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Abstract

This note describes the Monte Carlo setup used by ATLAS to model multi-boson processes
in 13 TeV pp collisions. The baseline Monte Carlo generators are compared with each other
in key kinematic distributions of the processes under study. Sample normalization and as-
signment of systematic uncertainties are discussed.
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1 Introduction

Measurements of diboson production at the Large Hadron Collider (LHC) provide an excellent test of
the electroweak sector in the Standard Model (SM). The production of multiple heavy gauge bosons
V (= W*,Z) opens up a multitude of potential decay channels categorized according to the number of
charged leptons in the final state. Numerous Monte Carlo tools exist to simulate the various multi-boson
production processes involving additional jets.

This note documents the Monte Carlo setup used by ATLAS to model multi-boson processes in proton-
proton collisions at a center-of-mass energy of 13 TeV. The note is organized as follows. The baseline
generators employed throughout are first introduced in Section 2. The fully leptonic diboson processes
are described in Section 3, semi-leptonic diboson processes are discussed in Section 6 and loop-induced
diboson processes are covered in Section 5. Diboson processes involving electroweak dijet production
(such as vector boson scattering) are then considered in Section 4 and, finally, triboson processes (VVV)
are dealt with in Section 7.



2 Baseline generators

The two baseline generators being studied are Sherpa and Powheg. As the former is evolving rapidly,
several versions are investigated in parallel.

Sherpa [1] is a parton shower Monte Carlo generator simulating additional hard parton emissions [2]
that are matched to a parton shower based on Catani-Seymour dipoles [3]. The NLO+PS matching [4]
is employed for different jet multiplicities which are then merged into an inclusive sample using the
MEPS @NLO approach [5]. The following versions of Sherpa have been employed:

e Sherpav2.2.0 with the authors’ default tune for this version and NNPDF3.0® NNLO parton density
functions [6] as well as the authors’ default tune for multiple parton interactions. For NLO matrix
elements, virtual QCD corrections are provided by the OpenLoops v1.2.0 library [7] using the
Collier tensor integral reduction library [8].

e Sherpa v2.1.1 with the authors’ default tune for this version and CT10 NLO parton density func-
tions [9] as well as the authors’ default tune for multiple parton interactions. For NLO matrix
elements, virtual QCD corrections are provided by the OpenLoops library.

e Sherpa v1.4.5 with the authors’ default tune for this version and CT10 parton density functions
as well as the authors’ default tune for multiple parton interactions. This version of Sherpa can
only calculate matrix elements at leading order (LO) accuracy.

PowhegBox [10-12] provides a general framework for implementing NLO QCD calculations with shower
Monte Carlo programs based on the Powheg method. A library of processes is available which can be
interfaced with shower Monte Carlo programs through the Les Houches Interface [13, 14]. In this note,
PowhegBox v2 interfaced to PYTHIA v8.210 [15] for parton showering is used.

In addition, other dedicated generators have been used for certain signatures. These shall be introduced
in the relevant sections.



3 Fully leptonic diboson processes

This section describes fully leptonic processes of the type gg — V'V, where both V bosons decay lepton-
ically (including all lepton flavors, where 7 leptons subsequently can decay leptonically or hadronically).
The processes are grouped according to the number of charged leptons, giving rise to the following final
states: 4¢, 3€v, 2€2v, £3v and 4v. Note that the lepton charges in the 2£2v are of opposite sign. A dedic-
ated sample for the 2£2vj final state, where the two lepton charges are of equal sign, has been generated
as well.

3.1 Generator setup
3.1.1 Sherpa

Matrix elements for the fully leptonic diboson processes have been generated using Sherpa v2.1.1
with up to three additional partons in the final state. The 4¢ and 2£2v decay modes include NLO matrix
elements for configurations with up to one additional parton at matrix-element level, whereas the 3{v,
£3v and 4v decay modes include NLO accurate matrix elements for the inclusive process only. All other
parton configurations are LO accurate. The same-sign 2£2vjj matrix elements are only LO accurate with
up to one additional parton. A generator-level cut of 5 GeV on the transverse momentum of the two
highest-pt leptons is imposed for all samples. Furthermore, the dilepton invariant mass m,, is required
to exceed 2my + 250 MeV. The 2£2v final state has been generated without bottom quarks in the hard
scattering process, to avoid contributions from top-quark mediated processes.

The ME+PS method clusters the hard scattering multi-parton configurations to define a shower-like his-
tory, which affects the initial conditions of the parton shower as well as the calculated core scale, since
the latter depends on the inverted process. The option METS_CLUSTER_MODE=16 has been used in all
samples (except the same-sign 2£2v one) generated with Sherpa v2.1.1 to allow for unordered his-
tories, which brings the performance of the clustering algorithm closer to the default used in Sherpa
v2.2.0. Furthermore, EXCLUSIVE_CLUSTER_MODE has been enabled for all samples (including same-
sign 2£2v), ensuring that only QCD splittings are inverted by the clustering algorithm, thus allowing for
the leptons to be associated with the core process. The Sherpa default scale setting approach is used.

3.1.2 Powheg

PowhegBox v2 is used to generate the WW, WZ and ZZ [16, 17] processes to NLO precision in QCD. The
samples are split according to final-state, charged lepton multiplicity (4¢, 3¢v, 2€2v, £3v, 4v). However,
each sample is inclusive regarding the lepton flavor. All final-states include the effect of off-shell singly
resonant amplitudes, and the WZ and ZZ samples include the effects of Z/y* interference. Interference
effects due to identical leptons in the final state are included as well, but are ignored between WW and ZZ
for the common decay mode to same-flavor opposite-charge leptons and a pair of neutrinos — a negligible
effect at Born level [16].

Samples are generated using PowhegBox v2, base revision r3033. The specific PowhegBox process ver-
sion is 12819 for each diboson (WW, WZ, ZZ) sample. Events are generated using the CT10 NLO [9] PDF
and then showered with PYTHIAS8 using the AZNLO [18] tune and the CTEQ6L1 [19] PDF for the shower.
The EvtGen [20] afterburner is used to ensure that heavy quarks are properly decayed. The dynamic scale



of the mass of the boson pair is used for both the factorization and renormalization scales. The withdamp
and bornzerodamp flags were set in PowhegBox for each sample to ensure that any phase-space region
in which the Born cross section vanishes is properly handled.

A matrix element level generator cut is placed on the Z boson decay products in the case that they are
charged leptons, requiring the mass of the charged lepton pair to be greater than 4 GeV. If there are two
Z bosons decaying to like-flavored charged leptons, the cut is applied to the two possible pairings.

3.2 Cross sections

Since both PowhegBox and Sherpa sample cross sections are already evaluated at NLO precision in
QCD, the predicted cross sections are directly used for sample normalization. A summary is given
in tables 1 and 2. Note that Sherpa considers processes by final state, including diboson mixtures,
whereas Powheg+PYTHIAS is broken down by individual VV processes. The minimum requirement on
the dilepton mass described in section 3.1.2, which is required for the Powheg samples at the generator
level (but not for the Sherpa samples), leads to large differences in the predicted cross sections. Fur-
thermore, it should be noted that NNLO QCD calculations start to become available for VV production
incorporating leptonic V decays along with spin correlations as well as off-shell effects [21], resulting
in non-negligible cross section enhancements. The first such result for the ZZ process was utilized as
reference in the first measurement of the ZZ production cross section at /s = 13 TeV by ATLAS [22].

