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Overview 

•  Motivation: Vector Boson Scattering  
 
 
•  WZjj: Observation 

–  Phys. Lett B 793 (2019) 469  
 
 
•  Future Prospects in Effective Field Theories 
 

2	  



EWK production contains both VBS and non-VBS processes that 
cannot be dissociated 

Vector Boson Scattering 

• Vector boson scattering (VBS) at the LHC 

• Interaction of massive vector bosons (W, Z) radiated by partons of the 
incoming protons 

• Probe the non-Abelian gauge structure of the EW interactions 

• Key process to investigate electroweak symmetry breaking 

• Typical signature of VBS events: 2 energetic jets and four fermions 

• The scattering diagram can be mediated by Higgs boson 

• Interaction of longitudinally polarized bosons is of particular interest
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EWK	  VVjj	  VBS	   EWK	  VVjj	  non-‐VBS	  

EWK:	  QED<=6,	  QCD=0	   3	  

Main background: 
Diboson QCD production 
in association with two jets 

QCD	  VVjj	  

QCD:	  QCD=2,	  QED=4	  

•  Vector Boson Scattering: interaction of two vector bosons 
radiated from the initial-state quarks, yielding a final state with 
two bosons and two jets, VVjj, in a purely electroweak process  

VBS	  

j	  

j	  



Vector Boson Scattering: Motivation  

•  Vector boson scattering 
(VBS) are rare processes 
predicted by the Standard 
Model.  

•  The Higgs mechanism 
ensures unitarity up to ~1 
TeV 

–  VBS production mechanism 
can restore unitarity at 
higher C.M energies, where 
Higgs mechanism fails 

 
•  VBS allows indirect searches 

of New Physics by studying 
anomalous quartic gauge 
couplings (aQGC) 
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VBS phenomenology 
•  VBS events at LHC have distinct event topology: 

VVjj 
–  Two energetic jets with large di-jet mass (mjj) and 

high rapidity separation 
–  diboson system, centrally produced with respect to 

the two forward jets  
•  Separation from Background (QCD production) 

5	  
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Fig. 2: Di�erential distribution in the di-jet invariant mass mjj (left) and the di�erence of the jet rapidities |∆yjj|
(right) for the three LO contributions to the process pp æ µ+‹µe+‹ejj. The EW contribution is in red, the QCD
one in orange, and the interference one in grey. The sum of all the contributions is in blue. The cuts applied are
the ones of Sec. 3.3 but no cuts on mjj and |∆yjj| are applied.

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.002

0.004

0.006

0.008

0.01

0.012

6α|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

5αsα|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

4α2sα|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

Fig. 3: Double-di�erential distributions in the variables mjj and |∆yjj| for the three LO contributions of orders
O(–6) (top left), O(–s–

5) (top right), and O(–2
s –4) (bottom). The cuts applied are the ones of Sec. 3.3 but no

cuts on mjj and |∆yjj| are applied.
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Fig. 3: Double-di�erential distributions in the variables mjj and |∆yjj| for the three LO contributions of orders
O(–6) (top left), O(–s–

5) (top right), and O(–2
s –4) (bottom). The cuts applied are the ones of Sec. 3.3 but no

cuts on mjj and |∆yjj| are applied.
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7

 (GeV)
2

j
1

jm
0 100 200 300 400 500 600 700 800

  (
fb

/G
eV

)
2j 1j

 / 
dm

σd

0.001−

0

0.001

0.002

0.003

0.004

0.005

0.006
6α

5αsα
4α2sα

 4α2sα + 5αsα +  6α

  (fb/GeV)
2
j

1
j / dmσInclusive study at LO: d

|  
2

j
1

j
 y∆|

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

|  
(fb

)
2j 1j

 y
∆

 / 
d|

σd

0

0.2

0.4

0.6

0.8

1
6α

5αsα
4α2sα

 4α2sα + 5αsα +  6α

|  (fb)
2
j

1
j

 y∆ / d|σInclusive study at LO: d

Fig. 2: Di�erential distribution in the di-jet invariant mass mjj (left) and the di�erence of the jet rapidities |∆yjj|
(right) for the three LO contributions to the process pp æ µ+‹µe+‹ejj. The EW contribution is in red, the QCD
one in orange, and the interference one in grey. The sum of all the contributions is in blue. The cuts applied are
the ones of Sec. 3.3 but no cuts on mjj and |∆yjj| are applied.

