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We examine the criteria to be met in unifying matrix element-parton shower (Meps) merging
and next-to-leading order-parton shower (Nlops) matching methods, in such a way as to
preserve their best features and negate their deficiencies. We are naturally led to consider
the extent to which these requirements can be met today, using existing simulations, without
modification. Based on this analysis we tender a pragmatic proposal for merging Meps and
Nlops events to yield much improved Menlops event samples. We present a small sample
of results obtained by applying the method to the simulation of W boson production, where
it yields marked improvements over the pure Nlops approach for observables sensitive to
multi-jet radiation, while leaving the NLO accuracy of inclusive quantities fully intact.

1 Introduction

Currently there are two proven methods, MC@NLO and Powheg 1,2,3, for including NLO

corrections within parton shower algorithms. Simulations based on these approaches provide
predictions for infrared safe observables with full NLO accuracy, reverting to the conventional
parton shower approximation to generate features of events associated with further higher order
corrections, beyond NLO, e.g. multiple emissions. Despite the obvious advantages associated
with promoting parton shower event generators to NLO accuracy (Nlops), such simulations
are not sufficiently versatile to model all features of the data in detail. In particular, since the
parton shower approximation is typically used to describe all but the hardest emission, these
event generators do not offer a satisfactory description of particle production in association with
multiple hard jets.

The other leading advancement in this area of research aims to improve the simulation of
precisely this class of events. These matrix element-parton shower (Meps) merging procedures
take parton level events, of assorted multiplicity, from tree level event generators, and dress them
with parton showers, yielding event samples smoothly populating all of phase space, without
overcounting any regions. The distribution of the hard emissions, and hence jets, is then governed
by the exact real matrix elements, while only the jet substructure is determined by the parton
shower; previously the former was only simulated according to the multiple soft and collinear
limits of those same matrix elements. Like the Nlops case, Meps methods are also not without
their shortcomings. Since Meps simulations are fundamentally constructed from tree level
matrix elements and leading-log resummation, predictions for inclusive observables based on
these calculations exhibit acute sensitivity to the renormalization and factorization scales.

Clearly the Nlops and Meps approaches are complementary. Futhermore, for both classes
of simulation there now exists a substantial and rapidly growing number of phenomenologically



important event generator packages. It is therefore natural to look for a means to unify them,
ideally, with little or no interference to the existing mature body of computer code.

We compare the Meps and Nlops approaches, quantifying their best features, with a view
to defining what is required to obtain an exact theoretical solution of the merging problem. Mo-
tivated by the presence of the large number of validated Meps and Nlops simulations available
today, we then seek to address the question of how close one may get to achieving a theoretically
exact merging, simply by manipulating the event samples which they produce.

Although the method that we ultimately advocate proves very much adequate for practical
applications, theoretically, it is not an exact solution to the merging problem. In this work we
have, however, accomplished two important goals: firstly, we have clarified what is needed in
order to achieve a full theoretical solution of the merging problem; second, we have found a
practical method to merge Meps and Nlops simulations that can be immediately applied to
processes for which such simulations already exist.

2 Theoretical considerations for NLOPS and MEPS combination: MENLOPS

In the following we shall discuss the problem of Meps-Nlops merging with reference to the
Powheg formalism and conventions used therein. The NLO accuracy of this approach is
encoded in the so-called hardest emission cross section, the cross section for the hardest radiated
particle in the inclusive process. For a simple process, one for which the NLO kinematics can
be seen to comprise of just one singular region, e.g. the beam axis in W production, this can be
written 2
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where the function B (ΦB) is the NLO cross section differential in the Born kinematic variables
ΦB — for vector boson production ΦB may be taken to be the mass and rapidity of the produced
boson, for example. The function R(ΦR) is the real emission cross section with ΦR = (ΦB,Φrad),
Φrad being the radiative variables, specifying the kinematics of the hardest emitted parton with
respect to the configuration ΦB . Lastly, the Powheg Sudakov form factor is defined as
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where kT is equal to the transverse momentum of the radiated parton in the collinear limit.

The key feature of the hardest emission cross section through which NLO accuracy is at-
tained, is its unitarity with respect to the Born kinematics, ΦB, specifically, the fact that integral
over Φrad at fixed ΦB yields one. This unitarity arises by virtue of the fact that the Sudakov
form factor and the coefficient which multiplies it, form an exact differential d∆R. Noting this
one can see immediately, for example, that observables depending only on ΦB are determined
with NLO accuracy, since B (ΦB) is the NLO cross section differential in those variables. This
unitarity is also central in the proof that other more general observables are also accurate at
NLO, for which we invite the reader to see Frixione et al for a proof.3

On general grounds we may express the cross section for the hardest emission in a Meps

simulation in a similar form:
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By contrast to the Powheg case, the prefactor here, B(ΦB), is the leading order cross section
differential in ΦB , as opposed to the NLO one. Also, the R̂ (ΦR) function differs by an amount
of relative order αS with respect to the exact NLO real emission cross section, R (ΦR), in Eq. 1,



due to the inclusion of higher order multi-leg matrix elements in the Meps simulation. Lastly,
the Sudakov form factor ∆

R̂
(kT (ΦR)) is not the same as that in Eq. 2 but rather it is something

one cannot generally claim to have full analytic control over; qualitiatively speaking, it is some
convolution of the parton shower Sudakov form factor, in the regions of phase space where the
shower generates radiation, and the external Sudakov suppression weights applied to the bare
matrix element configurations, populating the remaining wide angle emission phase space.

