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Generating multi-jet events with MadGraph

In this thesis, we discuss a new method of event generation with more than 4 jets on
MadGraph platform. Many new physics models predict high-multiplicity-jet events at
the LHC. There we need to estimate QCD multi-jet backgrounds in searching for new
physics. To estimate those backgrounds, it is essential to simulate multi-jet production
at the LHC. MadGraph is one of the powerful platforms that can simulate the Standard
Model backgrounds and new physics signals on the same footing. However, it cannot
generate QCD events with more than 4 jets. Therefore, we propose an efficient method
to generate QCD multi-jet events. The new and important point of our method is to
sample “color flows “in order to deal with time-consuming color summations.

The obstacles for multi-jet event generation are threefold: rapid growth of the number
of Feynman diagrams, the number of phase space channels and the number of color
configurations to be summed. First, we introduce off-shell recursive relations in the
color-flow basis to generate multi-jet scattering amplitudes in MadGraph, taming the
factorial growth of the number of Feynman diagrams. We then discuss efficient phase
space integration of recursively generated scattering amplitudes, modifying
Single-Diagram-Enhanced multi-channel integration employed in MadGraph. Finally,
we deal with the color summation by sampling color flows. Obtained leading color
results are then corrected with higher order contributions, generating unweighted events
with arbitrary accuracy in 1/Nc expansion, where Nc is the dimension of the
fundamental representation of SU(Nc). We demonstrate the comparison of cross
sections, distributions and event generation efficiency with other event generators and
discuss the efficiency and validity of our method.

Firstly, we implement the off-shell recursive relations in color-flow basis in
MadGraph and generate each color-ordered helicity amplitudes directly for a multi-jet
process. The introduction of off-shell recursive relations can significantly reduce the
number of function calls to evaluate amplitudes by avoiding calculation redundancy
appeared in the Féynman diagram method. The direct calculation of color-ordered
amplitudes is also crucial for our pﬁrpose because of two reasons. One reason is that our
new method requires evaluating each color-ordered amplitude separately since we
samples each color-flows, that is, each color-ordered amplitudes. The other reason is
more practical; MadGraph cannot generate executable helicity-amplitude function for

multi-jet QCD processes. To evaluate color-summed amplitude squared of a process,
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the current MadGraph generates all the diagrams and helicity amplitudes, and performs
the color decomposition of the process. This method breaks down when a given process
involves more than five external particles. Therefore, we need to separate the whole
scattering amplitude into color-ordered amplitudes.

To implement the off-shell recursive relations, we introduce new HELAS subroutines
in MadGraph, which make n-point gluonic off-shell currents, and n-gluon amplitudes in
the color-flow basis. We also define a new Model, CFQCD, with which Madeaph
generates HELAS amplitudes in the color-flow basis since default MadGraph computes
them in the different color basis. We explain new particles and their interactions we
introduce in the CFQCD Model.

We then calculate total cross sections by combining those color-ordered amplitudes
and summing colors by sampling color assignments of external particles. More
specifically, we compute each terms of color-fixed amplitude squared by multiplying
color-ordered amplitudes and computing the color coefficient from their color-flow
information. The color-summed amplitude is then obtained by summing up many color
assignments in Monte Carlo fashion.

As an example, we present total cross sections for up to 5 final parton processes; that
is, pure gluonic processes, quark anti-quark annihilation processes and t-channel quark
scattering processes. The maximum number of quark lines we consider is 2. These cross
sections agree well with previous studies, showing the validity of our implementation
and computation of color-ordered amplitudes in color-flow bases with recursive
relations. The presented result for gg > 5g process is the first calculation in MadGraph.

Next, we discuss the method for efficient phase space integrations of color-ordered
recursive amplitudes. MadGraph employs Single-Diagram-Enhanced multi-channel
integration method for phase space integration. However, this method uses information
of each Feynman diagram amplitude. Therefore, we need to modify it for our
recursively-generated amplitudes.

This task consists of two steps: specification of singularities in color-ordered
amplitudes and efficient mapping of them. For the first step, we propose the
Peripheral-Propagator-Enhanced method. Peripheral propagators are propagators, which
are formed by two external particles and represent major peaking behavior of
color-ordered amplitudes. Possible peaking patterns of a color-ordered amplitude can be
identified systematically by considering all the possible combinations of peripheral
propagators. We use these combinations as channels for Single-Diagram-Enhanced
method. Since these channels do not care about the internal structure of amplitudes, the

number of channels is significantly reduced, comparing with the number of channels
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current MadGraph uses.

For the second step, we employ recursive phase space generation. In general, an
n-body phase space is decomposed into 2-body phase spaces and can be generated in the
recursive way. We generate phase space for each channel recursively and optimized
Phase space mappings according to the peripheral propagator structures.

Phase space integrations are then performed by the multi-channel integration method.
We show that this technique works well, comparing with other phase space integrators.

Finally, we discuss the event generation of multi-jet processes. Here the main
problem arises from the huge number of color configurations to be summed; exact color
summation becomes unrealistic when the number of external colored particles grows.

1/Nc expansion of color-summed scattering amplitude squared is a useful way to
organize and approximate the color summation. Since the next-to-leading terms are of
order of (1/Ne)2' ~ 10% with respect to the leading order terms, leading 1/Nc, or
leading color, approximation is already a feasible approximation in LHC physics.
Moreover, phase space mapping becomes much simpler in leading color summation.
Therefore, we would like to generate events in leading 1/Nc accuracy and improve them
with higher order corrections.

Color summation in leading color order is performed by sampling color flows and
multiplying the appropriate color factor. Algorithm of generating leading 1/Nc
unweighted events is discussed. Unweighted events with arbitrary accuracy are then
obtained by re-weighting and re-unweighting method by idéntifying interference terms
contributing to a given 1/Nc order.

We present selected results and discuss the reliability and efficiency of our method.
Sampling color flows and re-weighting method gives consistent cross sections and
distributions with other generators with reasonable errors. This method generates
unweighted events efficiently. Re-weighting method correctly account for the higher
order corrections. It can therefore be concluded that our method efficiently generate
unweighted events beyond leading 1/Nc accuracy. ‘

We have proposed a method to generate multi-jet QCD events efficiently in the
MadGraph platform. Generating multi-jet QCD events is important in new physics
search at the LHC, but none of the simulation tools can simulate both of new physics
signals and multi-jet backgrounds sufficiently. MadGraph is one of the simulation
platforms, which is suit to this task. The proposed method will open the way for

multi-jet event generations in MadGraph platform.
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