Table 1: Summary of the generator cross sections at /s = 13 TeV predicted by Sherpa for fully leptonic diboson
final states.

Final state Sherpa (pb)

4¢ 11.69
3¢ty 11.88
202y 12.74
63y 3.094
4y 0.600
202vjj 0.024

The normalization of the Sherpa predictions includes a correction to account for different electroweak
schemes. Sherpa is using an electroweak parameter scheme were agep(mz) and the boson masses are
used as input and the other parameters are calculated from the corresponding tree-level relations. This
can lead to values of e.g. the weak mixing angle which deviate from the PDG values, or also differences
to the aqep calculated in the G, scheme. Since the inclusive cross section of the diboson samples with
their four electroweak vertices is particularly affected by this discrepancy, it has been decided to scale
down the Sherpa predictions by a factor of 0.91 which roughly accounts for this difference.



Table 2: Summary of the generator cross sections at /s = 13 TeV predicted by Powheg+PYTHIAS for fully leptonic
diboson final states.

Final state ~ Powheg (pb)

ZZ — 4L 1.267
WZ — 3¢y 4.502
WW — 262y 10.63
77 — 202y 0.918
WZ — €3v 2.778
77 — 4y 0.549




3.3 Systematic uncertainties
3.3.1 MCFM uncertainties

The MCFM [23, 24] Monte Carlo program allows the evaluation of NLO cross section predictions for a
variety of processes at hadron colliders as well as LO (lhe) event generation for a subset of these processes.
The NLO cross sections for 13 TeV WW, WZ and ZZ production with fully leptonic decay modes are
evaluated using MCFM v7.0.1 with CT10 NLO PDF and a dynamic scale of myy /2 for renormalization and
factorization scales. The Z boson mass range evaluated is 66 — 116 GeV, and non-resonant gg — WW
and gg — ZZ production is included at LO. Scale uncertainties are derived using the maximum and
minimum values when varying renormalization and factorization scales independently by factors of two.
The resulting uncertainties are found to be at the 4-5 % level, depending on the process under study. CT10
PDF uncertainties are derived from the eigenvector error sets as described in [25] and scaled to 68 %
CL, yielding an = 2% uncertainty for the processes studied. Adding both uncertainties in quadrature, a
(conservative) uncertainty of 6 % is used for the total NLO WW, WZ and ZZ production cross sections.

The MCFM cross sections are only used to evaluate the systematic uncertainties as detailed above and not
to normalize the samples discussed in this section. Since the generators of these samples already have
NLO accuracy themselves, their native cross sections are used.

3.3.2 Explicit variations for the Sherpa samples

Explicit scale variations have been generated for each of the fully leptonic diboson final states. These
include variations of the factorization scale uy, the renormalization scale ., the resummation scale g as
well as the CKKW merging scale. A summary is provided in table 3.

Table 3: Summary of the systematic variations considered for the Sherpa samples of fully leptonic diboson final
states. These include variations of the factorization scale yg¢, the renormalization scale ., the resummation scale pq
as well as the CKKW merging scale.

Factorization scale Renormalization scale Resummation scale CKKW scale
Final state  2u¢ 0.5u¢ 244y 0.5u, 2q 0.5uq 15GeV 30 GeV
4¢ X X X X X X
RYAY X X X X X X X X
2£2v X X X X X X X X
{3y X X X X X X
4y X X X X X X
202vjj X X X X X X

3.3.3 On-the-fly variations for the Powheg samples
To enable studies of systematic uncertainties due to PDF and scale variations, the PowhegBox samples
were generated including weights corresponding to:

e independent variations of renormalization and factorization scales by a factor of two (nine vari-
ations including the nominal scale settings),



e PDF variations for the CT10 NLO [9] eigenvector error sets (52 variations) and central values of
MSTW2008nlo [26], NNPDF3.0 [6] PDFs.



3.4 Generator comparisons

In the following we provide validation plots with different object definitions and event selections. Where
jets are used, they are reconstructed using the anti-; clustering algorithm [27] with a jet-radius parameter
of R = 0.4. The jet transverse momentum is required to be greater than 30 GeV. The distance between jets
and leptons is required to be AR;; > 0.1 in 17-¢ space. In case of overlap, the jet is removed if E¢/Eje; >
0.5, otherwise the lepton is removed. Leptons are dressed with photons in a cone of AR;; < 0.1 centered
on the lepton. Photons originating from quarks are ignored. Moreover, photons are assigned to their
nearest lepton in 77-¢ space in order to avoid double counting. In case more than one lepton combination
satisfies the reconstruction criteria of the boson candidates, the product of probabilities according to the
relevant Breit-Wigner distribution (W or Z) is maximized.

Further details of the selections are given in the respective subsections. Note that all shown uncertainties
are statistical only and, moreover, that the shown plots are for a center-of-mass energy of 8 TeV rather
than 13 TeV, as their purpose was to compare the improved Sherpa v2.1 against the Run I setup, which
made use of the old Sherpa v1.4.

3.4.1 4¢ final state

The comparison has been done in a phase space designed for the Powheg samples, since it was not possible
to impose a kinematic selection for particles originating from the matrix element.

e leptons with same flavor and opposite charge
e leptons pt > 10 GeV, me > 10 GeV

Figure 1 shows comparisons between Powheg+PYTHIAS8 and Sherpa in the 4¢ final state. All curves are

normalized to the predicted cross section of their respective generator. Curves corresponding to Sherpa

v1.4 are scaled to the Sherpa v2. 1 prediction in order to account for NLO corrections. Powheg+PYTHIA8
and Sherpa v2.1 show less events with no or one jet compared to Sherpa v1.4. For high jet multipli-

cities Sherpa predicts larger rates compared to Powheg+PYTHIAS, in line with the expectation that a

simple NLO+PS setup is not sufficient to describe multi-jet configurations. Other variables show a good

agreement between Powheg+PYTHIAS8 and Sherpa v2. 1, while Sherpa v1.4 is slightly off, e.g. in the

dilepton mass spectrum and in the lepton pt spectrum below 30 GeV. The Z-boson candidate containing

the hardest lepton is referred to as Z;.
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Figure 1: Comparisons of (a) the jet multiplicity, (b) the sub-leading lepton pr distribution for the Z-boson can-
didate with the hardest lepton (Z;), (c) the dilepton mass spectrum for Z; and (d) the summed lepton pt using
Powheg+PYTHIAS8 and Sherpa. Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction
in order to account for NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve

mentioned in the legend.
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3.4.2 3/¢v final state

The comparison has been done in two different phase spaces. The first phase space is as inclusive as
possible. All kinematic selections are supposed to mimic the generator-level selection and have been
implemented to select a common phase space:

e leptons with same flavor and opposite charge,
e leptons pr > 5 GeV, || < 2.7, mg > 5 GeV

As it is not possible to impose a kinematic selection for particles originating from the matrix element
in Powheg, the Sherpa samples have instead been adapted to the Powheg definition by imposing the
kinematic requirements on leptons coming from the matrix element (HEPMC status 3). This gives rise to
the Powheg phase space:

e leptons with same flavor and opposite charge
e leptons pt > 10 GeV, my > 10 GeV

