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merging in 2017

• merging of multi-jet NLO+parton 
shower calculations very relevant:

• achieve the “best of both worlds”.

• for many processes: the state-of-the-
art in Monte Carlo simulation.
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contents:

• multi-jet merging @NLO, 

• results,

• conclusions & outlook.
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• consistently match NLO Matrix Elements 
and parton showers.

• e.g.: MC@NLO, POWHEG, KrKNLO.

• MC@NLO: remove double-counting with 
the parton shower by subtraction of the PS 
contributions in the NLO. 
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multi-jet merging @ NLO 
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• the aim: consistently merge NLO Matrix Elements and parton showers. 

• extend the scope of matched results to many, well-separated jets. 

• several approaches exist, mostly developed in the 2010s, e.g.:

• MiNLO, 

• MEPS@NLO (Sherpa), 

• UNLOPS (Pythia 8), 

• Herwig 7 merging (similar to UNLOPS), 

• FxFx (MG5_aMC@NLO + Pythia/Herwig).

[Gehrmann, Hoche, Krauss, Schönherr, Siegert, 1207.5031,  Hoeche, Krauss, Schönherr,  Siegert, 1207.5030] 

[Hamilton, Nason, Zanderighi, 1206.3572, Frederix, Hamilton, 1512.0266] 

[Lönnblad, Prestel, 1211.7278]

[Plätzer, 1211.5467, Bellm, PhD thesis + upcoming Herwig 7.1]

[Frederix, Frixione, 1209.6215, Frederix, Frixione, AP, Prestel, Torrielli, 1511.00847]
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the “FxFx” approach 
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• in a nutshell:

• construct MC@NLO samples (MG5_aMC@NLO),

• suppress hard emissions by means of a function (at 
ME level),

• MEs also multiplied by appropriate Sudakov factors 
(à la CKKW),

• showered Les Houches events get MLM-type rejection 
(Pythia/Herwig).

[Frederix, Frixione, 1209.6215, Frederix, Frixione, AP, Prestel, Torrielli, 1511.00847]
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1. generate a single Les Houches file with “FxFx” 
events in MG5_aMC@NLO: contains all 
multiplicities 

[+ multiple weights for each event].

2. Herwig 7* or Pythia 8 read files: shower, vetoing 
procedure + hadronization, multi-parton 
interactions, etc..

3. can use, e.g., Rivet for analysis.  
* formerly known as Herwig++. 
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V+jets
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• important as backgrounds (e.g. to Higgs, top, new physics).

• interesting in their own right: 

• high-stats at experiments, 

• theoretically simple, 

• allows to probe regions affected both by Monte Carlo & 
Fixed Order.

• here: use for pheno. validation of FxFx NLO-merging 
formalism.
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results

10

[based on Frederix, Frixione, AP, Prestel, Torrielli, 1511.00847]
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Monte Carlo simulation details
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• V+0, 1, 2 jets in FxFx-merged samples.

• used Herwig++ 2.7.1 or Pythia 8.210,

• NNPDF 2.3 NLO,

• pre-existing Monte Carlo tunes, not tuned for this 
PDF, 

• αS(mZ) as in the MC tunes,

• all results shown here straight out of MCs, no 
rescaling applied. 
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concerned. The second-hardest jet, whose single-inclusive observables are not shown here,

is expected to have a similar behaviour as the leading one, which is what we have indeed

explicitly verified.

Figure 1: Exclusive jet multiplicity. Data from ref. [28], compared to Herwig++ (left

panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)

and the fully-inclusive central result (“inc”) are shown as green bands and red histograms

respectively. See the end of sect. 2 for more details on the layout of the plots.

Figure 2: As in fig. 1, for the transverse momentum of the 1st jet.

The exclusive jet multiplicity (fig. 1) is very well predicted by both MCs, up toNjet = 3.

Although in a statistically non-significant way, the central Herwig++ prediction slightly

undershoots the data, at variance with the Pythia8 one; this very minor di↵erence between

the two MCs is basically an overall e↵ect, and can be accounted for by the total-rate results

of table 2. The lack of high-multiplicity matrix elements starts to be visible for Njet � 4,

with Pythia8 dropping faster than Herwig++ (whose central prediction is at the border

of the data error band up to Njet = 7); it must be kept in mind that this multiplicity region

is entirely dominated by MC e↵ects, and formally of LL accuracy. The impact of multi-

parton matrix elements, measured by the distance between the FxFx and the inclusive

predictions, is dramatic.

