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• Electroweak (“EW”) Wjj production measurement at 7 and 8 TeV 
• Submitted to EPJC – available on arXiv 
• Observation of electroweak W-boson production in the VBF topology 
• Fiducial and (for the first time) differential measurements 

• Focus on variables sensitive to kinematic differences of QCD and EW Wjj production 
• TGC vertex is a probe for new physics beyond the Standard Model 

• Limits on anomalous TGC are set using an aTGC or EFT framework 

• EW Zjj production measurement at 13 TeV (3.2 fb–1, 2015 data) 
• Available on arXiv imminently 
• Fiducial cross sections measured in regions enriched with EW Zjj 
• Inclusive cross section measured in six fiducial regions with varying contributions from QCD 

and EW production
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1 Introduction19

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced20

predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-21

Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge22

boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),23

is a much rarer process. Such VBF processes for vector-boson production are, however, of great interest24

as a ‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the25

search for weakly interacting particles beyond the Standard Model.26

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production27

mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence28

of two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity29

(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of30

the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic31

systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less32

likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than33

corresponding QCD-Zjj events.34
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Figure 1: Examples of leading-order Feynman diagrams for the two production mechanisms for a leptonically
decaying Z boson and at least two jets (Zjj) in proton–proton collisions; (a) QCD radiation from the incoming
partons (QCD-Zjj) and (b) t-channel exchange of an EW gauge boson (EW-Zjj).

The first observation of the EW-Zjj process and a measurement of the corresponding fiducial cross-section35

was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (
p

s) of 8 TeV [1].36

The measurement is in agreement with predictions from the P����� generator [2–4] and allowed limits to37

be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production at
p

s = 8 TeV38

has also been measured by the CMS Collaboration [5]. This Letter presents measurements of the cross-39

section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp collisions40

at
p

s = 13 TeV using data corresponding to an integrated luminosity of 3.2 fb≠1 collected by the ATLAS41

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis along the beam pipe. In the transverse plane the x-axis points from the interaction point to the centre of the LHC
ring, the y-axis points upward, and � is the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the
polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E and pz are the energy
and longitudinal momentum respectively. An angular separation between two objects is defined as �R =

q
(��)2 + (�⌘)2,

where �� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.

12th June 2017 – 17:38 2

VBF W VBF Z

https://arxiv.org/abs/1703.04362


K. Brendlinger Measurements of Vector Boson Fusion with the ATLAS detector 3

Wjj – Motivation
Strong (QCD) Wjj 

production (Background)
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• Two high-pT jets with large invariant mass MJJ 

• EW production: 
• W boson inside the rapidity range of two jets 
• No additional jets in the rapidity range between jets (absence of color connection between incoming partons) 

• QCD “background”: 
• MJJ typically lower than in EW production 
• W boson can be outside the rapidity “gap” of leading jets 
• Additional jet radiation allowed inside rapidity gap between leading jets

Electroweak Wjj production (Signal)
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–0.4

+0.4

–0.5
+0.5• Basic Wjj (W→ v) selection: 

• 1 triggered lepton (pT > 25 GeV) 
• ETmiss > 20 GeV,   MT( ,ETmiss) > 40 GeV 
• 2 high-pT jets with MJJ > 500 GeV 

• Discriminate EW from QCD Wjj using  
Jet and Lepton centrality: 
• 1 lepton inside the dijet rapidity gap 
• No additional jets inside the rapidity gap 

• Control / validation regions defined using lepton 
and jet centrality 
• Constrain QCD Wjj using forward lepton control region  

(0 central leptons or jets)  
• Validation region with ≥1 central jet, 1 central lepton

4

Wjj Event Selection, Definition of Fiducial Regions

jets. The highest-pT jet is required to have p j1
T > 80 GeV and the second jet must have p j2

T > 60 GeV.
To isolate events with a W boson, a veto is imposed on events with a second same-flavour lepton with
pT > 20 GeV; these leptons are identified in data using relaxed isolation and impact parameter criteria. A
minimum cut on the transverse mass, mT > 40 GeV, of the W-boson candidate is additionally imposed,
where mT is defined by:

mT =

q
2pT · Emiss

T

h
1 � cos��(`, Emiss

T )
i
.