Figures 2—4 show comparisons between Powheg+PYTHIAS8 and Sherpa in the 3{v final state. All curves
are normalized to the predicted cross section of their respective generator. Curves corresponding to
Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to account for NLO corrections. Sherpa
again predicts larger rates than Powheg+PYTHIAS for higher jet multiplicities due to its full incorporation
of multi-jet matrix elements. In addition, Sherpa v2. 1 exhibits a forward excess in the jet activity, which
is known to the authors and has been improved upon in newer versions. The Powheg+PYTHIAS8 sample
shows more central jets. The discrepancies in the jet pseudorapidity (due to the known Sherpa excess
in forward activity) also lead to deviations in e.g. the dijet mass spectrum or the jet rapidity difference.
Furthermore, a strange dip has been observed for Powheg+PYTHIAS in the summed lepton p distribution
around 500 GeV.
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3¢v final state in the inclusive phase space 3¢v final state in the Powheg phase space
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Figure 2: Comparisons of the jet multiplicity (top row) and the leading jet pseudorapidity distribution (bottom
row) between different versions of Sherpa in the inclusive region (on the left) as well as between Sherpa and
Powheg+PYTHIAS in the Powheg phase space (on the right). Curves corresponding to Sherpa v1.4 are scaled to
the Sherpa v2.1 prediction in order to account for NLO corrections. Uncertainties are statistical only, ratios are
with respect to the first curve mentioned in the legend.
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3¢v final state in the inclusive phase space 3¢v final state in the Powheg phase space
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Figure 3: Comparisons of the dijet mass spectrum (top row) and the jet rapidity difference (bottom row) between
different versions of Sherpa in the inclusive phase space (on the left) as well as between Sherpa and
Powheg+PYTHIAS in the Powheg phase space (on the right). Curves corresponding to Sherpa v1.4 are scaled
to the Sherpa v2. 1 prediction in order to account for NLO corrections. Uncertainties are statistical only, ratios are
with respect to the first curve mentioned in the legend.
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3¢v final state in the inclusive phase space 3¢v final state in the Powheg phase space
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Figure 4: Comparisons of the summed lepton pr distribution between different versions of Sherpa in the inclusive
phase space (on the left) as well as between Sherpa and Powheg+PYTHIAS in the Powheg phase space (on the
right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for
NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.

14



3.4.3 Opposite-sign 2£2v final state

The comparison has been done in two different phase spaces. The first phase space is as inclusive as
possible. All kinematic selections are supposed to mimic the generator-level selection and have been
implemented to select a common phase space:

e leptons with same flavor and opposite charge
e leptons pr > 5 GeV, || < 2.7, meg > 5 GeV

As it is not possible to impose a kinematic selection for particles originating from the matrix element
in Powheg, the Sherpa samples have instead been adapted to the Powheg definition by imposing the
kinematic requirements on leptons coming from the matrix element (HEPMC status 3). This gives rise to
the Powheg phase space:

e leptons with same flavor and opposite charge
e leptons pt > 10 GeV, my > 10 GeV

Figures 5-7 show comparisons between Powheg+PYTHIA8 and Sherpa in the opposite-sign 2¢£2v final
state. The samples include also the ZZ component for that final state, which can be seen in the lepton-pair
mass distribution. The Sherpa samples even include the interference between all diagrams (WW and
Z7) leading to this final state, which could explain why there are differences with respect to the Powheg
samples in the ZZ peak region. All curves are normalized to the predicted cross section of their respective
generator. Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to
account for NLO corrections. Sherpa v2.1 shows higher jet multiplicities starting with two jets. In
addition, a forward excess of jets has been observed. On the other hand, Powheg+PYTHIAS8 undershoots
in the region of the Z-boson resonance. The forward excess of jets leads to discrepancies in other variables
as well, e.g. the dijet rapidity difference, the dijet invariant mass or the summed jet pr distribution.
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Opposite-sign 2¢2v final state in the inclusive phase space

Opposite-sign 2¢2v final state in the Powheg phase space
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Figure 5: Comparisons of the dilepton mass spectrum (top row) and the jet multiplicity (bottom row) between
different versions of Sherpa in the inclusive region (on the left) as well as between Sherpa and Powheg+PYTHIAS8
in the Powheg region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction
in order to account for NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve
mentioned in the legend.
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Figure 6: Comparisons of the sub-leading jet pseudorapidity distribution (top row) and the jet rapidity difference
(bottom row) between different versions of Sherpa in the inclusive region (on the left) as well as between Sherpa
and Powheg+PYTHIAS in the Powheg region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the
Sherpa v2.1 prediction in order to account for NLO corrections. Uncertainties are statistical only, ratios are with
respect to the first curve mentioned in the legend.
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Figure 7: Comparisons of the dijet invariant mass spectrum (top row) and the summed jet pr distribution (bottom
row) between different versions of Sherpa in the inclusive region (on the left) as well as between Sherpa and
Powheg+PYTHIAS in the Powheg region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the
Sherpa v2.1 prediction in order to account for NLO corrections. Uncertainties are statistical only, ratios are with
respect to the first curve mentioned in the legend.
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3.4.4 Same-sign 2£2v final state

The comparison has been done in two different phase spaces. The first phase space is as inclusive as
possible. All kinematic selections are supposed to mimic the generator-level selection and have been
implemented to select a common phase space:

e leptons coming from a matrix element (HEPMC status 3)
o leptons with same flavor and same charge
e leptons pr > 5 GeV, mg > 0.1 GeV

The second phase space is a signal region optimized for the vector boson scattering (VBS) process. For
the same-sign WW process it is defined as:

e leptons coming from a matrix element (HEPMC status 3)
o leptons with same flavor and same charge

e leptons pr > 5 GeV, mg > 20 GeV

e at least 2 jets, mj; > 500 GeV, AR;; > 0.4

e T-veto

e exactly two leptons with || < 2.5, pr > 20.0 GeV

o third lepton e/u veto if pr > 7.0/6.0 GeV

e AR;;>0.3

e AR,y > 0.3

o EINS > 40 GeV

|ijj| >24

Figures 8—11 show comparisons between different versions of Sherpa in the same-sign 2¢2v final state.
All curves are normalized to the predicted cross section of their respective generator. Curves correspond-
ing to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for NLO corrections.
Sherpa v2.1 shows more jets for higher jet multiplicities starting with six jets in the inclusive phase
space. Furthermore, the known Sherpa excess in the forward jet activity can be seen, which leads to
flaws in other variables, e.g. the dijet mass spectrum or the jet rapidity. These discrepancies are much
reduced in the VBS signal region though. In addition to the forward excess of jets, Sherpa v2.1 shows
a harder summed jet pr distribution as well as more central leptons, which is also seen in other variables,
e.g. the lepton pseudorapidity difference. All discrepancies are reduced again in the VBS signal phase
space. The new Sherpa samples also show a softer diboson mass spectrum and a higher summed lepton
pr distribution.
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Same-sign 2¢2v final state in the inclusive phase space