– 11 –

“legend” for plots
data points: ATLAS or CMS data.

green band, “Var”: FxFx, 
envelope of variations:

• hard process scale,
• PDF,
• merging scale,

red line, “.inc”:  MC@NLO 
inclusive.

purple, pink, cyan lines: results for specific 
merging scales (15, 25, 45 GeV). 

ratio of MC to data.
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ATLAS Z+jets @ 7 TeV, 1304.7098
• study of jet, Z, inclusive properties,
• based on an integrated luminosity of 4.6 fb−1,
• using both e+e− and μ+μ− pairs, 
• with R = 0.4 anti-kT jets, pT (j) > 30 GeV and |y(j)| < 

4.4, 
• further cuts: pT(l) ≥ 20 GeV, 66 ≤ M(ll) ≤ 116 GeV, ∆R(jl) 
≥ 0.5, ∆R(ll) ≥ 0.2, |η(μ)| ≤ 2.4, |η(e)| ≤ 1.37 and 1.52 ≤ 
|η(e)| ≤ 2.47. 

13
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Z+jets @ 7 TeV, 1304.7098



A. Papaefstathiou 15Figure 3: As in fig. 1, for the transverse momentum of the 3rd jet.

Figure 4: As in fig. 1, for the transverse momentum of the 4th jet.

Figure 5: As in fig. 1, for the rapidity of the 1st jet.

The predictions for the single-jet transverse momenta of figs. 2–4 tend to be marginally

softer than data, although this trend is hardly statistically significant, except perhaps for

the leading-jet distribution in the case of Herwig++. It is worth remarking that, shape-

wise, the agreement between theory and data is rather good even for the 4th jet, in spite

of this being beyond matrix-element accuracy; for such a jet, the only di↵erence between

– 12 –

Z+jets @ 7 TeV, 1304.7098
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CMS Z+jets @ 7 TeV, 1310.3082 
• study of rapidity distributions in Z+1 jet events (i.e. 

exactly one jet), 
• based on an integrated luminosity of 5 fb−1, 
• using both e+e− and μ+μ− pairs, 
• with R = 0.5 anti-kT jets, within pT (j) > 30 GeV and 

|η(j)| < 2.4,
• further cuts: pT (l) ≥ 20 GeV, 76 ≤ M(ll) ≤ 106 GeV, |
η(l)| ≤ 2.1, pT (ll) ≥ 40 GeV, ∆R(jl) ≥ 0.5.

18
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CMS Z+jets @ 7 TeV, 1310.3082 

integrated luminosity of 5 fb�1, using both e+e� and µ+µ� pairs, with R = 0.5 anti-kT

jets, within pT (j) > 30 GeV and |⌘(j)| < 2.4. Further cuts: pT (`) � 20 GeV, 76  M(``) 
106 GeV, |⌘(`)|  2.1, pT (``) � 40 GeV, �R(j`) � 0.5.

We present here two observables: in fig. 13 and fig. 14 the sum and the di↵erence,

respectively, of the rapidities of the Z and of the jet; these we have chosen for being the

most involved cases among the measurements in ref. [29], and because their comparison

with the theoretical LO+PS predictions considered by CMS was not entirely satisfactory.

Figure 13: Sum of the rapidities of the Z and the 1st jet. Data from ref. [29], compared

to Herwig++ (left panel) and Pythia8 (right panel) predictions. The FxFx uncertainty

envelope (“Var”) and the fully-inclusive central result (“inc”) are shown as green bands

and red histograms respectively. See the end of sect. 2 for more details on the layout of

the plots.

Figure 14: As in fig. 13, for the di↵erence of the rapidities of the Z and the 1st jet.

As one can see from the figures, the agreement between merged predictions and data is

excellent for both MCs. This result appears to be strongly driven by matrix-element e↵ects,

given the very significant di↵erences between the Herwig++ and Pythia8 predictions

which result from the inclusive samples. This is especially true in the case of the rapidity

di↵erence, which in inclusive simulations is known to be a↵ected by large MC systematics –

– 16 –

PythiaHerwig

➡ inclusive MC@NLO (red): substantial differences between 
MCs!