Jets are selected in data if they have |⌘| < 4.4 and �R( j, `) > 0.3. A VBF topology is selected by requiring
the invariant mass of the dijet system defined by the two highest-pT jets to satisfy M j j > 500 GeV, and
the absolute value of the rapidity separation of the jets to satisfy �y( j1, j2) > 2.

3.2 Definitions of the measurement regions

The above preselection defines an inclusive fiducial region, which is then split into four orthogonal fiducial
regions defined by the presence or absence of the lepton or an additional jet in a “central” rapidity range
between the two highest-pT jets. The signal EW W j j process is characterized by a lepton and no jets in
the central rapidity range. This range is determined by the centrality variable C` or C j for the lepton or
jets respectively:

C` ( j) ⌘
�������
y` ( j) � y1+y22
y1 � y2

�������
, (1)

where y` ( j) is the rapidity of the candidate lepton (jet), and y1 and y2 are the rapidities of the highest-pT
(leading) and next-highest-pT (subleading) jets. Requiring the centrality to be below a value Cmax defines
the selection of a rapidity range centred on the mean rapidity of the leading jets, i.e.,

y1 + y2
2

�Cmax ⇥ (y1 � y2),
y1 + y2

2
+Cmax ⇥ (y1 � y2)

�
, (2)

as illustrated in Figure 3. For Cmax = 0.5, the interval spans the entire rapidity region between the two
jets; the number of jets within this interval is denoted Ngap

jets . In defining the electroweak W j j signal region,
Cmax = 0.4 is used to count the number of leptons (Ncen

lepton) or jets (Ncen
jets ) within the range. A value of

Cmax = 0.4 permits an event with the emission of an additional jet close to one of the two highest-pT jets
to be retained as a candidate signal event.

The fiducial regions are illustrated in Figure 4. The signal process is characterized by a W boson in the
rapidity range spanned by the two jets (Figure 1), with no jets in this range due to the absence of colour
flow between the interacting partons. An event is therefore defined as being in the electroweak-enhanced
signal region if the identified lepton is reconstructed in the rapidity region defined by Eq. (2) and no
additional jets are reconstructed in this interval. A QCD-enhanced forward-lepton control fiducial region
is defined by the requirement that neither the identified lepton nor any additional jets be present in the
central rapidity interval. A second QCD-enhanced central-jet validation region is defined by events hav-
ing both the identified lepton and at least one additional jet reconstructed in the central rapidity interval.
These three orthogonal fiducial regions are used in Section 5 to constrain the modelling of QCD W j j pro-
duction from data, extract the EW W j j production cross section, and validate the QCD W j j modelling,
respectively.

For the determination of unfolded di↵erential cross sections presented in Section 6, four additional fidu-
cial regions are studied: the inclusive region for the progressively more restrictive dijet invariant mass

9

Centrality:



K. Brendlinger Measurements of Vector Boson Fusion with the ATLAS detector

• QCD- and EW-Wjj fractions are obtained using fit to the 
MJJ spectrum with MC 
• QCD MC suffers from mismodeling in MJJ spectrum; constrained 

using forward lepton control region 

• Other backgrounds: 
• Multijet production, constrained using data-driven techniques 
• Top quarks, Zjj, dibosons (modeled using MC)

5

EW Wjj Measurement Method
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• EW Wjj production measured at 7 and 8 TeV 
in the signal region (MJJ>0.5 TeV) 

• 24% uncertainty in 7 TeV measurement 
• 18% uncertainty in 8 TeV measurement  

• QCD+EW Wjj measured in inclusive regions 
(no Cj or C  requirements) and control regions

6

Fiducial Measurement Results

p
s �fid

meas [fb] �fid
SM [fb] Acceptance A �inc

meas [fb]

7 TeV 144± 23 (stat) ± 23 (exp) ± 13 (th) 144± 11 0.053± 0.004 2760± 670

8 TeV 159± 10 (stat) ± 17 (exp) ± 20 (th) 198± 12 0.058± 0.003 2890± 510

Measured EW Wjj production (MJJ>0.5 TeV)