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.002

0.004

0.006

0.008

0.01

0.012

6α|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

5αsα|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

 (GeV)jjm
100 200 300 400 500 600 700 800

| jjy
∆|

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

4α2sα|):  
jj

 y∆, |
jj

 (fb) per bin (mσ

Fig. 3: Double-di�erential distributions in the variables mjj and |∆yjj| for the three LO contributions of orders
O(–6) (top left), O(–s–

5) (top right), and O(–2
s –4) (bottom). The cuts applied are the ones of Sec. 3.3 but no

cuts on mjj and |∆yjj| are applied.

Ballestrero	  et	  al.	  

QCD	  

A typical VBS event (W+W+jj)

7

Louis Portales 12

VBS event topology

                                                  

● Up to 6 objects to iden%fy in a single event: 

– Always there: two very forward hadronic jets

– Process-speci@c:  (lepton+ETmiss) and/or opposite charge same Mavor 

lepton pair and/or addi%onal central hadronic jets

Cracow, 15/04/2019Cracow, 15/04/2019



WZjj: Event Selection 

	  
	  
•  Exactly	  3	  leptons:	  

–  |η|<2.5	  
–  pTl,Z>15GeV	  
–  |Mz-‐Mz

PDG|<10	  GeV	  
–  mT

W>30	  GeV	  
•  At	  least	  2	  jets:	  

–  |η|<4.5	  
–  opposite	  hemispheres	  
–  pTj>40GeV	  
–  mjj>150	  GeV	  
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b-‐CR,	  includes	  =V:	  
Nbjets>0	  

QCD-‐CR,	  	  
contains	  WZjj-‐
QCD:	  
Nbjets=0	  ,	  
mJJ<500GeV	  
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Nbjets=0	  ,	  
mJJ>500GeV	  

mJJ	  
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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•  SelecQon	  separated	  in	  3	  orthogonal	  regions	  

p	  	  p	  
l	  

ν	  

l	  	   l	  	   jet	  

jet	  

AddiQonal	  CR	  to	  
beWer	  constrain	  
the	  ZZ	  background,	  
requiring	  4	  leptons	  



Background estimation 

Irreducible	  Background	  
•  WZjj-‐QCD,	  ZZjj,	  WV:	  Use	  MC	  

simulaQon	  and	  control	  regions	  to	  
beWer	  constrain	  them	  

–  QCD:	  dominant	  background	  
–  ZZjj:	  second	  dominant	  background	  	  

•  VVV,	  tZj:	  Use	  MC	  simulaQon	  to	  
model	  them	  

	  

7	  

Reducible	  Background	  
•  Z+j,	  Zγ,	  Wbar,	  Wt,	  WW:	  Data-‐driven	  

method	  	  based	  on	  the	  inversion	  of	  a	  
global	  matrix	  containing	  the	  efficiencies	  
and	  the	  misidenQficaQon	  probabiliQes	  
for	  prompt	  and	  fake	  leptons	  	  

	  

WZ-EW 24.9

WZjj-QCD 144

Misid. leptons 9.8

ZZjj-QCD 8.1

tZj 6.5

ttV 4.21

ZZjj-EW 1.8

VVV 0.59



Signal Extraction 

•  Given the small contribution of the WZjj-EWK 
to the signal, 

•  Multivariate discriminant is used to separate 
the signal from the backgrounds 

•  BDT trained in the signal region  
•  15 variables chosen for their discrimination 

power between signal and all backgrounds 

8	  
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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•  The electroweak production of W±Z bosons in association with two jets is 
measured with observed significance of 5.3σ.  

 

Cross section Measurement 

•  A maximum likelihood Simultaneous Fit is performed in 
the SR and 3 CRs 

•  Systematic uncertainties are taken into account as well 
as their correlations in the 4 fitted regions 

•  EWK-QCD interference is taken into account and 
treated as part of the signal 

•  Theory modelling: A global modelling uncertainty in the 
WZjj-EW signal template is estimated by comparing 
predictions of the BDT score distribution in the signal 
region from the Sherpa and MG MC event generators. 

