extension of the integrand-level reduction method and improved tensorial techniques,
with an automated generation of amplitudes via Feynman diagrams. GOSAM can be used to gen-
erate and evaluate one-loop corrections in both QCD and electro-weak theory, and offers the
flexibility to link general model files for theories Beyond the Standard Model. The discussion
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1. Introduction and General Motivations

In the last few years we observed a tremendous progress in the field of NLO QCD calcu-
lations [1,2]. The continuous improvement of new techniques for one-loop computations led to
several new results for processes with four or more particles in the final state [3-5].

Calculations of increasing complexity have been performed with improved algebraic reduction
methods based on Feynman-diagrammatic algorithms, as well as with new numerical techniques
based on the idea of reconstructing one-loop amplitudes from their unitarity cuts. These theoretical
developments found an ideal counterpart in the integrand-level reduction algorithm, known as OPP
method, that allows for the reduction of any scattering amplitudes to scalar master integrals, simply
by evaluating numerically the integrand at given fixed values of the integration momentum. In
both scenarios, automation is indispensable for processes with many external legs, because of the
increase in the complexity and number of diagrams that contribute to the amplitudes.

In this presentation, we illustrate the main features of GOSAM (Golem/Samurai), a new frame-
work for the evaluation of one-loop scattering amplitudes. GOSAM combines the automated
algebraic generation of d-dimensional unintegrated amplitudes obtained via Feynman diagrams,
with the numerical integrand-level reduction provided by the d-dimensional extension [6—8] of the
OPP integrand-level reduction method [9] and improved tensorial techniques [10, 11]. The inte-
grand is generated via Feynman diagrams, using QGRAF [12], FORM [13], spinney [14] and
haggies [15]. The individual program tasks are managed by python scripts. The only task re-
quired from the user is the preparation of an “input card” in order to launch the generation of the
source code and its compilation, without having to worry about internal details of the code genera-
tion. A detailed description of the framework, together with all features available in GOSAM, can
be found in Ref. [16].

2. Algebraic approach to Automation

There are several approaches to the automated computation of multi-particle scattering ampli-
tudes at the one-loop level, which provide different recipes for the construction of multi-purpose
tools. The goal of such tools is the evaluation of one-loop scattering amplitudes for any choice of
particles in the initial and final states, in a fully automated manner.

At the tree-level, several tools have achieved this task successfully. Important work has been
done in the past few years to extend this kind of machinery to the automation of one-loop calcula-
tions. In the approach of HELAC-NLO [17] and MadLoop [18], existing codes for the automated
evaluation of the tree-level amplitudes [19] have been cleverly extended to compute the one-loop
virtual corrections, in combination with the reduction code CutTools [20]. Both codes are fully
integrated with real radiation and subtraction terms [21].

As a different approach to multi-purpose automation, amplitudes can be generated from Feyn-
man diagrams by employing tools for algebraic manipulation that have been available for many
years, such as QGRAF [12] or FORM [13]. This algebraic generation of diagrams can be combined
withe the newly developed integrand-level reduction methods. In this case however the algebraic
operations required are quite different with respect to a traditional tensorial reduction: the input
of an integrand-level reduction is the numerical value of the numerator function at given values of
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integration momentum. We should aim at compact expressions that provide the numerical value
for the unintegrated numerator. To achieve this task, for example, expressions in terms of spinor
products are particularly convenient.

Here are some of the advantages of the "algebraic approach": i) algebraic manipulations are
allowed before starting the numerical integration, namely the algebraic generation is executed sep-
arately from the numerical reduction; CPU-time can be spent, once for all at the beginning of the
calculation, to optimize and reduce the size of the integrands that will be evaluated numerically
several times later on during the reduction; ii) we can try different optimizations by grouping sets
of diagrams and caching in smart ways all factors that do not depend on the integration momen-
tum; iii) we have easy access to sub-parts of the computation, namely subsets of diagrams can be
easily moved in/out from the results, to allow for comparisons and tests; iv) we can perform com-
puter algebra in dimension d, employing different regularization schemes; v) there is flexibility in
the choice of the reduction techniques: the choice between different reduction algorithms can be
performed at run-time.

In the next section we will illustrate how these properties are used within GoSam. Important
progress in a similar direction has been also achieved within FeynArts/FormCalc/LoopTools [22]
to provide amplitudes that can be processed with traditional Passarino-Veltman reduction [23] or
using the integrand-level reduction provided by CutTools [20] and/or SAMURALI [8].

3. A brief introduction to GOSAM

GOSAM produces in a fully automated way all the code required to perform the calculation
of virtual one-loop amplitudes. The user should only prepare an “input card”, that contains all the
specific information about the process (i.e. initial and final particles, model, helicities, selection
rules to exclude particular sets of diagrams, regularization scheme).

The main steps in this process are: the generation of contributing diagrams, the optimization
and algebraic manipulation to simplify their expressions, and the writing of a FORTRAN code
ready to be used within a phase-space integration. The reduction of unintegrated amplitudes to lin-
ear combinations of scalar (master) integrals is fully embedded in the process and can be performed
with different options, all available at run-time.

Diagram Generation For the diagram generation both at tree level and one-loop level we employ
QGRAF [12]. In addition, we added another filter over diagrams by means of Python. This gives
several advantages since it increases the ability of the code to distinguish certain classes of diagrams
and group them according to the sets of their propagators, in order to fully optimize the reduction.