Powheg+Pythia8 Prediction

Table 6: Measured fiducial cross sections of electroweak W j j production in a single lepton channel, compared to
NLO QCD predictions from Powheg + Pythia8. The acceptances and the inclusive measured production cross
sections with pT > 20 GeV jets are also shown.

p
s �fid

meas [fb] �fid
SM [fb] AcceptanceA �inc

meas [fb]

7 TeV 144 ± 23 (stat) ± 23 (exp) ± 13 (th) 144 ± 11 0.053 ± 0.004 2760 ± 670
8 TeV 159 ± 10 (stat) ± 17 (exp) ± 20 (th) 198 ± 12 0.058 ± 0.003 2890 ± 510

 normalized to SM predictionB⋅σ
0.6 0.8 1 1.2 1.4 1.6 1.8

LHC electroweak Xjj production measurements ATLAS

=7 TeVsATLAS EW Wjj 
This paper (CERN-EP-2017-008)

Stat. uncertainty Total uncertainty Theory uncertainty

=8 TeVsATLAS EW Wjj 
This paper (CERN-EP-2017-008)

=8 TeVsCMS EW Wjj 
JHEP 1611 (2016) 147

=8 TeVsATLAS EW Zjj 
JHEP 1404 (2014) 031

=8 TeVsCMS EW Zjj 
Eur.Phys.J. C75 (2015) 66

=8 TeVsLHC EW Higgs 
JHEP 1608 (2016) 045

Figure 10: Measurements of the cross section times branching fractions of electroweak production of a single W,
Z, or Higgs boson at high dijet invariant mass, divided by the SM predictions (Powheg +Pythia8 for ATLAS,
Madgraph +Pythia8 for CMS, and Powheg +Pythia8 for the LHC combination). The lighter shaded band (where
shown) represents the statistical uncertainty of the measurement, the outer darker band represents the total meas-
urement uncertainty. Theoretical uncertainties in the SM prediction are represented by the shaded region centred at
unity.
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• Differential measurements are made for QCD+EW Wjj (in inclusive signal regions) as well 
as EW-only Wjj in high-MJJ regions 

• For EW-only differential definitions, QCD normalization factor measured earlier 

• Focus on differential distributions that discriminate between QCD and EW Wjj production 
• MJJ, CJ, C , ∆y(j1,j2), Nj,gap 

• Also differential distributions with sensitivity to anomalous TGCs 
• pTj1, pTjj, ∆φ(j1,j2)

7

Differential Cross Section Measurements

MJJ>0.5 TeV 
QCD+EW

MJJ>1.0 TeV 
EW-Only

QCD-only 
predictions for 
comparison
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• Anomalous coupling measurements performed in 
high-q2 region 
• MJJ > 1 TeV,  pT,j1 > 600 GeV 

• Sensitive differential variables: 
• pTj1, pTjj, ∆φ(j1,j2) (CP-violating couplings) 

• Limits placed on aTGC effective Lagrangian 
couplings, as well as on EFT parameters

8

Limits on aTGC
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• Measurement at 13 TeV using 3.2 fb–1 of data collected in 2015 

• QCD+EW Zjj production measured in 4 fiducial regions 

• EW-only Zjj production measured in 2 regions designed to enhance EW signal: 
• High dijet MJJ (either MJJ > 250 GeV or MJJ > 1 TeV) 
• A central jet veto to suppress QCD production 

• EW-only measurement: Fit EW and QCD Zjj components in the MJJ distribution 

9

Zjj @ 13 TeV: Event Selection 
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1 Introduction19

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced20

predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-21

Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge22

boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),23

is a much rarer process. Such VBF processes for vector-boson production are, however, of great interest24

as a ‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the25

search for weakly interacting particles beyond the Standard Model.26

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production27

mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence28

of two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity29

(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of30

the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic31

systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less32

likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than33

corresponding QCD-Zjj events.34
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(a) QCD-Zjj.
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(b) EW-Zjj.