–  affects the shape of the BDT score distribution by at 
most 14% at large values of the BDT score.  
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10 Conclusion

An observation of electroweak production of a diboson W±Z system in association with two jets and
measurements of its production cross-section in

p
s = 13 TeV pp collisions at the LHC are presented. The

data were collected with the ATLAS detector and correspond to an integrated luminosity of 36.1 fb�1.
The measurements use leptonic decays of the gauge bosons into electrons or muons and are performed
in a fiducial phase space approximating the detector acceptance that increases the sensitivity to W±Z j j
electroweak production modes.

The electroweak production of W±Z bosons in association with two jets is measured with observed and
expected significances of 5.3 and 3.2 standard deviations, respectively. The measured fiducial cross-
section for electroweak production including interference e�ects is

�
WZj j�EW = 0.57 +0.14

�0.13 (stat.) +0.05
�0.04 (exp. syst.) +0.05

�0.04 (mod. syst.) +0.01
�0.01 (lumi.) fb.

It is found to be larger than the LO SM prediction of 0.32 ± 0.03 fb as calculated with the S�����
MC event generator that includes neither interference e�ects, estimated at LO to be 10%, nor NLO
electroweak corrections. Di�erential cross-sections of W±Z j j production, including both the strong
and electroweak processes, are also measured in the same fiducial phase space as a function of several
kinematic observables.
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A 40% yield uncertainty is assigned to the reducible background estimate. This takes into account the
limited number of events in the control regions as well as the di�erences in background composition
between the control regions used to determine the lepton misidentification rate and the control regions
used to estimate the yield in the signal region. The uncertainty due to irreducible background sources
other than W Z j j�QCD is evaluated by propagating the uncertainty in their MC cross-sections. These
are 20% for VVV [59], 15% for tZ j [10] and tt̄ + V [60], and 25% for Z Z j j�QCD to account for the
potentially large impact of scale variations.

The uncertainty in the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following
a methodology similar to that detailed in Ref. [61], and using the LUCID-2 detector for the baseline
luminosity measurements [62], from a calibration of the luminosity scale using x–y beam-separation
scans.

The e�ect of the systematic uncertainties on the final results after the maximum-likelihood fit is shown
in Table 2 where the breakdown of the contributions to the uncertainties in the measured fiducial cross-
section �fid.

WZj j�EW is presented. The individual sources of systematic uncertainty are combined into
theory modelling and experimental categories. As shown in the table, the systematic uncertainties in the
jet reconstruction and calibration play a dominant role, followed by the uncertainties in the modelling
of the W Z j j�EW signal and of the W Z j j�QCD background. Systematic uncertainties in the missing
transverse momentum computation arise directly from the momentum and energy calibration of jets,
electrons and muons and are included in the respective lines of Table 2. Systematic uncertainties in the
modelling of the reducible and irreducible backgrounds other than W Z j j�QCD are also detailed.

Table 2: Summary of the relative uncertainties in the measured fiducial cross-section �fid.
WZj j�EW. The uncertainties

are reported as percentages.

Source Uncertainty [%]

W Z j j�EW theory modelling 4.8
W Z j j�QCD theory modelling 5.2
W Z j j�EW and W Z j j�QCD interference 1.9

Jets 6.6
Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8

Luminosity 2.1

Total Systematics 10.9
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Differential Cross Sections 

•  Events in the SR are also 
used to measure the WZjj 
differential production cross-
section in the VBS fiducial 
phase space 

•  Data are unfolded using an 
Iterative Bayesian unfolding 
method  

•  Differential cross section 
measurements in variables 
sensitive to aQGCs for future 
studies: mTWZ, ΣpTl, ΔΦ(W,Z) 
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Figure 3: The measured W±Z j j di�erential cross-section in the VBS fiducial phase space as a function of (a)Õ
p`T, (b) ��(W, Z) and (c) mWZ

T . The inner and outer error bars on the data points represent the statistical
and total uncertainties, respectively. The measurements are compared with the sum of the rescaled W Z j j�QCD
and W Z j j�EW predictions from S����� (solid line). The W Z j j�EW and W Z j j�QCD contributions are also
represented by dashed and dashed-dotted lines, respectively. In (a) and (c), the right y-axis refers to the last cross-
section point, separated from the others by a vertical dashed line, as this last bin is integrated up to the maximum
value reached in the phase space. The lower panels show the ratios of the data to the predictions from S�����. The
uncertainty on the S����� prediction is dominated by the QCD scale uncertainty on the W Z j j�QCD predicted
cross-section, whose envelope is of +30