Same-sign 2¢2v final state in the VBS phase space
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Figure 8: Comparisons of the jet multiplicity (top row) and the leading jet rapidity distribution (bottom row)
between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal region (on
the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to account for
NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.
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Same-sign 2¢2v final state in the inclusive phase space

Same-sign 2¢2v final state in the VBS phase space
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Figure 9: Comparisons of the invariant mass spectrum (top row) and the the summed jet pr distribution (bottom
row) between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal region (on
the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to account for
NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.
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Same-sign 2¢2v final state in the inclusive phase space
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Figure 10: Comparisons of the leading lepton pseudorapidity distribution (top row) and the lepton rapidity differ-
ence (bottom row) between different versions of Sherpa in the inclusive region (on the left) as well as the VBS
signal region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in
order to account for NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve
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Same-sign 2/2v final state in the inclusive phase space

Same-sign 2¢v final state in the VBS phase space
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Figure 11: Comparisons of the diboson invariant mass spectrum (top row) and the summed lepton pr distribution
(bottom row) between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal
region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to
account for NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned
in the legend.
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4 Electroweak diboson processes

Dedicated samples for the gauge-invariant set of electroweak processes involving the vector boson scat-
tering (VBS) diagram have been generated. For these processes the jets recoil against the heavy gauge
boson, giving rise to an extra two electroweak couplings. This includes the 3¢vjj and 4¢;j final states as
well as the 2£2vjj final state, where the two lepton charges are of equal sign.

4.1 Generator setup

4.1.1 Sherpa

Matrix elements for the electroweak 3¢£vjj, 4€jj as well as same-sign 22y jj processes have been gener-
ated at LO accuracy using Sherpa v2. 1.1 with up to one additional parton in the final state. The nominal

factorisation scale has been set to the invariant mass of the diboson system. Further details of the general
Sherpa setup are provided in section 2.
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4.2 Cross sections
4.2.1 Generator cross sections

A summary of the cross sections predicted by Sherpa is given in table 4.

Table 4: Summary of the generator cross sections at /s = 13 TeV predicted by Sherpa for electroweak diboson
final states.

Final state Sherpa prediction (pb)

40jj 0.029
3tvjj 0.038
202vjj 0.039

The normalization of the Sherpa predictions includes a correction to account for different electroweak
schemes. Sherpa is using an electroweak parameter scheme were agep(mz) and the boson masses are
used as input and the other parameters are calculated from the corresponding tree-level relations. This
can lead to values of e.g. the weak mixing angle which deviate from the PDG values, or also differences
to the aqgp calculated in the G, scheme. Since the inclusive cross section of the diboson samples with
their four electroweak vertices is particularly affected by this discrepancy, it has been decided to scale
down the Sherpa predictions by a factor of 0.91 which roughly accounts for this difference.

4.3 Generator comparisons

In the following we provide validation plots with different object definitions and event selections. Where
jets are used, they are reconstructed using the anti-k; clustering algorithm [27] with a jet-radius parameter
of R = 0.4. Further details of the selections are given in the respective subsections. Note that all shown
uncertainties are statistical only and, moreover, that the shown plots are for a center-of-mass energy of
8 TeV rather than 13 TeV, as their purpose was to compare the improved Sherpa v2.1 against the Run I
setup, which made use of the old Sherpa v1.4.

4.3.1 Same-sign 2£2vjj final state

The jet transverse momentum is required to be greater than 30 GeV. The distance between jets and
leptons is required to be AR;; > 0.1 in n-¢ space. In case of overlap, the jet is removed if E¢/Eje; > 0.5,
otherwise the lepton is removed. Leptons are dressed with photons in a cone of AR,; < 0.1 centered on
the lepton. Photons originating from quarks are ignored. Moreover, photons are assigned to their nearest
lepton in 1-¢ space in order to avoid double counting. In case more than one lepton combination satisfies
the reconstruction criteria of the boson candidates, the product of probabilities according to the relevant
Breit-Wigner distribution (W or Z) is maximized.

The comparison has been done in two different phase spaces. The first phase space is as inclusive as
possible. All kinematic selections are supposed to mimic the generator-level selection and have been
implemented to select a common phase space:

e leptons coming from a matrix element (HEPMC status 3)

25



e leptons with same flavor and opposite charge
e leptons pr > 5 GeV, mg > 0.1 GeV

The second phase space is a signal region optimized for VBS. For the same-sign WW process it is defined
as:

e leptons coming from a matrix element (HEPMC status 3)
e leptons pt > 5 GeV, mgr > 20 GeV

e atleast 2 jets, m;; > 500 GeV, AR;; > 0.4

e T-veto

e exactly two leptons with [7] < 2.5, pr > 20 GeV

e third lepton e/u veto if pr > 7.0/6.0 GeV

e AR;;>0.3

o AR;p > 0.3

o EISS > 40 GeV

|ijj| > 24

Figures 12 and 13 show comparisons between different versions of Sherpa in the same-sign 2£2vjj
final state. All curves are normalized to the predicted cross section of their respective generator. Curves
corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for NLO
corrections. The Sherpa v2.1 samples tend to be softer than those using the old version of Sherpa.
Furthermore, the summed lepton pt distribution shows significant differences between the versions. This
also leads to a softer diboson invariant mass spectrum. However, within the statistical uncertainties, the
agreement is much better in the VBS region. Moreover, the new sample shows significantly more jets in
both phase spaces.
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Same-sign 2¢2vjj final state in the inclusive phase space Same-sign 2¢2vjj final state in the VBS phase space
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Figure 12: Comparisons of the jet multiplicity (top row) and the leading jet pr spectrum (bottom row) between
different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal region (on the right).
Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for NLO
corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.
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Same-sign 2/2vjj final state in the inclusive phase space

Same-sign 2¢2vjj final state in the VBS phase space
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Figure 13: Comparisons of the the summed lepton pr distribution (top row) and the diboson invariant mass spectrum
(bottom row) between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal
region (on the right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to
account for NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned
in the legend.
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4.3.2 3¢vjj final state

The jet transverse momentum is required to be greater than 30 GeV. The distance between jets and
leptons is required to be AR,; > 0.1 in 17-¢ space. In case of overlap, the jet is removed if E¢/Eje > 0.5,
otherwise the lepton is removed. Leptons are dressed with photons in a cone of AR;; < 0.1 centered on
the lepton. Photons originating from quarks are ignored. Moreover, photons are assigned to their nearest
lepton in 1-¢ space in order to avoid double counting. In case more than one lepton combination satisfies
the reconstruction criteria of the boson candidates, the product of probabilities according to the relevant
Breit-Wigner distribution (W or Z) is maximized.