Figure 1: Examples of leading-order Feynman diagrams for the two production mechanisms for a leptonically
decaying Z boson and at least two jets (Zjj) in proton–proton collisions; (a) QCD radiation from the incoming
partons (QCD-Zjj) and (b) t-channel exchange of an EW gauge boson (EW-Zjj).

The first observation of the EW-Zjj process and a measurement of the corresponding fiducial cross-section35

was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (
p

s) of 8 TeV [1].36

The measurement is in agreement with predictions from the P����� generator [2–4] and allowed limits to37

be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production at
p

s = 8 TeV38

has also been measured by the CMS Collaboration [5]. This Letter presents measurements of the cross-39

section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp collisions40

at
p

s = 13 TeV using data corresponding to an integrated luminosity of 3.2 fb≠1 collected by the ATLAS41

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis along the beam pipe. In the transverse plane the x-axis points from the interaction point to the centre of the LHC
ring, the y-axis points upward, and � is the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the
polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E and pz are the energy
and longitudinal momentum respectively. An angular separation between two objects is defined as �R =

q
(��)2 + (�⌘)2,

where �� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced20

predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-21

Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge22

boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),23

is a much rarer process. Such VBF processes for vector-boson production are, however, of great interest24

as a ‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the25

search for weakly interacting particles beyond the Standard Model.26

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production27

mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence28

of two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity29

(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of30

the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic31

systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less32

likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than33

corresponding QCD-Zjj events.34
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Figure 1: Examples of leading-order Feynman diagrams for the two production mechanisms for a leptonically
decaying Z boson and at least two jets (Zjj) in proton–proton collisions; (a) QCD radiation from the incoming
partons (QCD-Zjj) and (b) t-channel exchange of an EW gauge boson (EW-Zjj).

The first observation of the EW-Zjj process and a measurement of the corresponding fiducial cross-section35

was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (
p

s) of 8 TeV [1].36

The measurement is in agreement with predictions from the P����� generator [2–4] and allowed limits to37

be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production at
p

s = 8 TeV38

has also been measured by the CMS Collaboration [5]. This Letter presents measurements of the cross-39

section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp collisions40

at
p

s = 13 TeV using data corresponding to an integrated luminosity of 3.2 fb≠1 collected by the ATLAS41

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis along the beam pipe. In the transverse plane the x-axis points from the interaction point to the centre of the LHC
ring, the y-axis points upward, and � is the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the
polar angle ✓ as ⌘ = � ln tan(✓/2). The rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E and pz are the energy
and longitudinal momentum respectively. An angular separation between two objects is defined as �R =

q
(��)2 + (�⌘)2,

where �� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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• 2 same-flavor leptons; m  required to be within 10 GeV of PDG Z mass 

• “Baseline jets” require |y| < 4.4, pTj1 > 55 GeV, pTj2 > 45 GeV 
• Other fiducial regions have higher pT thresholds 

• Balance of object momenta: pT,balance < 0.15 
• Reduces backgrounds with jets from pile-up or multiple interactions 

• EW Zjj regions: Central Jet Veto 
• No jet (pT>25 GeV) in the rapidity region bounded by 2 leading jets 
• A QCD-enriched region requiring ≥1 jet in this region is used to correct the QCD component

10

Signal Selection
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At particle level, only final-state particles with proper lifetime c⌧ > 10 mm are considered. Leptons are148

constructed from the four-momentum combination of an electron or muon and all photons (not originating149

from hadron decays) within a cone of size �R = 0.1 centred on the lepton. Leptons are required to satisfy150

pT > 25 GeV and |⌘ | < 2.47 and the dilepton invariant mass must satisfy 81 < m`` < 101 GeV. Jets151

are reconstructed using the anti-kt algorithm with radius parameter R = 0.4. Muons and neutrinos are152

included in the particle-level jet clustering if they originate from hadron decays. Electrons, muons, and153

neutrinos are excluded from the jet if they originate from a W or Z boson or a ⌧ lepton, as are photons154

in a cone within �R = 0.1 of such a lepton. Jets and leptons are required to be separated in ⌘–� by155