�20% and it is not represented on the figure.
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Figure 3: The measured W±Z j j di�erential cross-section in the VBS fiducial phase space as a function of (a)Õ
p`T, (b) ��(W, Z) and (c) mWZ

T . The inner and outer error bars on the data points represent the statistical
and total uncertainties, respectively. The measurements are compared with the sum of the rescaled W Z j j�QCD
and W Z j j�EW predictions from S����� (solid line). The W Z j j�EW and W Z j j�QCD contributions are also
represented by dashed and dashed-dotted lines, respectively. In (a) and (c), the right y-axis refers to the last cross-
section point, separated from the others by a vertical dashed line, as this last bin is integrated up to the maximum
value reached in the phase space. The lower panels show the ratios of the data to the predictions from S�����. The
uncertainty on the S����� prediction is dominated by the QCD scale uncertainty on the W Z j j�QCD predicted
cross-section, whose envelope is of +30

�20% and it is not represented on the figure.
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3 Introduction - I 
⬩  No hints for NP through direct searches, increased interest for indirect searches 
⬩  The SM Effective Field Theory (EFT) emerges as the tool to look for deviations from 

the SM 
⬩  Expansion of the SM Lagrangian in series of higher dimensional operators  
 

 
⬩  Dim-6 and Dim-8 operators expected to play role in diboson final states 
⬩  EFT parameters that represent the strength of the new couplings  
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the Higgs boson unitarizes this process fully or only partially. These detailed studies will help in a more288

detailed study of the EWSB mechanism and may also be sensitive to signatures of physics beyond the SM.289

Such investigations of the longitudinal VBS processes in only feasible at the LHC.290

The VBS topology consists of a proton�proton collision with two initial quarks that each radiate an291

electroweak boson. The two bosons subsequently scatter and then decay. The two outgoing quarks are292

often close to the beam direction. Multiple processes can produce the same final state of two bosons (V)293

and two jets ( j) from the fragmentation of the two outgoing quarks (VV j j). The classification of these294

processes with a final state of two vector bosons (V) and two jets ( j) from the fragmentation of the two295

outgoing quarks (VV j j), ignoring the fermionic decay of the vector bosons.296

The production of VV j j at tree level is composed of electroweak production involving only electroweak-297

interaction vertices (denoted by “VV jj-EW”), and strong production involving at least one strong-298

interaction vertex (denoted by “VV jj-QCD”). The electroweak production is further categorized into299

two components. The first component is the EW VBS production with actual scattering of the two elec-300

troweak bosons. The scattering occurs via triple or quartic gauge vertices, the s- and t-channel exchange301

of a Higgs boson, or a W/Z boson (throughout this note, the notation “Z boson” means “Z/�⇤ boson”,302

unless specified otherwise). The second component is the EW non-VBS production with electroweak303

vertices only, where the two bosons do not scatter. The EW non-VBS component cannot be separated304

from the EW VBS component in a gauge invariant way. It is therefore included in the signal generation305

and cannot be distinguished from the EW VBS. Triboson production with one of the bosons decaying306

hadronically also yields the same VV j j final state. Such processes only contain electroweak interactions307

and are gauge invariantly separable from the EW VBS contribution. However, the resonant decay of a308

boson into two quarks can be suppressed by applying a requirement on the invariant mass of the two309

quarks. As a consequence, triboson processes are suppressed in the EW VBS signal region.310

Representative Feynman diagrams at tree level are shown in Figure 1 for EW VBS production, in Figure 2311

for EW non-VBS production, and in Figure 3 for VV jj-QCD production.312 VBS (larger):
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Figure 1: Representative Feynman diagrams for VV jj-EW production with a scattering topology including either
a triple gauge boson vertex with production of a W/Z boson in the s-channel (top left diagram), the t-channel
exchange (top middle diagram), quartic gauge boson vertex (top right diagram), or the exchange of a Higgs boson
in the s-channel (bottom left diagram) and t-channel (bottom right diagram). The lines are labeled by quarks (q),
vector bosons (V = W , Z), and fermions ( f ).
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• Vector boson scattering (VBS) at the LHC 