The comparison has been done in two different phase spaces. The first phase space is as inclusive as
possible. All kinematic selections are supposed to mimic the generator-level selection and have been
implemented to select a common phase space:

e leptons coming from a matrix element (HEPMC status 3)

leptons with same flavor and opposite charge
e leptons pr > 10 GeV, |n| < 2.7, mg > 5 GeV
e veto on matrix-element b

The second phase space is a signal region optimized for VBS. For the WZ process it is defined as:
e leptons coming from a matrix element (HEPMC status 3)
e leptons pr > 5 GeV, |n| < 2.5, mg > 5 GeV
e at least 2 jets, mj; > 500 GeV, AR;; > 0.4
e b-veto, T-veto
e For the W-boson candidate: Lepton pt > 20 GeV, AR;; > 0.3, AR > 0.3
e For the Z-boson candidate: Lepton pt > 15 GeV, AR;; > 0.2, ARge > 0.2
o mp(W) > 30 GeV

Figures 14 and 15 show comparisons between different versions of Sherpa in the 3¢vj;j final state. All
curves are normalized to the predicted cross section of their respective generator. Curves corresponding
to Sherpa v1.4 are scaled to the Sherpa v2. 1 prediction in order to account for NLO corrections. The
electroweak samples show very different behavior in the forward region. In the newer Sherpa version
the jets tend to be more central which affects other distributions as well, e.g. the jet rapidity difference or
the dijet invariant jet mass. All discrepancies are much reduced in the VBS phase space. The new sample
shows significantly more jets in both phase spaces.
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Figure 14: Comparisons of the jet multiplicity (top row) and the leading jet pseudorapidity spectrum (bottom row)
between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal region (on the
right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for
NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.
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Figure 15: Comparisons of the jet rapidity difference (top row) and the dijet invariant mass spectrum (bottom row)
between different versions of Sherpa in the inclusive region (on the left) as well as the VBS signal region (on the
right). Curves corresponding to Sherpa v1.4 are scaled to the Sherpa v2.1 prediction in order to account for
NLO corrections. Uncertainties are statistical only, ratios are with respect to the first curve mentioned in the legend.
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5 Loop-induced diboson processes

Loop-induced processes are of the type gg — V'V where both of the bosons decay leptonically. Dedicated
samples have been generated for the 4¢ and 2£2v final states, which includes gg — H diagrams.

5.1 Generator setup
5.1.1 Sherpa

Matrix elements for the loop-induced diboson processes have been generated using OpenLoops within
Sherpa v2.1.1 with up to one additional parton in the final state. The matrix elements are LO accurate.
These are generated in the spirit of [28] and thus contain not only on-shell gg — V'V production, but the
fully leptonic final state including all off-shell/interference effects.

The EXCLUSIVE_CLUSTER_MODE has been enabled for all samples, ensuring that only QCD splittings are
inverted by the clustering algorithm, thus allowing for the leptons to be associated with the core process.
This core process is then used to set the core scale u = myy /2 within the scale setting approach used by
Sherpa.

5.1.2 gg2vv

The generator gg2VV v3.1.6 [29, 30] was used to produce samples with the final states 4£ and 2£2v.
The matrix element is calculated at leading order, including diagrams with the Standard Model Higgs as
an intermediate particle. The Higgs width predicted by the Standard Model is used and off-shell effects
are properly taken into account as well. Furthermore, all possible interferences, like the final-state-lepton
interference for four same-flavor charged leptons or the ZZ/WW interference for same-flavor 2{2v are
taken into account. In most cases the generator is configured to use the CT10 leading order PDF set, and
the dynamic renormalization and factorization scale m(V'V). For special applications there are deviations
from this baseline configuration.

Finally, since gg2VV is a leading order generator, the default showering performed by PYTHIA8 needed to
be adjusted. Studies on jet distributions showed too hard a spectrum for the common configuration used
by ATLAS. Therefore it is altered with the option SpaceShower:pTmaxMatch = 1 (so called “wimpy
shower”’) which showed more reasonable agreement with previous Monte Carlo samples showered with
HERWIG [31], according distributions based on Sherpa and data.

5.2 Cross sections
5.2.1 Generator cross sections

A summary of the cross sections predicted by Sherpa and gg2VV is given in table 5.

The normalization of the Sherpa predictions includes a correction to account for different electroweak
schemes. Sherpa is using an electroweak parameter scheme were agep(mz) and the boson masses are
used as input and the other parameters are calculated from the corresponding tree-level relations. This
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Table 5: Summary of the generator cross sections at +/s = 13 TeV predicted by Sherpa and gg2VV+PYTHIAS for
loop-induced diboson final states. Note that the generator-level setup is not identical between the two, so some
differences are expected.

Predicted cross sections
Final state Sherpa (pb) gg2VV (pb)
4¢ 0.019 0.011
202y 0.777 —

can lead to values of e.g. the weak mixing angle which deviate from the PDG values, or also differences
to the aqgp calculated in the G, scheme. Since the inclusive cross section of the diboson samples with
their four electroweak vertices is particularly affected by this discrepancy, it has been decided to scale
down the Sherpa predictions by a factor of 0.91 which roughly accounts for this difference.

5.3 Systematic uncertainties
5.3.1 Explicit variations for the Sherpa samples
Explicit scale variations have been generated for each of the semi-leptonic diboson final states. These

include variations of the factorization scale uy, the renormalization scale w; as well as the resummation
scale uq — each by a factor of 2 and 0.5, respectively.
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6 Semi-leptonic diboson processes

This section describes semi-leptonic processes of the type g¢ — VV, where only one of the V bosons
decays leptonically (including all lepton flavors, where 7 leptons subsequently can decay leptonically or
hadronically), whilst the other one decays hadronically, giving rise to the following final states: W(—
W(—= qq), W(— VZ(— qq), Z(— tOW(— qq), Z(— w)W(—= qq), Z(— 0)Z(— qq), and Z(—
W)Z(— qq).

6.1 Generator setup
6.1.1 Sherpa

Matrix elements for the semi-leptonic diboson processes have been generated using Sherpa v2.1. 1 with
up to three additional partons in the final state. The two ZZ decay modes include NLO matrix elements
for configurations with up to one additional parton at matrix-element level, whereas the WZ and WW
decay modes include NLO accurate matrix elements for the inclusive process only. All other parton
configurations are LO accurate. In addition, the two WW final states have been generated without bottom
quarks in the hard scattering process, to avoid contributions from top-quark mediated processes.

The ME+PS method clusters the hard scattering multi-parton configurations to define a shower-like his-
tory, which affects the initial conditions of the parton shower as well as the calculated core scale, since the
latter depends on the inverted process. The option METS_CLUSTER_MODE=16 has been used in all samples
generated with Sherpa v2.1.1 to allow for unordered histories, which brings the performance of the
clustering algorithm closer to the default used in Sherpa v2.2.0. Furthermore, EXCLUSIVE_CLUSTER_MODE
has been enabled for all samples, ensuring that only QCD splittings are inverted by the clustering al-
gorithm, thus allowing for the vector bosons to be associated with the core process. This core process is
then used to set the core scale u = myy /2 within the scale setting approach used by Sherpa.

6.1.2 Powheg

PowhegBox v2 is used to generate WW, WZ and ZZ samples to NLO precision in QCD. The samples
are split according to semi-leptonic final-states (2£qq, {vqq, 2vqq). However, each sample is inclusive
regarding the lepton flavor. NLO corrections to the hadronic decay processes are not included, but the
hadronic V decays are generally well modeled by showering Monte Carlos. All final-states include the
effect of off-shell singly resonant amplitudes, and the WZ and ZZ samples include the effects of Z/y*
interference.

