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1. Introduction

1.1 Motivation

The consistent merging of matched multi-jet next-to-leading order (NLO) calculations and the
parton shower (PS) constitutes for many processes the state-of-the-art Monte Carlo simulation. It
allows for the simultaneous description of several jet observables at NLO or LO both in the hard and
soft regions, achieving the “best of both worlds” from fixed-order calculations and parton showers.

1.2 Merging and matching

Several methods have been developed for matching a NLO calculation to the PS. Well-known
examples of these are the MC@NLO method [1], the POWHEG method [2], and more recently,
the KrKNLO method [3]. Here I will be focussing on the MC@NLO method, which removes
the double-counting between the fixed-order calculation and the PS by subtracting explicitly the
PS contributions in the NLO. To extend the validity of these methods, one wishes to consistently
merge multiple matched calculations together. This extends the scope of matched results to many,
well-separated jets.

Several approaches exist, developed over the past decade. These include the MiNLO ap-
proach [4], MEPS@NLO within the Sherpa Monte Carlo [5, 6], UNLOPS in Pythia 8 [7],
a similar method within the Herwig 7 framework [8, 9] and a method developed originally by
Frederix and Frixione [10, 11] and implemented in the MadGraph5_aMC@NLO framework [12,
13]. I will be focussing on the latter method in this talk, abbreviated as ‘FxFx’ henceforth.

1.3 The FxFx approach

The FxFx method is described in detail in [11]. Here we present the basic elements in a
nutshell. The method proceeds as follows:

o MC@NLO samples are constructed for various multiplicities.
e Hard emissions at matrix-element level are suppressed by means of a function.
e The matrix elements are also multiplied by appropriate Sudakov factors.

e The events are showered via Pythia or Herwig, with appropriate vetoing applied accord-
ing to distances between hard partons and those resulting after the parton shower.

1.4 Some technical aspects

Here I discuss in brief a couple of technical aspects related to the results presented here. A single
Les Houches accord file with ‘FxFx’ events is generated using MG5_aMC@NLO: this contains all
multiplicities, without the need of separate files. The event file also contains multiple weights
for each event. These events are then fed into Herwig 7 or Pythia 8, where the showering
and the vetoing are performed, as well as the full Monte Carlo event generation effects such as
hadronization, multiple-parton interactions and so on. Finally, the results I will be discussing were
constructed using the Rivet [14] analysis framework.
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2. Results

2.1 V+jets

The processes involving the production of vector bosons (Z or W) in association with jets
constitute important backgrounds to various processes of interest, such as Higgs boson production,
top quark production, and models of new physics. They are also interesting in their own right,
providing samples with high statistics at experiments, while being theoretically simple, allowing
us to investigate regions affected both by Monte Carlo and fixed-order calculations. The results I
will be presenting here concern the validation of the ‘FxFx’ NLO-merging formalism through these
processes.

2.2 Miscellaneous details

The V+jets results that follow have been generated with 0, 1 or 2 additional jets. For the
showering, hadronization and other effects, Herwig++ 2.7.1 and Pythia 8.210 were used,
with the parton density set “NNPDF 2.3 NLO”. I should emphasize here that the pre-existing
Monte Carlo tunes in both event generators were not made for this set, and additionally, the value
of the strong coupling constant at the Z pole was set to be the same as in the tunes themselves.
Additionally, all the results I will be showing here are straight out of the Monte Carlos, with no
rescalings applied. The plots that will be shown contain ATLAS or CMS data points, which in the
main panel are compared against the ‘FxFx’ calculation, that will be show in a green band, which
includes the envelope of hard process scale variation, PDF set variation and merging scale variation.
For purposes of illustration, the red lines correspond to the “inclusive” MC @NLO matched results.
The middle inset presents the same curves normalized to data. The bottom inset shows the envelope
of variations for each of the three chosen merging scales: 15,25,45 GeV.

2.3 ATLAS Z+jets at 7 TeV

This ATLAS analysis of [15] studies jet, Z boson, and inclusive properties in Z+jets events
and is based on an integrated luminosity of 4.6 fb~! collected at an energy of 7 TeV, using both
e"e and utu~ pairs. The analysis was constructed with R = 0.4 anti-kT jets, pr(j) > 30 GeV
and |y(j)| < 4.4. Further cuts include pr(¢) > 20 GeV, 66 < M({T¢~) < 116 GeV, AR(j¢) > 0.5,
AR(UTL7)>0.2, (1) <2.4,|n(e)| <1.37 and 1.52 < |n(e)| < 2.47. The transverse momentum
(pr) of the first jet and of the third jet are shown in Fig. 1 and of the fourth jet on the left panel of
Fig. 2. The pr of the first jet is described at NLO, that of the second jet at LO and the fourth jet is
generated by the parton shower. It can be seen that there’s reasonable agreement between the FxFx
predictions and the data, given the uncertainties. The agreement is even good in the case of the
fourth jet: this is due to the fact that the other hard jets are well-described already. This provides
a reasonable starting point for the parton shower to populate the remaining phase space. The right
panel of Fig. 2 shows the exclusive jet multiplicity distribution, demonstrating good agreement up
to 7 jets.