• Interaction of massive vector bosons (W, Z) radiated by partons of the 
incoming protons 

• Probe the non-Abelian gauge structure of the EW interactions 

• Key process to investigate electroweak symmetry breaking 

• Typical signature of VBS events: 2 energetic jets and four fermions 

• The scattering diagram can be mediated by Higgs boson 

• Interaction of longitudinally polarized bosons is of particular interest
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TGCsàDim6	  	  

HVVàDim6	  	  

QGCsà	  
Dim6,	  
Dim8	  

•  EFTs emerge as the tool to look for deviations from 
the standard model 

•  Unknown physics reachable at very high energies 
can be parametrized as extension of SM in an 
expansion in terms of Dim-6 (Oi) and Dim-8 (Oj)  

•  aQGCs can be parametrized in terms of Dim-8 
operators, by the assumption that the Dim-6 can 
already be constrained elsewhere 

•  Use EFT parameterization from 
Eboli, Gonzales-Garcia model 

•  Measurements of aQGC  à constrain the following 
operators: fS0/Λ2, fS1/Λ2, fT0/Λ2, fT1/Λ2, fT2/Λ2, fM0/Λ2, 
fM1/Λ2 

•  Plan to reinterpret the existing data using EFT MC 
predictions of D8 operators 



Conclusions 

•  Run II of the LHC provides access to the Vector Boson Scattering 
•  First observation of Electroweak WZjj production with 36fb-1 
•  Fiducial cross section measurement and differential cross sections provided 
•  EFTs is the tool to look for BSM effects and WZjj serves as a good 

candidate for the search 
•  With the full Run II data, improved cross section sensitivity can be achieved 
•  Better limits in Effective Field theory operators are expected with higher 

statistic and after combining the results with other final states 
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Thank you for your attention! 
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Backup: WZjj selection 
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Electron object selection

Selection Baseline selection Z selection W selection

pT > 5 GeV
Electron object quality
|⌘cluster| < 2.47, |⌘| < 2.5

LooseLH+BLayer identification
|dBL

0 /�(dBL
0 )| < 5

|�zBL
0 sin ✓| < 0.5 mm

LooseTrackOnly isolation
e-to-µ and e-to-e overlap removal

e-to-jets overlap removal
pT > 15 GeV

Exclude 1.37 < |⌘cluster| < 1.52
MediumLH identification

Gradient isolation

pT > 20 GeV
TightLH identification
Unambiguous author

Table 3: Three levels of electron object selection used in the analysis.

isolation e�ciencies of muons in MC are corrected using the MuonEfficiencyCorrections package467

with the latest recommendations provided by the MCP group [39].468

Electron and muon e�ciencies for triggers, that are defined ahead in sec. 5.5, are used to derermine469

trigger event scale factors. The event trigger e�ciency can be translated as a probability of an event to470

be recorded by one of the triggers used in the analysis. The probability of a multi-lepton final state event471

to be recorded is higher than for a single-lepton event, since each of the leptons can independently fire a472

trigger. The trigger e�ciency of a three-lepton event can be determined using the e�ciencies of each of473

the leptons according to the following:474

"trig.
`1`2`3 = 1 � "̄ trig.

`1 · "̄ trig.
`2 · "̄ trig.

`3 , (5)

where the ine�ciency "̄ trig.
`i is defined as "̄ trig.

`i = 1 � " trig.
`i . Following expression (4), the event trigger SF475

can be determined as476

SFtrig.,event =
1 � (1 � " trig., Data

`1 ) · (1 � " trig., Data
`2 ) · (1 � " trig., Data

`3 )

1 � (1 � " trig., MC
`1 ) · (1 � " trig., MC

`2 ) · (1 � " trig., MC
`3 )

=

=
1 � (1 � " trig., MC

`1 · SFtrig.
`1 ) · (1 � " trig., MC

`2 · SFtrig.
`2 ) · (1 � " trig., MC

`3 · SFtrig.
`3 )

1 � (1 � " trig., MC
`1 ) · (1 � " trig., MC

`2 ) · (1 � " trig., MC
`3 )

. (6)
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selection [30]. Therefore, the transverse impact parameter significance of the muon ID tracks is required408

to satisfy |dBL
0 /�(dBL

0 )| < 3, and the longitudinal impact parameter is required to satisfy |�zBL
0 sin ✓| <409