�Rj,` > 0.4.156

The cross-section measurements are performed in the six phase-space regions defined in Table 1. These157

regions are chosen to have varying contributions from EW-Zjj and QCD-Zjj processes.158

5.2 Event selection159

Following Ref. [1], events are selected in six detector fiducial regions. As far as possible, these are160

defined with the same kinematic requirements as the six phase-space regions in which the cross-section is161

measured. This minimises systematic uncertainties in the modelling of the acceptance.162

The baseline fiducial region represents an inclusive selection of events containing a leptonically decaying163

Z boson and at least two jets with pT > 45 GeV, at least one of which satisfies pT > 55 GeV. The two164

highest-pT (leading and sub-leading) jets in a given event define the dijet system. The baseline region165

is dominated by QCD-Zjj events. The requirement of 81 < m`` < 101 GeV suppresses other sources166

of dilepton events, such as tt̄ and Z ! ⌧⌧, as well as background from jets misidentified as isolated167

leptons.168

Because the energy scale of the dijet system is typically higher in events produced by the EW-Zjj process169

than in those produced by the QCD-Zjj process, two subsets of the baseline region are defined which probe170

the EW-Zjj contribution in di�erent ways: in the high-mass fiducial region a high value of the invariant171

mass of the dijet system (m j j > 1 TeV) is required, and in the high-pT fiducial region the minimum pT172

of the leading and sub-leading jets is increased to 85 GeV and 75 GeV respectively. The EW-Zjj process173

typically produces harder jet transverse momenta and results in a harder dijet invariant mass spectrum174

than the QCD-Zjj process.175

Three additional fiducial regions allow the separate contributions from the EW-Zjj and QCD-Zjj processes176

to be measured. The EW-enriched fiducial region is designed to enhance the EW-Zjj contribution relative177

to that from QCD-Zjj, particularly at high m j j . The EW-enriched region is derived from the baseline178

region requiring m j j > 250 GeV, a dilepton transverse momentum of p

``
T > 20 GeV, and that the normalised179

transverse momentum balance between the two leptons and the two highest transverse momentum jets180

satisfy p

balance
T < 0.15. The latter quantity is given by181

p

balance
T =

���~p `1
T + ~p `2

T + ~p j1
T + ~p j2

T
������~p `1

T
��� + ���~p `2

T
��� + ���~p j1

T
��� + ���~p j2

T
���
, (2)

where ~p i
T is the transverse momentum vector of object i, `1 and `2 label the two leptons that define the Z182

boson candidate, and j1 and j2 refer to the leading and sub-leading jets. These requirements help remove183

events in which the jets arise from pile-up or multiple parton interactions. The requirement on p

balance
T184

also helps suppress events in which the pT of one or more jets is badly measured and it enhances the185
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• QCD modeling of MJJ is imperfect in EW-enriched region and QCD-enriched 
control region 

• Use QCD-enriched control region to derive a linear data-MC MJJ correction factor 

• Resulting corrected QCD MJJ distribution is used in fit to determine EW Zjj

11

Constraining QCD with a data-driven approach

QCD Mismodeling 
in EW-enriched region

Correction in QCD-enriched 
control region
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• Corrected QCD Zjj distribution is normalized via a log-likelihood fit of QCD and EW Zjj simulation in 
the MJJ distribution 

• EW Zjj fiducial cross section is calculated using: 

• ...with other backgrounds subtracted using simulation predictions, and a correction factor C fEW to 
correct for detector-level efficiency and resolution effects (L is luminosity)

12

Extraction of EW Zjj Fiducial Cross Section
QCD+EW Zjj fit 
in signal region

QCD+EW comparison with MC 
(post-fit)

post-fit
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and 32%. For the EW-enriched region, S����� (QCD-Zjj) + P����� (EW-Zjj) describes the observed254

rates well, but MG5_aMC (QCD-Zjj) + P����� (EW-Zjj) overestimates measurements by 28% with a255

relative uncertainty of 11%. In the EW-enriched (m j j > 1 TeV) region the same predictions overestimate256

measured rates by 33% and 57%, with relative uncertainties of 16% and 15%. Some of these di�erences257

arise from a mismodelling of the QCD-Zjj contribution, investigated and discussed in detail in Section 6.1.258