At this stage GOSAM generates three sets of output files: an expression for each diagram
for FORM [13], Python code for drawing each diagram, and Python code for computing the
properties of the diagram. Information about the model is either read from the built-in Standard
Model of QGRAF or can be defined by the user by means of LanHEP [24] or an UFO [25] file.

The Python program automatically performs several operations: diagrams whose color fac-
tor turns out to be zero are dropped; the number of propagators containing the loop momentum,
the tensor rank and the kinematic invariants of the associated loop integral are computed; dia-
grams with a vanishing loop integral associated are detected and flagged for the diagram selection;
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all propagators and vertices are classified for the diagram selection; diagrams containing massive
quark self-energy insertions or closed massless quark loops are specially flagged.

Lorentz Algebra Concerning the algebraic operations performed by GOSAM to render the in-
tegral suitable for efficient numerical evaluation, one of the primary goals is to split the (4 — 2¢)
dimensional algebra into strictly four-dimensional objects and symbols representing the higher-
dimensional remainder. All external vectors (momenta and polarisation vectors) are kept in four
dimensions; internal vectors, however, are kept in the d-dimensional vector space. Details about
the conventions used can be found in [14].

Once all propagators and all vertices have been replaced by their corresponding expressions,
according to the model file, all vector-like quantities and metric tensors are split into their four-
dimensional and their orthogonal part. While the (d — 4)-dimensional traces are reduced com-
pletely to products of (d —4)-dimensional metric tensors, the four-dimensional part, that will be
reduced numerically, is treated such that the number of terms in the resulting expression is kept as
small as possible.

Treatment of rational terms R, Instead of relying on the construction of R, from specialized
Feynman rules [26], we can generate the R, part along with all other contribution using automated
algebraic manipulations. The code offers the option between the implicit and explicit construction
of the R, terms. The implicit construction treats the 4— and (d —4) dimensional numerators on
equal grounds: they are generated algebraically and reduced numerically. The explicit construc-
tion of R; is based on the fact that the (d — 4) dimensional part of the numerator function contains
expressions for the corresponding integrals that are relatively simple and known explicitly. There-
fore, after separating it using the algebraic manipulation described before, the (d — 4) dimensional
part is computed analytically whereas the purely four-dimensional part is passed to the numerical
reduction. This approach also allows for an efficient calculation of the R, alone.

Reduction to scalar (master) integrals GOSAM allows to choose at run-time (namely without
regenerating the code) the preferred method of reduction. Available options include the integral-
level d-dimensional reduction, as implemented in SAMURALI, or traditional tensor reduction as
implemented in Golem95C interfaced through tensorial reconstruction at the integrand level, or a
combination of both. Concerning the scalar (tensorial) integrals, GOSAM allows to choose among
a variety of options, including QCDLoop [27], OneLoop [28], Golem95C [29], plus the recently
added PJFRY [30]. For details about the reduction methods, we refer the reader to previous pre-
sentations [11,31] or the original articles.

4. Examples of Applications

The BLHA interface [32] allows to link GOSAM to a general Monte Carlo event generator,
which is responsible for supplying the missing ingredients for a complete NLO calculation of a
physical cross section. Among those, SHERPA [33] offers the possibility to compute the LO cross
section and the real corrections with both the subtraction terms and the corresponding integrated
counterparts [34]. Using the BLHA interface, we linked GOSAM with SHERPA to compute the
physical cross section for W+ + 1-jet at NLO [16].
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The codes produced by GOSAM have been tested on several processes, some of which are
depicted in Table 1. The full list of processes is given in Ref. [16].

Process Checked with Ref.
ud — e v, g [18]

ete”™ — eTe"y(QED) | [36]

pp — Htt [18]

pp = WIW*jj (4]

pp — bbbb [5,37]

pp — WHW~bb [18,37]

ult — ttbb [18,37]

88 — ttbb [18,37]

ud — Wggg [37]

Table 1: Some of the processes computed and checked with GOSAM

As an example of the usage of GOSAM with a model file different from the Standard Model,
we calculated the QCD corrections to neutralino pair production in the MSSM. The model file has
been imported using the UFO interface. In this calculation, we combined the one-loop amplitude
with the real radiation corrections to obtain results for differential cross sections. For the infrared
subtraction terms we employed MadDipole [38], while the real emission part is calculated using
MadGraph/MadEvent [39].

5. Conclusions and Outlook

Several groups are currently working at the development of automated multi-purpose tools for
one-loop calculations. Following the example of tree-level multi-process tools, already developed
some time ago, the current target is to build, at the one-loop level, efficient and flexible programs
that can be used to tackle the increasing need of precision required by the experimental analysis at
the LHC.

Aside from improvements on standard tensorial techniques, the progress on unitarity-based
approaches, combined with the reduction at the integrand level, opened the possibility for the de-
velopment of new numerical and semi-algebraic approaches for one-loop calculations. Moreover,
we already witnessed preliminary attempts to generalize and extend these methods to the case of
higher-order calculations [40].

In this presentation, we described the main features of GOSAM [16], a flexible and broadly ap-
plicable tool for the fully automated evaluation of one-loop scattering amplitudes. The amplitudes
are generated in terms of Feynman diagrams and the reduction to master integrals can be performed
in several ways, which can be selected at run-time. The code performed well in reproducing a wide
series of examples, and it is ready to be applied to more challenging calculations.
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