Samples are generated using PowhegBox v2, base revision r3033. The specific PowhegBox process ver-
sion is 12819 for each diboson (WW, WZ, ZZ) sample. Events are generated using the CT10 NLO [9] PDF
and then showered with PYTHIAS8 using the AZNLO [18] tune and the CTEQG6L1 [19] PDF for the shower.
The EvtGen [20] afterburner is used to ensure that heavy quarks are properly decayed. The dynamic scale
of the mass of the boson pair is used for both the factorization and renormalization scales. The withdamp
and bornzerodamp flags were set in PowhegBox for each sample to ensure that any phase-space region
in which the Born cross section vanishes is properly handled.
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A matrix element level generator cut is placed on the Z boson decay products in the case that they are

charged leptons or quarks, requiring the mass of the charged lepton or quark pair to be greater than
20 GeV.

6.2 Cross sections
6.2.1 Generator cross sections

Since both PowhegBox and Sherpa sample cross sections are already evaluated at NLO precision in
QCD, the predicted cross sections are directly used for sample normalization. A summary is given in
table 6 for the nominal samples. Note that the generator-level setup is not identical between PowhegBox
and Sherpa so some differences are expected.

Predictions for the W(— {v)Z(— gqq) final state are available from both Sherpa v2.1.1 and v2.2.0.
The cross section values are 10.460 pb and 10.099 pb, respectively, thus showing good agreement between

both generator versions. More detailed comparisons of kinematic distributions are presented in sec-
tion 6.4.2.

Table 6: Summary of the generator cross sections at /s = 13 TeV predicted by Sherpa and Powheg+PYTHIAS for
semi-leptonic diboson final states.

Predicted cross sections

Final state Sherpa (pb) Powheg (pb)
W(— tv)W(— qq) 45.27 44.18
W(— tv)Z(— qq) 10.46 10.10
Z(— tOW(= qq) 3.12 3.28
Z(— wW)W(= qq) 6.17 5.77
Z(— tOZ(— qq) 2.14 2.27
Z(— vW)Z(— qq) 4.22 3.94

The normalization of the Sherpa predictions includes a correction to account for different electroweak
schemes. Sherpa is using an electroweak parameter scheme were agep(mz) and the boson masses are
used as input and the other parameters are calculated from the corresponding tree-level relations. This
can lead to values of e.g. the weak mixing angle which deviate from the PDG values, or also differences
to the aqgp calculated in the G, scheme. Since the inclusive cross section of the diboson samples with
their four electroweak vertices is particularly affected by this discrepancy, it has been decided to scale
down the Sherpa predictions by a factor of 0.91 which roughly accounts for this difference. Note that
for the Sherpa 2.2.0 samples, the EW parameters and branching ratios of the vector bosons have been
adjusted, such that they comply with the PDG values and no subsequent scaling is necessary.
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6.3 Systematic uncertainties
6.3.1 MCFM uncertainties

To cross check the systematic uncertainties derived for fully leptonic decay modes in Section 3.3.1, MCFM
was run using the WW process as test bench with identical settings, except switching to hadronic decays
for the W* or the W~ boson. Again, the used uncertainty of 6 % is found to cover the uncertainties due to
scale and PDF variations added in quadrature.

It should be noted however, that it was not possible to evaluate the impact of including the effects of
radiation in the decay of the hadronically decaying W bosons, as the corresponding option is not supported
for the dynamic scale chosen.

The MCFM cross sections are only used to evaluate the systematic uncertainties as detailed above and not
to normalize the samples discussed in this section. Since the generators of these samples already have
NLO accuracy themselves, their native cross sections are used.

6.3.2 Explicit variations for the Sherpa samples

Explicit scale variations have been generated for each of the semi-leptonic diboson final states. These
include variations of the factorization scale uy, the renormalization scale y; as well as the resummation
scale uq — each by a factor of 2 and 0.5, respectively. The cross sections for these alternative samples are
given in table 7.
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Table 7: Summary of the generator cross sections at /s = 13 TeV predicted by Sherpa for various scale variations
in semi-leptonic diboson final states. A dash indicates that the samples were still in production at the time of
writing. The normalization of the Sherpa predictions includes a correction to account for different electroweak
scheme (details are provided in section 6.2.1).

Predicted cross sections

Final state Scales setup  Sherpa (pb)
W(— tv)W(— qq) 2us 45.903
W(— tv)W(— qq) 0.5u¢ 44.536
W(— tv)W(= qq) 24y 40.934
W(— tW(= qq) 0.5u; 51.905
W(— tV)W(= qq) g 44.388
W(— t)W(= qq) 0.5uq 45.566
W(— tv)Z(— qq) 2ug 10.587
W(— tV)Z(— qq) 0.5u¢ 10.331
W(— tv)Z(— qq) 24ty 9.272
W(— tWZ(— qq) 0.5u; 12.236
W(— tv)Z(— qq) 2uq 10.251
W(— tWZ(— qq) 0.5u4 10.573
Z(— tOW(— qq) 2ur 3.155
Z(— tOW(= qq) 0.5u¢ 3.080
Z(— tOW (- qq) 24y 2.766
Z(— tOW(= qq) 0.5u; 3.651
Z(— tOW(— qq) 2uq 3.059
Z(— tOW(= qq) 0.5uq 3.152
Z(— vw)W(- qq) 2us 6.228
Z(— vw)W(= qq) 0.5us 6.090
Z(— vw)W(- qq) 24ty 5.453
Z(— vw)W(= qq) 0.5u; 7.217
Z(—» w)W(- qq) 2uq 6.055
Z(— wW)W(= qq) 0.5uq 6.226
Z(— tOZ(— qq) 2us 2.171
Z(— t0OZ(— qq) 0.5us 2.108
Z(— tOZ(— qq) 24y 1.994
Z(— tOZ(— qq) 0.5u; 2.325
Z(— tOHZ(— qq) 2uq 2.099
Z(— tOZ(— qq) 0.5u4 2.198
Z(— wW)Z(— qq) 2ug —
Z(— vwW)Z(— qq) 0.5us —
Z(— vy)Z(— qq) 24y —
Z(— vW)Z(— qq) 0.5u; —
Z(— wW)Z(— q9) 2uq —
Z(— wW)Z(— qq) 0.5uq —
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6.4 Generator comparisons

In the following we provide particle-level validation plots with different object definitions and event
selections. Electrons and muons with pt > 7 GeV and within || < 2.47 (for electrons) or || < 2.7 (for
muons) are considered in this study if the pr sum of all charged particles (excluding the lepton candidate)
within a cone of AR = 0.2 around the lepton is less than 10 % of the lepton pr. These are referred to as
‘loose’ selection criteria. Leptons passing ‘medium’ selection criteria are required to have pt > 25 GeV
in addition to passing the loose selection. For leptons passing ‘tight’ selection criteria the isolation cut is
reduced to 4 % in addition to passing the medium selection.

Where jets are used, they are reconstructed using the anti-k, clustering algorithm [27] with a jet-radius
parameter of R = 0.4. The jet transverse momentum is required to be greater than 20 GeV for central jets
(Inl < 2.5) and greater than 30 GeV for forward jets (2.5 < || < 5). Jets with || > 5 are ignored. An
overlap removal procedure is applied between selected jets and leptons. A jet is rejected if an electron
passing the loose identification criteria can be matched to it in 7-¢ space (AR = 0.4). Similarly a muon-
jet overlap removal procedure is applied, provided that at most three charged particle tracks are pointing
to the primary vertex associated with an overlapping muon candidate. Selected central jets passing the
overlap-removal requirements are b-tagged if a B-hadron is found within a cone of AR = 0.3 centered
along the jet axis.

