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The increasing use of multivariate methods, and in particular the Matrix Element Method (MEM),
represents a revolution in experimental particle physics. With continued exponential growth in
computing capabilities, the use of sophisticated multivariate methods– already common– will soon
become ubiquitous and ultimately almost compulsory. While the existence of sophisticated algo-
rithms for disentangling signal and background might naively suggest a diminished role for theorists,
the use of the MEM, with its inherent connection to the calculation of differential cross sections
will benefit from collaboration between theorists and experimentalists. In this white paper, we
will briefly describe the MEM and some of its recent uses, note some current issues and potential
resolutions, and speculate about exciting future opportunities.

Introduction– Multivariate methods [1] are widely
used in experimental particle physics; popular examples
include boosted decision trees (BDT) and neural nets,
in addition to the Matrix Element Method (MEM) [2],
which will be the subject of our discussion here. In the
MEM, the likelihood for a given event, with measured
momenta pvis

i in some underlying model with parameters
α is given by

P(pvis
i |α) =

1

σ(α)

∑

k,l

∫

dx1dx2
fk(x1)fl(x2)

2sx1x2

×

[

∏

j∈inv.

∫

d3pj

(2π)32Ej

]

|Mkl(p
vis
i , pj ;α)|

2,

(1)

where fk and fl are parton distribution functions, Mkl

is the theoretical matrix element, and σ(α) is the (total)
cross section after cuts and efficiencies. If the process
involves invisible particles, such as neutrinos or neutrali-
nos, then their momenta, pj, must be integrated over the
appropriate phase space.
Transfer functions parameterizing the detector resolu-

tion, should also be included and integrated over, as the
matrix element is a function of the actual, rather than the
observed, particle momenta. In the limit where all the
quantities and functions in Eq. 1 are known with perfect
accuracy, the quantity calculated in this manner is the
likelihood, and hence by the Neyman-Pearson Lemma is
an optimal test statistic [3]. Hence, if it can be imple-
mented, the MEM should be the most sensitive analysis
possible– we will note some caveats later in this paper.
Past and Present– The MEM has been used in stud-

ies of top properties at the Tevatron [4], as well as in B
physics [5]. A notable recent application has been in
the study of H → ZZ∗ → 4ℓ [6–10], where the MEM,

in the form of the “MELA” approach [8], was used in
the Higgs discovery by CMS [11]. Currently CMS uses
MELA together with MEKD [9, 12], another MEM pack-
age in continuing studies of the properties of the Higgs.
ATLAS is using a BDT for similar studies [13].

The MEM has also been suggested for studying the
Higgs in other channels [14, 15] and for BSM energy fron-
tier physics [16]. A dedicated package, MadWeight, has
been developed for MEM studies [17].

Near Future– A practical challenge associated with
the use of the MEM is that the likelihood calculated
is only an approximation of the true likelihood. This
situation arises because of (i) finite detector resolution
(ii) higher order corrections (iii) neglected information.
Therefore, rather than taking e.g. the likelihood ratio
calculated from the MEM directly to have a given statis-
tical significance, it may still be necessary for an exper-
iment to calculate the statistical significance of a given
result using e.g. pseudoexperiments, which naively can
be very expensive from the standpoint of computer time.

We note that the detector response to an event is gen-
erally independent of the underlying parameters of the
model which described the hard process (e.g. masses or
couplings of virtual particles produced in the collision).
Thus one can often simply re-weight the events already
generated in a given pseudo-experiment to calculate the
likelihood at any other point in the parameter space [10].
This procedure eliminates the need to generate a sepa-
rate event sample for each point in parameter space and
thus significantly speeds up the analysis. An analogous
procedure could be employed for template-based analy-
ses.

Future– Moore’s Law [18] predicts that the vast in-
creases in computing power that have characterized the
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past decades will continue. Even today, technological ad-
vances such as the use of graphics processing units [19]
may significantly increase the computing resources avail-
able for analyses. If we assume that this trend will con-
tinue, then ultimately we will have the computing power
to perform analyses that would be wildly impractical at
the present. We therefore speculate about future devel-
opments involving the MEM, without regard to (current)
computational limitations.

• NLO/ Parton Showers– The extension of the
MEM to take into account additional radiation
and/or other NLO corrections has already been
considered [7, 15, 20]. Work has also gone
into extending the MEM to include parton show-
ers [21]. Such approaches, potentially extended be-
yond NLO, will leverage the more complete higher
order calculations of the future.

• Jet Substructure– As outlined in Eq. 1, the
MEM is only using the four momentum of a jet.
However, other properties of the jet, e.g. substruc-
ture [22] could give additional information about
the hard process parton with which a jet should be
associated, thereby increasing the sensitivity of the
analysis.

• Underlying Event, Hadronization, Etc.– Ad-
ditional information about hadronization, the un-
derlying event, and other topics could also be used
to calculate a more complete likelihood for events
in hadron colliders.

• Detector Resolution– Ultimately, instead of us-
ing a single transfer function for a detector, a sep-
arate transfer function could be utilized for each
detector element involved in the reconstruction of
an event. Ideally the time dependence of the ele-
ment response, as well as its correlations with other
detector elements would be included.

Conclusions– The future developments of the MEM
described above will require heroic efforts of theorists
and experimentalists1. The result will be a significant
increase in the ability of future colliders to perform pre-
cision measurements and searches.
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1 An annual workshop to discuss MEM developments was initiated
this year [23]
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