2.4 CMS Z+jets at 7 TeV

Next I show results from the CMS study [16] of rapidity distributions in Z+1 jet events at
7 TeV (i.e. exactly one jet), based on an integrated luminosity of 5 fb~!, using both e~e* and
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Figure 1:
and third jet (right) in Z+jets events.
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Figure 2: ATLAS results [15] compared to FxFx predictions for the transverse momentum of the fourth jet

(left) and the exclusive jet multiplicity distribution (right) in Z+jets events.

putp pairs, with R = 0.5 anti-kT jets, within pr(j) > 30 GeV and |n(j)| < 2.4, pr(£) > 20 GeV,
76 <M(£T07) <106 GeV, |n(0)| < 2.1, pr(£t¢7) > 40 GeV, AR(j¢) > 0.5.

Figure 3 shows the rapidity distance beween the two hardest jets in Z+1 jet events for Herwig
7and Pythia 8. Itis clear that the MC@NLO approach, particularly in the case of Herwig, is
insufficient to describe this observable.

2.5 CMS, W+jets at 7 TeV

Finally I will show results originating from a 7 TeV CMS analysis [17] of jet, W, inclusive
properties, in W+jets events, based on an integrated luminosity of 5 fb~!, using the muon chan-
nel, with R = 0.5 anti-kT jets, pr(j) > 30 GeV and |y(j)| < 2.4, further cuts: pr(u) > 24 GeV,
In(u)| <2.1, AR(ju) > 0.5, my(uv) > 50 GeV. Overal the same comments apply for the W+jets
data as for the Z+jets data. The FxFx approach improves over the performance of the MC@NLO
results, demonstrating the necessity of including higher multiplicities.

3. Conclusions and outlook

I have shown results from samples constructed using the FxFx method in V+jets processes.



NLO merging in'V +jets Andreas Papaefstathiou

0.3CMS data vs HERWIG++ 0.3CMS data vs PYTHIAB
+ Data
0.25 — e 0.25

1/o do/dy
1/ do/dy
°
2 o
B 8

o
o

o sl e
Q Lo 38 10
R p— =mmeeig 5o S e
go%E g%
o 105L = = w 1.05] g acs
o 090F = < 0.90 T ———
3 0750 2 075
0.1 .

o
=]
N
o
IS
o
o
o
©
=
o
-
IN]
-
ES
-
o
-
©
o
o

0.2 0.4 0.6 0.8 1.0 12 14 16 18

Figure 3: ATLAS results compared to FxFx predictions for the rapidity distance between the two hardest
jetsin Z+1 jet events for Herwig 7 (left) and Pythia 8 (right).
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Figure 4: CMS results [16] compared to FxFx predictions for the exclusive jet multiplicity distribution for
Herwig 7 (left)and Pythia 8 (right) in W+jets events.

, CMS data vs HERWIG++

10° CMS data vs HERWIG++

4+ Data
— inc.
= var

+ Data
— inc.
- var

- i\‘_‘--‘—gg&!!!-

do(W —pv+ >1jet) /d|n| [pb]

do(W —pv+ >1jet) /dpy [pb/GeV]

X GeV/25.0 Gev MC/Data
Soormr cooLmE

15.0 Gev, 25.0 Gev

33828Y 33828R
\
|
'{
ol
i
|
i
|
ol
|
|
|
I
|
|
I
|
|
|
|
|
I
|
I
I
|
|
x GeV/25.0 Gev MC/Data
ooonpr DoBLL
2I8ERE B8RRE

100 200 300 400 500 600 700 800
Leading jet p; [GeV]

o
o

05 10 15 2.0
Leading jet |n|

Figure 5: CMS results [16] compared to FxFx predictions for the transverse momentum (left) and pseudo-
rapidity (right) of the leading jet in W+jets events.

These were found to describe a wide range of observables very well. The FxFx method has been
fully validated using Herwig 7 and Pythia 8, in: Z+jets and W+jets, as well as V+Higgs
(see: [18]). Future work involves examining top-anti-top and Higgs boson production in compari-
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son to 13 TeV data.
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