Naively, considering Eq. 1, it is tempting to think that by reweighting Meps events by the
ratio B (ΦB) /B (ΦB) one may imbue it with NLO accuracy. While this is indeed a step toward
promoting the Meps simulation to NLO accuracy, it is only part of the story. Crucially, the
fact that the exponent of the Sudakov form factor in the Meps simulation is not the same as
its coefficient, R̂ (ΦR) /B(ΦB), (beyond the collinear limit) means that the second term in Eq. 3
is not an exact differential and so the Meps hardest emission cross section is not unitary. In
general the integral over the radiative phase space for a given ΦB in the Meps case does not
identically equal one but rather a function N(ΦB) ∼ 1 + O(αS). Thus, to promote a Meps

simulation to Nlops accuracy, while retaining the benefits of the real emission matrix elements
beyond the NLO ones, one must determine precisely, numerically, the function N(ΦB) and
reweight the events instead by the ratio B (ΦB) /(B (ΦB)N (ΦB)).

Clearly there are a number of other theoretical details to be addressed before one can claim
this as a general solution to the Meps-Nlops merging problem, however, we consider what we
have presented to be sufficient for implementing Menlops matching in simple processes e.g.
vector boson / Higgs boson production.

3 A practical proposal for producing MENLOPS samples

Even for simple processes it is clear that the reweighting procedure we advocate, despite its
apparent simplicity, is nevertheless technically somewhat challenging to implement. The deter-
mination of the B(ΦB) and unitarity violating N(ΦB) functions is inevitably computationally
intensive, as is the usual generation of the Meps sample itself (many of whose events will be
discarded in the NLO reweighting procedure).

Prior to embarking on protracted and computationally demanding exercises, such as that
implied here, having understood the key criteria to be adhered to, it is prudent to consider
whether one may arrive at a working solution by some more economical route. In particular,
given the large volume of publicly available Meps and Nlops code, it is worth considering how
far one can get towards producing Menlops samples by judiciously combining their outputs,
rather than interfering with the code itself.

Having taken time to appreciate the connection between unitarity and NLO accuracy in
Powheg simulations, we make the following simple observation: if it is the case that the ≥2-jet
fraction of the Nlops sample is less than a fraction αS of the total, one can effectively replace
it by the same number of Meps ≥2-jet events — equivalent in their distribution up to relative

terms O(αS) — while impacting on inclusive observables at the NNLO level only. Of course,
the fact that the ≥2-jet component of the sample is formed by the Meps generator means, by
construction, that multi-jet events are now described according to the relevant multi-leg matrix
elements. In this way, adhering to the condition that the ≥2-jet fraction be less than αS, we
may always improve on pure Nlops event samples by taking the ≥ 2-jet component from the
Meps simulation, at no cost to its NLO accuracy.

We are then led to construct approximate Menlops event samples combining Meps and
Powheg events according to their jet multiplicities in the following proportions4

dσ = dσPW (0) +
σPW (≥ 1)

σME (≥ 1)

σME (1)

σPW (1)
dσPW (1) +

σPW (≥ 1)

σME (≥ 1)
dσME (≥ 2) , (4)



Figure 1: Rapidity of the vector boson (left) and pT spectrum of the second jet (right) in W boson production
at the LHC. Blue histograms show the Menlops predictions, while Nlops and Meps predictions are depicted as

red circles and green crosses, respectively.

σPW/ME (j) denoting the cross section for producing j jets in the Powheg / Meps methods.
The limit on the ≥2-jet component of the merged Menlops sample directly translates into

a lower bound on the jet radius parameter used to divide the Nlops and Meps samples prior
to combination (the Menlops merging scale). The Meps simulation also involves a jet merging
scale beneath which the distribution of radiation is determined by the parton shower approx-
imation applied to the hard matrix element configurations generated above it. The difference
in the two merging scales defines a region in phase space, in the ≥2-jet part of the sample,
where the Meps simulation benefits from the use of higher order matrix elements where, in the
same window of jet radii, the Menlops sample distributes jets according to a parton shower
approximation applied to a hard single emission configuration. The key question concerning the
quality of the approximation in Eq. 4 then is: how close can one take the Menlops merging
scale to that used in the Meps simulation while keeping σ(≥ 2) < αS? If the condition on the
≥ 2-jet fraction can be met and the window between the jet merging scales is small, or zero,
then the exact reweighting method becomes academic with respect to the simple one in Eq. 4.

4 Results: W boson production

We applied the simple prescription in Eq. 4 to the simulation of W boson production in 14
TeV pp collisions. We were able to merge a Powheg sample with a Meps sample with the
Menlops merging scale taken down at the minimal Meps one (20 GeV in the exclusive kT

clustering algorithm). The NLO and multi-jet accuracy of the results are clear in Fig. 1; for
inclusive observables the Menlops and pure Nlops predictions are indistinguishable, while for
exclusive jet observables they assume the form of the superior Meps simulation.
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