Further details of the selections are given in the respective subsections.

6.4.1 W(— tv)W(— qq) final state

The W(— €v)W(— gq) phase space is defined as
e at least two central jets
e cxactly one lepton (electron or muon) passing tight selection criteria
¢ no additional leptons passing the loose selection criteria

The leptonically decaying vector boson candidate is reconstructed from the selected lepton and the miss-
ing transverse energy E?iss. Figure 16 shows a comparison of predictions obtained with Powheg+PYTHIA8
and Sherpa for this region of phase space. All distributions are normalized to the predicted cross section
of their respective generator.

The predictions from Powheg+PYTHIA8 and Sherpa for these final states are found to be in fairly good
agreement. For variables less sensitive to the production of additional radiation (as for instance the pr
of the leptonically decaying vector boson, the invariant mass of the leading jets pair or the pt of the
leading jet) the two predictions are in agreement within the error bands obtained from the Sherpa scale
variations. Looking at the pt of the third jet, one can observe larger differences which are not covered by
the scale variations, with a harder pt spectrum for Sherpa. This is not completely unexpected given that
Sherpa includes NLO matrix elements for configurations with up to one additional parton, whereas the
Powheg prediction is only accurate to leading order for this configuration.

The uncertainty bands on the Sherpa prediction are smooth and fairly flat. They are dominated by vari-
ations of the renormalization scale. A dependence on the pt spectra can be observed for the uncertainty
bands, with larger uncertainties for higher values of the vector-boson pr, for instance. Looking at the

pr spectrum of the first additional emission (peTXthet), the uncertainties from the scale variations are, as
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Figure 16: Comparisons of (a) the pt of the leptonically decaying W-boson candidate, (b) the leading jet pr, (c) the
pr of the third jet in pr and as (d) the leading dijet invariant mass predicted by Sherpa (along with scale variations)
as well as Powheg+PYTHIAS for W(— {v)W(— gq) final states. The event selection has no b-tagging requirements
on the selected jets.

expected, larger across the whole pr range compared to the uncertainty bands for other more inclusive
variables.
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6.4.2 W(— tv)Z(— ¢qq) final state

The W(— ¢v)Z(— qq) phase space is defined as
e at least two central jets
e exactly one lepton (electron or muon) passing tight selection criteria
¢ no additional leptons passing the loose selection criteria

The leptonically decaying vector boson candidate is reconstructed from the selected lepton and the miss-
ing transverse energy E‘Tniss. Figure 17 shows a comparison of predictions obtained with Powheg+PYTHIA8
and Sherpa for this region of phase space. All distributions are normalized to the predicted cross section
of their respective generator.

The predictions from Powheg+PYTHIA8 and Sherpa for these final states are found to be in fairly good
agreement. For variables less sensitive to the production of additional radiation (as for instance the pr
of the leptonically decaying vector boson, the invariant mass of the leading jets pair or the pr of the
leading jet) the two predictions are in agreement within the error bands obtained from the Sherpa scale
variations. Looking at the pt of the third jet, one can observe larger differences which are not covered by
the scale variations, with a harder pr spectrum for Sherpa. This is not completely unexpected given that
Sherpa includes NLO matrix elements for configurations with up to one additional parton, whereas the
Powheg prediction is only accurate to leading order for this configuration.

The uncertainty bands on the Sherpa prediction are smooth and fairly flat. They are dominated by vari-
ations of the renormalization scale. A dependence on the pt spectra can be observed for the uncertainty
bands, with larger uncertainties for higher values of the vector-boson pr, for instance. Looking at the
pr spectrum of the first additional emission (p;majet), the uncertainties from the scale variations are, as
expected, larger across the whole pt range compared to the uncertainty bands for other more inclusive

variables.
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Figure 17: Comparisons of (a) the pr of the leptonically decaying W-boson candidate, (b) the leading jet pr, (c) the
pr of the third jet in pr and (d) the leading dijet invariant mass predicted by Sherpa (along with its scale variations)
as well as Powheg+PYTHIAS for W(— {v)Z(— qq) final states. The event selection has no b-tagging requirements
on the selected jets.
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Figure 18 shows a comparison of predictions obtained with Sherpa v2.1.1 and Sherpa v2.2.0 for
the same region of phase space. All distributions are normalized to the predicted cross section of their
respective generator. It can be seen that the two versions of Sherpa agree quite well. The overall nor-
malization difference between the two predictions is likely due to different acceptance effects from the
applied selection cuts.
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Figure 18: Comparisons of (a) the pr of the leptonically decaying W-boson candidate, (b) the leading jet pr (c)
the pr of the third jet in pr and (d) the leading dijet invariant mass predicted by Sherpa v2.1.1 (along with scale
variations) as well as Sherpa v2.2.0 for W(— {v)Z(— qq) final states. The event selection has no b-tagging
requirements on the selected jets.
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6.4.3 Z(— tH)W(— qq) final state

The Z(— ¢0)W(— gq) phase space is defined as
e at least two central jets
e exactly two leptons (electrons or muons), at least one of which passing medium selection criteria
¢ no additional leptons passing the loose selection criteria

The leptonically decaying vector boson candidate is reconstructed from the selected leptons. Figure 19
shows a comparison of predictions obtained with Powheg+PYTHIAS8 and Sherpa for this region of phase
space. All distributions are normalized to the predicted cross section of their respective generator.

The predictions from Powheg+PYTHIAS8 and Sherpa for these final states are found to be in fairly good
agreement. For variables less sensitive to the production of additional radiation (as for instance the pr
of the leptonically decaying vector boson, the invariant mass of the leading jets pair or the pr of the
leading jet) the two predictions are in agreement within the error bands obtained from the Sherpa scale
variations. Looking at the pt of the third jet, one can observe larger differences which are not covered by
the scale variations, with a harder pt spectrum for Sherpa. This is not completely unexpected given that
Sherpa includes NLO matrix elements for configurations with up to one additional parton, whereas the
Powheg prediction is only accurate to leading order for this configuration.

The uncertainty bands on the Sherpa prediction are smooth and fairly flat. They are dominated by vari-
ations of the renormalization scale. A dependence on the pr spectra can be observed for the uncertainty
bands, with larger uncertainties for higher values of the vector-boson pr, for instance. Looking at the
pr spectrum of the first additional emission (p5 %), the uncertainties from the scale variations are, as
expected, larger across the whole pr range compared to the uncertainty bands for other more inclusive

variables.
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6.4.4 Z(—> t)Z(— qq) final state

The Z(— ¢0)Z(— qq) phase space is defined as
e at least two central jets
e exactly two leptons (electrons or muons), at least one of which passing medium selection criteria
¢ no additional leptons passing the loose selection criteria

The leptonically decaying vector boson candidate is reconstructed from the selected leptons. Figures 20
and 21 show a comparison of predictions obtained with Powheg+PYTHIA8 and Sherpa for this region
of phase space, except that in the latter figure the two leading jets are also required to be b-tagged. All
distributions are normalized to the predicted cross section of their respective generator.