➡ FxFx (green): good agreement, similar predictions by both. 
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➡ Z+jets summary: good agreement with data!
➡ presence of few hard partons: allows Monte Carlos to stay 

within natural range of validity. 
➡ no evidence for necessity of including Z+3 j.
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CMS, W+jets @ 7 TeV, 1406.7533

• study of jet, W, inclusive properties,
• based on an integrated luminosity of 5 fb−1,
• using muon channel, 
• with R = 0.5 anti-kT jets, pT (j) > 30 GeV and |y(j)| < 2.4,
• further cuts: pT(μ) > 24 GeV, |η(μ)| < 2.1, ∆R(jμ) ≥ 0.5, mT 

(μν) > 
50 GeV.

21
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• CMS [32] (arXiv:1406.7533, Rivet analysis CMS 2014 I1303894).

Study of jet and inclusive properties (the latter defined by requiring the presence of at least

one jet in the final state), and of correlations. Based on an integrated luminosity of 5 fb�1,

using only the muon channel, with R = 0.5 anti-kT jets within pT (j) > 30 GeV, |⌘(j)| < 2.4.

Further cuts: pT (µ) > 24 GeV, |⌘(µ)| < 2.1, �R(jµ) � 0.5, mT (µ⌫) > 50 GeV (see ref. [32]

for the definition of the missing energy and the neutrino transverse momentum); events

must contain exactly one muon. We remark that a technical problem has occurred while

running this Rivet analysis with Pythia8 for some merging scale, which we have failed to

isolate and which has thus prevented us from reconstructing some of the observables in the

simulation of such an MC. Since we believe that Pythia8 is already quite well tested in

the comparison to the W+jets data of ref. [31] discussed previously, as well as for Z+jets

production, for the observables in question we have limited ourselves to presenting the

Herwig++ results.

We have chosen the observables that we consider in the following plots. Figure 32: ex-

clusive jet multiplicity; fig. 33: transverse momentum of the 1st jet; fig. 34: pseudorapidity

of the 1st jet; fig. 35: azimuthal distance between the µ and the 1st jet; fig. 36: HT ; fig. 37:

transverse momentum of the 2nd and of the 3rd jet; fig. 38: pseudorapidity of the 2nd and

of the 3rd jet; fig. 39: azimuthal distance between the µ and the 2nd jet, and between the

µ and the 3rd jet; fig. 40: HT in events with at least two and at least three jets.

Figure 32: Exclusive jet multiplicity. Data from ref. [32], compared to Herwig++ (left

panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)

and the fully-inclusive central result (“inc”) are shown as green bands and red histograms

respectively. See the end of sect. 2 for more details on the layout of the plots.

The exclusive jet multiplicity (fig. 32) is very well predicted by both MCs – one could

repeat almost verbatim the same comments as for the analysis of ref. [31] (see fig. 19).

The inclusive leading-jet observables are reported in fig. 33 (pT ) and fig. 34 (pseudo-

rapidity). As far as the transverse momentum is concerned, both MCs tend to be slightly

harder than data, an e↵ect which is more visible in the case of Pythia8. This trend, which

is statistically not very significant (especially in the case of Herwig++), is similar to that

observed in ref. [32]. If one had to regard our predictions as an NLO-upgraded version of

– 26 –

22

W+jets @ 7 TeV, 
1406.7533
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The exclusive jet multiplicity (fig. 32) is very well predicted by both MCs – one could

repeat almost verbatim the same comments as for the analysis of ref. [31] (see fig. 19).

The inclusive leading-jet observables are reported in fig. 33 (pT ) and fig. 34 (pseudo-

rapidity). As far as the transverse momentum is concerned, both MCs tend to be slightly
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W+jets @ 7 TeV, 
1406.7533,
Pythia 8
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Figure 33: As in fig. 32, for the transverse momentum of the 1st jet.

Figure 34: As in fig. 32, for the pseudorapidity of the 1st jet.