0.5 mm. Both impact parameters are calculated with respect to the beam line (BL). Baseline muons410

are required to pass the Loose quality selection determined by the MuonSelectionTool [31]. Loose411

muons include calorimeter-tagged muons, unlike the Medium quality working point, which is used for Z412

muons and the Tight working point used for the W muons. Baseline and Z muons are required to pass413

the FixedCutLoose isolation requirement, which implies calo isolation of topoetcone20/pT< 0.2 and414

track isolation of ptvarcone20/pT< 0.15. W muons must pass the Gradient requirement, that combines415

calo and track isolation information, topoetcone20/pT and ptvarcone30, with a gradient e�ciency of416

✏ = (0.1143⇤pT[GeV]+92.14)%, tuned for a targeted e�ciency of 95% (99%) for pT = 20 (80) GeV [32].417

Finally, an overlap removal procedure is applied to Z and W muons only, in order to separate prompt418

muons from those originating from the decay of hadrons in a jet. A muon is removed if it overlaps within419

�R < 0.4 with a jet that has more than or exactly 3 tracks [33]. No overlap removal procedure is applied420

to baseline muons.421

Muon object selection

Selection Baseline selection Z selection W selection

pT > 5 GeV
|⌘| < 2.7

Loose quality
|dBL

0 /�(dBL
0 )| < 3 (for |⌘| < 2.5 only)

|�zBL
0 sin ✓| < 0.5 mm (for |⌘| < 2.5 only)

FixedCutLoose isolation

µ-jet Overlap Removal
pT > 15 GeV
|⌘| < 2.5

Medium quality

pT > 20 GeV
Tight quality

Gradient isolation

Table 2: Three levels of muon object selection used in the analysis.

5.1.2 Electron object selection422

Electrons in ATLAS are reconstructed from clusters of energy deposits in the electromagnetic calori-423

meter, matched to an ID track. The momentum of raw reconstructed electrons is calibrated using the424

ElectronPhotonFourMomentumCorrection package [34]. All electrons are required to pass object425

quality requirements, that ensures rejection of electrons with clusters a↵ected by the presence of dead426

FEB and high voltage regions of the detector. The three levels of selection applied to candidate electrons427

are summarized in Table 3. The di↵erent electron selection criteria used, especially the identification428

29th August 2018 – 02:37 17

DRAFT

in previous analysis as it was be found that the systematic uncertainty related to the jet energy scale573

is drastically lower with this new cut. The leading tagging jet is selected as the jet with the highest574

transverse momentum in the event, independently of its position. The second tagging jet is selected as the575

highest transverse momentum jet in the opposite hemisphere, among the remaining jets. To reduce the576

contribution of triboson background, events for which the invariant mass of the two tagging jets is smaller577

than 150 GeV are not considered.578

The WZ j j event selection defined is then divided in three orthogonal sub-regions. First, a cut on the579

number of b jets is applied, from which a control region for tt̄ + V background (b-CR) is defined, requir-580

ing at least one b-jet. Jets in the central region with pT > 25 GeV containing b-hadrons are tagged581

using the multivariate discriminant MV2c10 with the 70% b-tagging e�ciency working point for the582

AntiKt4EMTopoJets collection. The flavour tagging e�ciencies are corrected based on data-driven583

calibration analyses. These b-jets are also used to define the ZZ j j control region (see section 6.3.2).584

From the events with Nb� jet = 0, a control region for the dominant QCD background (QCD-CR) is585

defined by requiring m j j < 500 GeV. The remaining phase space defines the signal region (SR). The data586

in this signal region are blind.587

WZ j j Event selection

Jet multiplicity � 2
pT of two tagging jets > 40 GeV
|⌘| of two tagging jets < 4.5
⌘ of two tagging jets opposite sign

m j j > 150 GeV

WZ j j b-CR

Nb�jet > 0

WZ j j QCD-CR

Nb�jet = 0
m j j < 500 GeV

WZ j j SR

Nb�jet = 0
m j j > 500 GeV

Table 5: The analysis event selection for the WZ j j-EW measurement and the three sub-regions.