Predictions from A����� (QCD-Zjj) + P����� (EW-Zjj) are in good agreement with the data for the259

high-mass and EW-enriched (m j j > 250 GeV and > 1 TeV) regions.260

6 Measurement of EW-Zjj fiducial cross-sections261

The EW-enriched fiducial region (defined in Table 1) is used to measure the production cross-section of262

the EW-Zjj process. The EW-enriched region has an overall expected EW-Zjj signal fraction of 4.8%263

(Table 2) and this signal fraction grows with increasing m j j to 26.1% for m j j > 1 TeV. The QCD-enriched264

region has an overall expected EW-Zjj signal fraction of 1.6% increasing to 4.4% for m j j > 1 TeV. Diboson265

production in which one boson decays leptonically and the other hadronically is not considered as part of266

the EW-Zjj signal, and is estimated from simulation. Although this is a purely EW process it is considered267

as part of the background because it lacks the t-channel exchange of an EW gauge boson that characterises268

the signal EW-Zjj events. The dominant background to the EW-Zjj cross-section measurement is QCD-269

Zjj production. It is subtracted in the same way as non-Zjj backgrounds in the inclusive measurement270

described in Section 5.271

A particle-level production cross-section measurement of EW-Zjj production in a given fiducial region f272

is thus given by:273

� f
EW =

N

f
obs � N

f
QCD�Zjj � N

f
bkg

L · C f
EW

(3)

with the same notations as in Eq. (1) and where N

f
QCD�Zjj is the expected number of QCD-Zjj events274

passing the selection requirements of the fiducial region at detector level, N

f
bkg is the expected number275

of background (non-Zjj and diboson) events, and C f
EW is a correction factor applied to the observed276

background-subtracted data yields that accounts for experimental e�ciency and detector resolution e�ects,277

and is derived from EW-Zjj MC simulation. For the m j j > 250 GeV (m j j > 1 TeV) region this correction278

factor is determined to be 0.66 (0.67) when using the S����� EW-Zjj prediction, and 0.67 (0.68) when279

using the P����� EW-Zjj prediction.280

Detector-level comparisons of the m j j distribution between data and simulation in (a) the EW-enriched281

region and (b) the QCD-enriched region are shown in Figure 2. It can be seen in Figure 2(a) that282

in the EW-enriched region the EW-Zjj component becomes prominent at large values of m j j . However,283

Figure 2 (b) demonstrates that the shape of the m j j distribution for QCD-Zjj production is poorly modelled284

in simulation. The same trend is seen for all three QCD-Zjj generators listed in Section 3. A����� provides285

the best description in m j j , but still overestimates the rate observed in data by around 25% at an m j j of286

2 TeV, in comparison to overestimations of 70% in MG5_aMC and 220% in S�����. These discrepancies287

have been observed previously in Z j j [1, 50] and W j j [51–53] production at high dijet invariant mass288

and at high jet rapidities. For the purpose of extracting the cross-section for EW-Zjj production this289

mismodelling of QCD-Zjj is corrected for using a data-driven approach, as discussed in the following.290
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• Results of QCD+EW Zjj fiducial measurements compared 
to leading MC predictions in all 6 fiducial regions 

• EW-only Zjj cross sections measured in 2 enriched fiducial 
regions 

• Compatible with SM predictions 

• EW production increase vs c.o.m. energy well-predicted by 
MC
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Results – Zjj
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Fiducial region
EW-Zjj cross-sections [fb]

Measured P�����+P�����
EW-enriched, m j j > 250 GeV 119 ± 16 ± 20 ± 2 125.2 ± 3.4
EW-enriched, m j j > 1 TeV 34.2 ± 5.8 ± 5.5 ± 0.7 38.5 ± 1.5