Figure 35: As in fig. 32, for the azimuthal distance between the µ and the 1st jet.

those labelled “MadGraph” in ref. [32], one would clearly see a significant improvement

w.r.t. the latter. However, we caution against taking this comparison too literally, if any-

thing because the LO simulations reported in ref. [32] have been obtained with Pythia6.

For what concerns the leading-jet pseudorapidity, both MCs give an excellent description

– 27 –
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Figure 33: As in fig. 32, for the transverse momentum of the 1st jet.

Figure 34: As in fig. 32, for the pseudorapidity of the 1st jet.

Figure 35: As in fig. 32, for the azimuthal distance between the µ and the 1st jet.

those labelled “MadGraph” in ref. [32], one would clearly see a significant improvement

w.r.t. the latter. However, we caution against taking this comparison too literally, if any-

thing because the LO simulations reported in ref. [32] have been obtained with Pythia6.

For what concerns the leading-jet pseudorapidity, both MCs give an excellent description
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➡ W+jets summary: good agreement with data, similar trend as in Z+jets. 

• CMS [32] (arXiv:1406.7533, Rivet analysis CMS 2014 I1303894).

Study of jet and inclusive properties (the latter defined by requiring the presence of at least

one jet in the final state), and of correlations. Based on an integrated luminosity of 5 fb�1,

using only the muon channel, with R = 0.5 anti-kT jets within pT (j) > 30 GeV, |⌘(j)| < 2.4.

Further cuts: pT (µ) > 24 GeV, |⌘(µ)| < 2.1, �R(jµ) � 0.5, mT (µ⌫) > 50 GeV (see ref. [32]

for the definition of the missing energy and the neutrino transverse momentum); events

must contain exactly one muon. We remark that a technical problem has occurred while

running this Rivet analysis with Pythia8 for some merging scale, which we have failed to

isolate and which has thus prevented us from reconstructing some of the observables in the

simulation of such an MC. Since we believe that Pythia8 is already quite well tested in

the comparison to the W+jets data of ref. [31] discussed previously, as well as for Z+jets

production, for the observables in question we have limited ourselves to presenting the

Herwig++ results.

We have chosen the observables that we consider in the following plots. Figure 32: ex-

clusive jet multiplicity; fig. 33: transverse momentum of the 1st jet; fig. 34: pseudorapidity

of the 1st jet; fig. 35: azimuthal distance between the µ and the 1st jet; fig. 36: HT ; fig. 37:
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µ and the 3rd jet; fig. 40: HT in events with at least two and at least three jets.

Figure 32: Exclusive jet multiplicity. Data from ref. [32], compared to Herwig++ (left

panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)

and the fully-inclusive central result (“inc”) are shown as green bands and red histograms

respectively. See the end of sect. 2 for more details on the layout of the plots.

The exclusive jet multiplicity (fig. 32) is very well predicted by both MCs – one could

repeat almost verbatim the same comments as for the analysis of ref. [31] (see fig. 19).

The inclusive leading-jet observables are reported in fig. 33 (pT ) and fig. 34 (pseudo-

rapidity). As far as the transverse momentum is concerned, both MCs tend to be slightly

harder than data, an e↵ect which is more visible in the case of Pythia8. This trend, which

is statistically not very significant (especially in the case of Herwig++), is similar to that

observed in ref. [32]. If one had to regard our predictions as an NLO-upgraded version of
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Herwig Pythia

Figure 33: As in fig. 32, for the transverse momentum of the 1st jet.

Figure 34: As in fig. 32, for the pseudorapidity of the 1st jet.

Figure 35: As in fig. 32, for the azimuthal distance between the µ and the 1st jet.

those labelled “MadGraph” in ref. [32], one would clearly see a significant improvement

w.r.t. the latter. However, we caution against taking this comparison too literally, if any-

thing because the LO simulations reported in ref. [32] have been obtained with Pythia6.

For what concerns the leading-jet pseudorapidity, both MCs give an excellent description

– 27 –

Figure 33: As in fig. 32, for the transverse momentum of the 1st jet.

Figure 34: As in fig. 32, for the pseudorapidity of the 1st jet.

Figure 35: As in fig. 32, for the azimuthal distance between the µ and the 1st jet.

those labelled “MadGraph” in ref. [32], one would clearly see a significant improvement

w.r.t. the latter. However, we caution against taking this comparison too literally, if any-

thing because the LO simulations reported in ref. [32] have been obtained with Pythia6.

