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why merging in 2017?
• merging of multiple NLO+parton shower 

calculations: “best of both worlds”.

• merging of high-multiplicity (coloured) final states: 
technically difficult to get NLO+PS: 

• e.g.: 
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pp ! bb̄bb̄+ jets

pp ! bb̄�� + jets

etc.
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contents:

• a brief introduction to multi-jet merging, 

• results with Herwig 7,*

• some technical aspects,

• conclusions & outlook.
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* formerly known as Herwig++. 
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multi-jet merging @ LO 
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• the aim: consistently merge tree-level Matrix Elements 
and parton showers. 

• several approaches exist, mostly developed in the early 
2000s, e.g. CKKW(-L), MLM.

• remove double-counting with the parton shower by 
vetoing.

• (combine with αS/PDF/Sudakov reweighing).

• result: description of multi-jet processes @ tree level. 
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matching to NLO
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• the aim: consistently match NLO Matrix 
Elements and parton showers. 

• several approaches exist, mostly developed in 
the mid-2000/10s, e.g. MC@NLO, POWHEG, 
KrKNLO.

• MC@NLO: remove double-counting with the 
parton shower by subtraction of the PS 
contributions in the NLO. 



A. Papaefstathiou

multi-jet merging @ NLO 

8

• the aim: consistently merge NLO Matrix Elements and parton 
showers. 

• 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 + Pythia Χ/Herwig Χ).

[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),

• 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 X/Herwig X).

[Frederix, Frixione, 1209.6215, Frederix, Frixione, AP, Prestel, Torrielli, 1511.00847]
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results
based on [Frederix, Frixione, AP, Prestel, Torrielli, 1511.00847]

Z+jets, W+jets, ATLAS & CMS analyses at 7 TeV [using Rivet analyses]

•FxFx multiplicities: V+0, 1, 2,
•MC@NLO: V+0 inclusive,
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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
points: ATLAS or CMS 

data.
green band: FxFx, 

envelope of variations:
• hard process scale
• PDF
• merging scale

red line:  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. 
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Z+jets @ 7 TeV, 1304.7098



A. Papaefstathiou 14Figure 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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Z+jets @ 7 TeV, 1304.7098
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Z+jets @ 7 TeV, 1304.7098
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Figure 9: As in fig. 1, for the invariant mass of the two hardest jets.

Figure 10: As in fig. 1, for the azimuthal distance between the two hardest jets.

Figure 11: As in fig. 1, for the �R between the two hardest jets.

and Pythia8 (bar the rate e↵ect on the 4th jet). The almost identical FxFx predictions

of the two MCs have no analogue at the inclusive level, where Herwig++ and Pythia8

behave di↵erently (with only the latter in reasonable agreement with data, and only for the

leading jet); this is another clear indication of the benefits of the merging procedure. We

– 14 –

Z+jets @ 7 TeV, 1304.7098
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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.
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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 –
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W+jets @ 7 TeV, 
1406.7533
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– 26 –
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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.
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more results
(Z+jets: additional preliminary studies with Herwig 7)

include results for LO multi-jet merging via MLM-type 
rejection with Herwig 7 for validation.
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some comments
• same ATLAS Z+jets analysis as shown earlier (7 TeV, 1304.7098),
• low MC statistics, 
• with merging scale = 25 GeV,
• includes MC@NLO curve as before. 
• total cross sections after merging/matching:

24

sample σ(7 TeV) [nb] 

tree-level (0+1+2) 2.047(6)
FxFx (0+1+2) 2.04(2)

MC@NLO incl. 2.014(2)
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Z+jets @ 7 TeV, 1304.7098
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Z+jets @ 7 TeV, 1304.7098
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Z+jets @ 7 TeV, 1304.7098
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Z+jets @ 7 TeV, 
1304.7098
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technical aspects

• LO and FxFx merging contained in a single library add-
on to Herwig 7: “ExternMerge”. 

• currently available at: 

https://bitbucket.org/andreasp/externmerge

• straightforward to compile, 

• use via standard-type Heriwg 7 input files.

29
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technical aspects
• ExternMerge handles MG5_aMC MLM and FxFx 

merging. 

• [as well as AlpGen (this part: with K. Hamilton).]

• MG5_aMC LO merging: uses Les Houches file 
information on which partons to include in the merging.

• FxFx: detects heavy resonances (e.g. Z/W/H/top) and 
excludes their decay products from merging procedure 
(special treatment for bs from tops available). 
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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: 

• automate the MG5_aMC interface with Herwig 7,

• complement NLO merging with higher multiplicities.

• further validation: examine top-anti-top/Higgs + comparison to 13 TeV 
data.
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thanks!