Table 5: Measured and predicted EW-Zjj production cross-sections in the EW-enriched fiducial region with and
without an additional kinematic requirement of m j j > 1 TeV. For the measured cross-sections the first uncertainty
given is statistical, the second is systematic and the third is due to the luminosity determination. For the predictions,
the quoted uncertainty represents the statistical uncertainty, plus systematic uncertainties from the PDFs and
factorisation and renormalisation scale variations, all added in quadrature.
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Figure 5: Fiducial cross-sections for a leptonically decaying Z boson and at least two jets (solid data points) and
EW-Zjj production (open data points) at 13 TeV (circles) compared to equivalent results at 8 TeV [1] (triangles) and
to theoretical predictions (shaded/hatched bands). Measurements of Zjj at 13 TeV are compared to predictions from
S����� (QCD-Zjj) + P����� (EW-Zjj), MG5_aMC (QCD-Zjj) + P����� (EW-Zjj), and A����� (QCD-Zjj) +
P����� (EW-Zjj), while measurements of EW-Zjj production are compared to P����� (EW-Zjj). Results at 8 TeV
are compared to predictions from P�����+P����� (QCD-Zjj + EW-Zjj). The bottom panel shows the ratio of the
various theory predictions to data as shaded bands. Relative uncertainties on the measured data are represented by
an error bar centred at unity.
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• Wjj results at 7 and 8 TeV with small relative uncertainties 
• First differential cross section measurements of EW Wjj production 

• Preliminary Zjj result begins the process of extending Electroweak production physics to 
higher-energy regimes

14

Summary and Conclusions
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Zjj Fiducial Region Descriptions
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Fiducial region

Object Baseline High-mass High-pT EW-enriched EW-enriched, QCD-enriched
m j j > 1 TeV

Leptons |⌘ | < 2.47, pT > 25 GeV, �Rj,` > 0.4

Dilepton pair
81 < m`` < 101 GeV

— p

``
T > 20 GeV

Jets

|y | < 4.4

p

j1
T > 55 GeV p

j1
T > 85 GeV p

j1
T > 55 GeV

p

j2
T > 45 GeV p

j2
T > 75 GeV p

j2
T > 45 GeV

Dijet system — m j j > 1 TeV — m j j > 250 GeV m j j > 1 TeV m j j > 250 GeV

Interval jets — N

interval
jet (pT>25 GeV) = 0 N

interval
jet (pT>25 GeV) � 1

Zjj system — p

balance
T < 0.15 p

balance,3
T < 0.15

Table 1: Summary of the particle-level selection criteria defining the six fiducial regions. The symbols are defined
in the text.

EW-Zjj contribution, where the lower probability of additional radiation causes the Z boson and the dijet186

system to be well balanced. The EW-enriched region requires a veto [45] on any jets with pT > 25 GeV187

reconstructed within the rapidity interval bounded by the dijet system (N

interval
jet (pT>25 GeV) = 0). A second188

fiducial region, denoted EW-enriched (m j j > 1 TeV), has identical selection criteria, except for a raised189

m j j threshold of 1 TeV which further enhances the EW-Zjj contribution to the total Zjj signal rate.190

In contrast, the QCD-enriched fiducial region is designed to suppress the EW-Zjj contribution relative191

to QCD-Zjj by requiring at least one jet with pT > 25 GeV to be reconstructed within the rapidity192

interval bounded by the dijet system (N

interval
jet (pT>25 GeV) � 1). In the QCD-enriched region the definition193

of the normalised transverse momentum balance is modified from that given in Eq. (2) to include in the194

calculation of the numerator and denominator the pT of the highest pT jet within the rapidity interval195

bounded by the dijet system (pbalance,3
T ). In all other respects, the kinematic requirements in the EW-196

enriched region and QCD-enriched region are identical.197

5.3 Detector-level results198

In the baseline region 30 686 events are selected in the dielectron channel and 36 786 events are selected199

in the dimuon channel. The expected compositions in the two dilepton channels are in agreement within200

statistical uncertainties, as are the ratios of the total expected yields to the total observed yields in each201

dilepton channel. The largest deviation across all fiducial regions is a 2� di�erence between the expected202

to observed ratio in the electron versus muon channels in the high-pT region.203

The expected composition of the selected data samples in the six Zjj fiducial regions is summarised in204