For what concerns the leading-jet pseudorapidity, both MCs give an excellent description

– 27 –



A. Papaefstathiou

conclusions & outlook
• samples constructed using the FxFx method describe a 

wide range of observables very well.

• it has been fully validated using Herwig(++) 7 and 
Pythia 8, in:

•  Z/W+jets,

•  as well as V+Higgs [see: Yellow Report 4, 1610.07922]. 

• future work: 

• examine top-anti-top/Higgs & comparison to 13 TeV 
data.
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[pictured: “merging” in the 1980s.]

thanks for your attention!
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further misc. MC details (I)
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• hard scale: μ0 = ΗΤ/2, (scalar sum of the transverse 
masses pT

2 + m2 of all final state particles),

• variations between 2μ0 and μ0/2.

• cut on invariant mass of opposite sign leptons: 
M(ll) > 40 GeV. 

• consider only “dressed” leptons + enable QED 
radiation in MCs. 

• 15 million events at LHE level.
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• negative weights: inclusive MC@NLO ~ 
10%, FxFx ~ 25%. 

• cross sections: 
µQ = 15 GeV µQ = 25 GeV µQ = 45 GeV inclusive

Z+jets
2.055(�0.9%) 2.074 2.085(+0.5%) 2.012(�3.0%) HW++

2.168(+0.8%) 2.150 2.117(�1.5%) 2.011(�6.5%) PY8

W+jets
20.60(�0.9%) 20.78 20.87(+0.4%) 19.96(�3.9%) HW++

21.71(+1.0%) 21.50 21.18(�1.5%) 19.97(�7.1%) PY8

Table 2: Total rates (in nb) for the three di↵erent choices of the FxFx merging scale, as

well as those for the inclusive (i.e. non-merged) samples, obtained with Herwig++ (upper

rows) and Pythia8 (lower rows). Relative di↵erences w.r.t. the FxFx results obtained with

the central merging scale are also reported in brackets.

do appear also in this case, restricted to small-pT regions, but are generally much smaller

than in the case of ↵S variations (with the exception of the underlying event analysis of

ref. [34]). While this is reassuring, we point out that, given the correlations between ↵S, the

PDFs, and the low-energy parameters that are set when tuning an MC, a more consistent

theoretical treatment might necessitate beyond-LO tunes; we shall further comment on

this point in sect. 3.3.

⌥ Total inclusive rates

In table 2 we report the predictions for the total rates (hence, independent of final-state

cuts and jet definitions) that result from the FxFx-merged and the fully-inclusive samples;

the latter are, by construction in the MC@NLO formalism, equal to those one obtains with

fixed-order computations – indeed, the Pythia8 and Herwig++ results in the last column

agree to a 0.05% level, which is the statistical inaccuracy one expects from a 5M-event

sample. There are two features in table 2 which are particularly worth remarking. Firstly,

the merged results obtained with di↵erent merging scales are very close to each other.

This gives one confidence on the fact that merging-scale systematics is under control, in

spite of the large range chosen for µQ variations. Secondly, the merged rates are a few

percent larger than the fully-inclusive one, with the exact amount depending on the MC

adopted for showering. This is a manifestation of the non-unitary behaviour of FxFx, and

the MC-dependent amount of “unitarity violation” should be seen as an actual prediction

associated with the given MC. On the other hand, the di↵erences w.r.t. the fully-inclusive

cross sections are not large, which is perfectly compatible with the moderate NNLO K

factors for Z and W hadroproduction. We shall see that the small increase of the merged

cross sections w.r.t. the inclusive ones is beneficial in terms of the comparisons to data.

⌥ Normalisation of results

The features just mentioned, and the predictivity they underpin, help us stress the follow-

ing point. All of our predictions are reported with their native normalisation: in other

words, no rescaling has been performed. While an overall re-normalisation by a constant

(e.g. the NNLO/NLO fully-inclusive K factor) common to all observables is acceptable,

we believe that the practice of rescaling theoretical results by factors that depend on the

jet multiplicity leads to confusion, and especially when such a multiplicity is understood

– 8 –
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µQ = 15 GeV µQ = 25 GeV µQ = 45 GeV

Herwig++ 44%(2.7) 38%(3.2) 35%(3.5)

Pythia8 45%(4) 37%(4) 32%(4)

Table 1: E�ciencies of the MLM-type rejection in FxFx merging, rounded to the percent;

in brackets, we report the corresponding oversampling factors (see the text for details).