The predictions from Powheg+PYTHIA8 and Sherpa for these final states are found to be in fairly good
agreement. For variables less sensitive to the production of additional radiation (as for instance the pr
of the leptonically decaying vector boson, the invariant mass of the leading jets pair or the pr of the
leading jet) the two predictions are in agreement within the error bands obtained from the Sherpa scale
variations. Looking at the pt of the third jet, one can observe larger differences which are not covered by
the scale variations, with a harder pr spectrum for Sherpa. This is not completely unexpected given that
Sherpa includes NLO matrix elements for configurations with up to one additional parton, whereas the
Powheg prediction is only accurate to leading order for this configuration.

Similar observations can be made for the phase space with the additional requirement of 2 b-tagged central
jets (see figure 21), although in this case the statistics after applying the b-tagging selection requirement
is substantially reduced, making detailed comparisons more difficult.

The uncertainty bands on the Sherpa prediction are smooth and fairly flat. They are dominated by vari-
ations of the renormalization scale. A dependence on the pr spectra can be observed for the uncertainty
bands, with larger uncertainties for higher values of the vector-boson pr, for instance. Looking at the
pr spectrum of the first additional emission (peTX[raJet), the uncertainties from the scale variations are, as
expected, larger across the whole pr range compared to the uncertainty bands for other more inclusive
variables.
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Figure 20: Comparisons of (a) the pr of the leptonically decaying Z-boson candidate, (b) the leading jet pr, (c) the
pr of the third jet in pr and (d) the leading dijet invariant mass predicted by Sherpa (along with its scale variations)
as well as Powheg+PYTHIAS for Z(— ¢{)Z(— qq) final states. The event selection has no b-tagging requirements

on the selected jets.
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Figure 21: Comparisons of (a) the pr of the leptonically decaying Z-boson candidate, (b) the leading jet pr, (c) the
pr of the third jet in pr and (d) the leading dijet invariant mass predicted by Sherpa (along with its scale variations)
as well as Powheg+PYTHIAS for Z(— ({)Z(— qq) final states. The event selection requires exactly 2 b-tagged jets

among the selected central jets.
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7 Triboson processes

7.1 Generator setup
7.1.1 Sherpa

Matrix elements for all combinations of pp — VVV with V = W*, Z have been generated using Sherpa
v2.1.1 with up to two additional partons in the final state, including full NLO accuracy for the inclusive
process. The setup is based on the one used in [32]. All diagrams with three electroweak couplings
are taken into account, including diagrams involving Higgs propagators. But since these samples use
factorized decays with on-shell vector bosons, the resonant contribution from those diagrams can not
be reached from the 125 GeV Higgs. Processes with bottom quarks in the hard scattering process are
ignored, to avoid contributions from top-quark mediated processes.

Leptonic decay channels have been enabled exclusively, using a factorized on-shell approach. The LO
branching ratios are corrected to comply with the values given by the PDG [33]. No parton-level cuts are
imposed on the generated phase space.

7.1.2 VBFNLO

The VBFNLO v2.7.0 Monte Carlo program [34-36] can generate vector boson fusion, double and triple
vector boson production events at LO and it can also compute the corresponding process cross sections at
NLO in QCD. VBFNLO is used to generate WWW events at LO using the CTEQ6L1 PDF and the dynamic
scale of the mass of the three bosons for both the factorization and renormalization scales. The partonic
events are processed by PYTHIA8 with the same PDF for parton showering. The A14 ATLAS tune [37] is
used for the modeling of non-perturbative effects. The pt of the three charged leptons in the final state is
required to be greater than 5 GeV.
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7.2 Cross sections
7.2.1 Generator cross sections
A summary of the cross sections predicted by Sherpa and VBFNLO is given in table 8. The Sherpa cross

section is lower, because it is missing the contribution from on-shell Higgs-strahlung production due to
the factorized decay setup.

Table 8: Summary of the generator cross sections at /s = 13 TeV predicted by Sherpa and VBFNLO for triboson
final states. Note that the generator-level setup is not identical between the two, so some differences are expected.

Predicted cross sections
Final state Sherpa (fb) VBFNLO (fb)

777 0.316 —
ZZW 1.073 —
ZWW 5.164 —
wWww 8.330 11.03

7.3 Generator comparisons
7.3.1 3£3v final state

In the following, detector-level predictions are shown which originate from a background study performed
in the context of the ATLAS search for supersymmetry in final states with jets and two same-sign leptons
or three leptons [38]. The MC samples are processed through an ATLAS detector simulation [39] based
on Geant4 [40] and are reconstructed in the same manner as the data. All predictions are normalized to
a luminosity of 3.2 fb~!.

The WWW — 3£3y predictions by Sherpa and VBFNLO are compared after an event selection requiring
at least 3 leptons with pr > 10 GeV with the leading two leptons required to have pr > 20 GeV. For
VBFNLO the distributions are also shown after vetoing the Higgs contributions by rejecting the events with
a W*W~ pair with invariant mass in the 123-127 GeV range.

Although the chosen generators are expected to disagree to some extent due to the different accuracies of
the calculations, it is still important to investigate the limitations of each setup in regions of phase space
that analyses expect to be sensitive to, so as to be able to make an informed decision as to which of the
available samples ought to be chosen.

Figure 22 shows selected lepton and jet distributions. Very good agreement is observed between both
generators in terms of shapes after the Higgs contributions are removed in VBFNLO although as expected
the normalization is lower. Larger differences are observed in jet distributions, with Sherpa predicting
larger jet multiplicities (both with a threshold of pr > 20 GeV or pr > 50 GeV).

Figure 23 shows the comparison for global event observables, such as the E%]iss and the effective mass
(meg) defined as the scalar sum of the pr of the signal leptons and jets in the; event plus the EX'**. Similar
observations can be made in this case, with VBFNLO predicting softer ET"** and meg distributions than
Sherpa before subtracting the Higgs contributions, and much more similar shapes after these contribu-
tions are subtracted.
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Figure 22: Several kinematic distributions for WWW — 3£3y MC: pr of the leading lepton (top left), sub-leading
lepton (top right), third leading lepton (middle left), number of jets with pr > 20 GeV (middle right), number of
jets with pr > 50 GeV (bottom). The predictions by Sherpa (in black) are compared with those by VBFNLO (in
red) and by VBFNLO vetoing the Higgs contributions (in blue). The uncertainties are statistical only.
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8 Conclusion

The Monte Carlo setup used by ATLAS to model multi-boson processes in 13 TeV pp collisions was de-
scribed. State-of-the-art generators are utilized which were thoroughly validated and compared with each
other in key kinematic distributions of the processes under study. Generally, good agreement is observed
between the generators, or observed differences are understood based on the varying implementation of
process features in the generators, such as the well-known forward activity excess in Sherpa as well as
the insufficiency of the NLO+PS approach to adequately describe multi-jet configurations. A few differ-
ences remain to be clarified in collaboration with the theory community. The sample normalizations used
by ATLAS were given as well and are generally based on the native generator cross-sections. Systematic
uncertainties such as scale and PDF variations were described for the generators used as well as based on
fixed-order cross section calculations to give an impact on sample normalization.
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