Table 2 averaging across the dielectron and dimuon channels. The numbers of selected events in data205

and expectations from MC simulation are also given for each region. The largest discrepancy between206
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Zjj Expected Composition in fiducial regions
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observed and expected yields is seen in the high-mass region, and results from a mismodelling of the m j j207

spectrum in the QCD-Zjj MC simulations used, which is accounted for in the assessment of systematic208

uncertanties in the measurement.209

Composition [%]
Process Baseline High-mass High-pT EW-enriched EW-enriched, QCD-enriched

m j j > 1 TeV
QCD-Zjj 94.2 ± 0.4 86.8 ± 1.6 92.3 ± 0.4 93.4 ± 0.9 72.9 ± 2.1 95.4 ± 0.8

EW-Zjj 1.5 ± <0.1 10.6 ± 0.2 2.6 ± <0.1 4.8 ± <0.1 26.1 ± 0.5 1.6 ± <0.1
Diboson 1.6 ± <0.1 1.5 ± 0.1 2.0 ± <0.1 1.0 ± <0.1 0.8 ± 0.1 1.8 ± <0.1

tt̄ 2.6 ± <0.1 1.1 ± 0.1 3.1 ± 0.1 0.7 ± <0.1 0.1 ± 0.1 1.2 ± 0.1
Single-t <0.2 <0.2 <0.2 <0.1 <0.1 <0.1
W+jets <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Multijet <0.3 <0.3 <0.3 <0.3 <0.3 <0.3

Total expected
64800 2220 21900 11100 640 7120

± 130 ± 5220 ± 20 ± 200 ± 40 ± 1210 ± 50 ± 520 ± 10 ± 40 ± 30 ± 880
Total observed 67472 1471 22461 11630 490 6453

Table 2: Estimated composition (in percent) of the data samples selected in the six Zjj fiducial regions for the
dielectron and dimuon channels combined, using the EW-Zjj sample from P�����, and the QCD-Zjj sample from
the S����� generator (normalised to NNLO predictions for the inclusive Z cross-section calculated with ����).
Uncertainties in the sample contributions are statistical only. Also shown are the total expected yields from MC
simulation and the total observed yields in each fiducial region. Uncertainties in the total expected yields are
statistical (first) and systematic (second).

5.4 Systematic uncertainties in the inclusive Zjj fiducial cross-sections210

Experimental systematic uncertainties a�ect the determination of the C f correction factor and background211

estimates. The dominant systematic uncertainty in the inclusive Zjj fiducial cross-sections arises from212

the calibration of the jet energy scale and resolution. It varies from around 4% in the EW-enriched region213

to around 12% in the QCD-enriched region. The larger uncertainty in the QCD-enriched region is due214

to the higher average jet multiplicity (an average of 1.7 additional low-pT jets in addition to the leading215

and sub-leading jets) compared with the EW-enriched region (an average of 0.4 additional low-pT jets).216

Other experimental systematic uncertainties arising from the trigger e�ciency, lepton identification and217

isolation criteria, lepton energy scale and resolution, and the e�ect of pile-up amount to a total of around218

1–2%, depending on the fiducial region.219

The systematic uncertainty arising from the MC modelling of the m j j distribution in the QCD-Zjj and220

EW-Zjj signal processes is around 3% in the EW-enriched region, around 1% in the QCD-enriched region,221

2% in the high-mass region, and below 1% elsewhere. This is assessed comparing the correction factors222

obtained by using the di�erent MC generators listed in Section 3, performing a data-driven reweighting223

of the QCD-Zjj MC sample to describe the m j j distribution of the observed data in a given fiducial224

region, as well as by varying the QCD renormalisation and factorisation scales up and down by a factor225

of two independently, and from propagation of uncertainties in the PDF sets. The uncertainty from226

varying the normalisation and shape in m j j of the estimated background from top-quark production is at227

most 1% (in the high-mass region), arising from changes in the extracted Zjj cross-sections when using228
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