Pythia8, and UE-EE-3-CTEQ6L1 [37] in Herwig++. Since neither of them has been ob-

tained with NNPDF2.3 NLO PDFs, the quality of the comparisons to low-pT data might

be degraded w.r.t. one performed by using the MCs standalone in conjuction with the same

PDFs as in the tunes. While this is a common issue with NLO+PS simulations, and one

that will be addressed possibly only in the context of a genuine NLO tune, the impact on

Z+jets and W+jets observables is expected, and will be shown, to be rather minimal. We

shall discuss this point in more details in sect. 3.3.

3. Comparison to data

This section contains the main results of this paper. We present Z+jets observables in

sect. 3.1, W+jets observables in sect. 3.2; inclusive and underlying-event results are reported

in sect. 3.3. In the remainder of this preamble we give some general information, and discuss

features common to all analyses.

⌥ Meaning of leptons

In several of the Rivet routines we have used, results are obtained for both the bare and

the dressed leptons. In the following, we shall restrict ourselves to considering only the

latter, in view of their being more inclusive in QED radiation, and thus less sensitive to the

modeling of QED showers in MCs; in general, however, the di↵erences between bare and

dressed predictions are fairly small. Consistently with such a choice, in our simulations

both Herwig++ and Pythia8 do feature QED showers; the input parameters that control

them have been left equal to their default values as given by the MC authors.

⌥ Event generation and e�ciencies

The hard jet cuts and widely di↵erent kinematic configurations relevant to Z+jets and

W+jets production imply that it is generally time-consuming to accumulate su�cient

statistics in MC simulations. We point out that, in the context of merging approaches that

feature an MLM-type rejection procedure, the e�ciency for finding a jet-jet match and

hence not to reject an event is larger the larger are the generation cuts (with the obvious

and usual condition that such cuts do not bias the physical results). When one makes

several choices for the merging scale, there is therefore a trade-o↵ between generating as

many event samples as merging-scale choices with maximally-e�cient generation cuts, and

generating a single event sample, where the generation cuts are so that they do not bias

any of the physics results obtained with the di↵erent merging scales. In order to reduce the

hard-event generation time, and the number of associated files, we have adopted the latter

– 6 –
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• MC tunes used: Pythia 8: Monash 2013, Herwig++: UE-EE-3-
CTEQ6L1. 

• we used the αS as it was given in the respective MC tunes:

• Herwig++: αS = 0.118, Pythia 8: αS = 0.1365 for ISR/FSR, αS = 
0.130 for multi-parton interactions. 

• compare to “NNPDF2.3 NLO” αS = 0.119.

• we attempted: αS = 0.130 in Herwig++, αS = 0.119: generally 
worsens agreement.

➡ use the αS values as they were in the tunes. 
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• ATLAS Z+jets @ 7 TeV, 1211.6899,
• measurement of the φη⋆ angular correlation in e+e− and 
μ+μ− production, [1009.1580 for definition of φη⋆].

• based on an integrated luminosity of 4.6 fb−1, 
• within pT (l) ≥ 20 GeV, 66 ≤ M(ll) ≤ 116 GeV, and |η(l)| ≤ 

2.4.
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➡ at small φη⋆ (~low pT): merged and inclusive coincide,

➡ at small φη⋆ driven by MC, i.e. controlled by tune, 

➡ at large φη⋆: predictions coincide: driven by MEs.

Figure 41: �?
⌘ correlation in the e+e� channel, inclusive in the Z rapidity. Data from

ref. [33], compared to Herwig++ (left panel) and Pythia8 (right panel) predictions. The

FxFx uncertainty envelope (“Var”) and the fully-inclusive central result (“inc”) are shown

as green bands and red histograms respectively. See the end of sect. 2 for more details on

the layout of the plots.

Figure 42: As in fig. 41, for the |yZ | < 0.8 region.

Figure 43: As in fig. 41, for the 0.8  |yZ | < 1.6 region.
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