5.7 Reconstruction of kinematic observables of the W boson and of the WZ system588

To reconstruct the four-vector of the W boson, there is an ambiguity due to the incomplete knowledge of589

the neutrino four-vector. Since we can only measure missing transverse energy, the equation E2 = P2+M2
590

is solved using the x and y components of the missing transverse energy Emiss
T and the four-vector of the591

charged lepton assigned to the W boson in order to estimate the longitudinal momentum pz of the neutrino592

four-vector. Two solutions exist for pz. If there are two real solutions, the one with the smaller magnitude593

is chosen. If there is no real solutions, the real part of the solution with the smaller magnitude is chosen.594
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is optimized to find prompt electron and muon candidates with as wide kinematic acceptance as possible.553

Thus, baseline muons before any overlap removal, and baseline electrons that survive overlap removal554

with muons are used for counting the number of leptons for the ZZ veto. The studies on the control of ZZ555

background are detailed in section 6.3. WZ candidate events are required to have exactly three leptons556

passing the Z lepton identification selection. A Z boson candidate is built by requiring two selected557

leptons of the same flavour that are oppositely charged (SFOC). If more than one pair of leptons builds a558

Z candidate, the pair with m`` closest to the Z boson mass is taken. The W boson candidate is selected by559

requiring the third remaining lepton to pass the W lepton selection. The transverse momentum threshold560

of the leading lepton is increased to 25 GeV for the 2015 sample and to 27 GeV for 2016 to increase the561

chances that the lepton firing the trigger is above the trigger e�ciency turn-on curve. The SFOC lepton562

pair is required to have an invariant mass within 10 GeV of the Z boson mass. Finally, the transverse563

mass of the W candidate is required to be above 30 GeV. The transverse mass is defined as:564

mW
T =

q
2p`TEmiss

T (1 � cos��) . (7)

Inclusive event selection

Event cleaning Reject LAr, Tile and SCT corrupted events and incomplete events
Primary vertex Hard scattering vertex with at least two tracks

MC trigger (2015) HLT_e24_lhmedium_L1EM18VH || HLT_e60_lhmedium || HLT_e120_lhloose
HLT_mu20_iloose_L1MU15 || HLT_mu50

Data trigger (2015) HLT_e24_lhmedium_L1EM20VH || HLT_e60_lhmedium || HLT_e120_lhloose
HLT_mu20_iloose_L1MU15 || HLT_mu50

Trigger (2016) HLT_e26_lhtight_nod0_ivarloose || HLT_e60_lhmedium_nod0 || HLT_e140_lhloose_nod0
HLT_mu26_ivarmedium || HLT_mu50

ZZ veto Less than 4 baseline leptons
N leptons Exactly three leptons passing the Z lepton selection

Leading lepton pT plead
T > 25 GeV (in 2015) or plead

T > 27 GeV (in 2016)
Z leptons Two same flavor oppositely charged leptons passing Z lepton selection

Mass window |M`` � MZ | < 10 GeV
W lepton Remaining lepton passes W selection

W transverse mass mW
T > 30 GeV

Table 4: Overview of the inclusive event selection.

5.6 Event selection for the WZ j j-EW measurement565

For the study of the electroweak WZ j j production (WZ j j-EW), a more restrictive event selection than566

for the inclusive analysis is defined. The selection of WZ j j candidate events is summarized in Table 5. It567

will be referred as the “WZ j j event selection” hereafter. This selection is applied after the inclusive W±Z568

selection summarised in Table 4.569

The corresponding requirements are based on the kinematics of the jets associated to the events. Events570

are required to be associated with at least two VBS tagging jets, with a transverse momentum greater571

than 40 GeV and with opposite sign pseudo-rapidity. The transverse momentum cut value is higher than572
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Backup: BDT input variables 

•  For the BDT, the classification is performed using 15 selected input variables, 
which can be classified in three categories:  

15	  

Variables related 
to the kinematics 
of the tagging 
jets: 
–  mjj 
–  Njets 
–  pT

j1 pT
j2 

–  ηj1 
–  Δη(j1,j2) 
–  Δφ(j1,j2) 

Variables related 
to the kinematics 
of the vector 
bosons: 
–  |yl,W-yl,Z| 
–  pT

W pT
Z 

–  ηW 
–  mT

WZ
 

 
  

Variables 
related to the 
kinematics of 
the vector 
bosons: 
–  ΔR(j1,Z) 
–  RpT

hard 
–  ζlep 

  


