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Overview

• Electroweak (EW) sector with ATLAS: some recent 
results

• Electroweak production of (multiple) vector bosons
Ø focus on massive vector bosons 

• Precision measurements from Z decay

• W Mass measurement: separate talk by Fabrice Balli
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Why Electroweak physics in ATLAS?

• Precision Electroweak (EW) measurements in pp collisions

• relevant for Standard Model (SM) results 

Ø even when less precise than in !+!-

• sensitive to underlying QCD / PDF

• Direct test of SM through search for anomalous couplings

• Backgrounds for Higgs physics and beyond the SM searches
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MULTI-BOSON PRODUCTION



Vector boson associated production: 
towards higher precision...

• Diboson
production

• ‘Vector Boson 
Fusion’ (VBF)

• ‘Vector Boson 
Scattering’ 
(VBS)

• Triboson 
production
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1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

�� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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Figure 1: Representative Feynman diagrams for VV j j-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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Figure 2: Representative Feynman diagrams for VV j j-EW production without vector-boson scattering topology.
The lines are labeled by quarks (q), vector bosons (V = W, Z), and fermions ( f ).
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Figure 3: Representative Feynman diagrams for VV j j-QCD production defined by VBS topologies with strong
interaction vertices. The lines are labeled by quarks (q), vector bosons (V = W, Z), fermions ( f ), and gluons (g).

WWWW, WW��, WWZZ, and WWZ� vertices. Possible physics beyond the SM can a↵ect these ver-
tices and introduce anomalous triple gauge couplings (aTGCs) or anomalous quartic gauge couplings
(aQGCs). An e↵ective field theory (EFT) framework [14–17] provides a generic platform for introducing
the e↵ect of new physics by adding additional terms in the SM chiral Lagrangian. The lowest-order terms
contributing to aQGCs are the dimension-four operators L4 and L5:

↵4L4 = ↵4
h
tr(VµV⌫)

i2
and ↵5L5 = ↵5

h
tr(VµVµ)

i2
, (1)

3



• Diboson
production

• ‘Vector Boson
Fusion’ (VBF)

• ‘Vector Boson
Scattering’ 
(VBS)

• Triboson
production

Vector boson associated production: 
towards higher precision...

29/05/18 Margherita Spalla - CIPANP 2018 5

Ref. Standard Model public results
and references therein.
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults



Diboson production
• Well measured at 7/8 TeV: 

• WW, WZ, ZZ: leptonic and semi-leptonic decay channels
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  PreliminaryATLAS
Theory
Measurement

• First 13 TeV results: 
• early WW and WZ 

Ø3.2 fb-1 data
• differential ZZ

Ø36.1 fb-1 data

• Generally good 
agreement with SM 
prediction

Standard Model public results 
and references therein.
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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Figure 2: The measured fiducial cross section at
p

s =13 TeV in comparison with the nNNLO+H prediction in the
fiducial phase space with two di↵erent acceptance calculations. The vertical bands around the measurement indicate
the statistical uncertainty (yellow) and the sum in quadrature of statistical, systematic and luminosity uncertainties
(green). The beam energy uncertainty is not taken into account.

quirement estimated as in Ref. [71] and the residual renormalisation and factorisation scale uncertainty
(estimated by varying the two scales independently by factors of 2 and 0.5).

The nNNLO+H prediction agrees within uncertainties with the experimental cross-section measurement
in the fiducial phase space.

The cross section in the full phase space (�tot
WW) is determined by extrapolating the measurement in the

fiducial phase space by inverting Eq. (2) and using the acceptance value from the nNNLO+H calculation
as in Table 5: �tot

WW = 142± 5 (stat.)± 13 (syst.)± 3 (lumi.) pb. This is in agreement with the nNNLO+H
prediction of 128.4+3.5

�3.8 pb.

Using the fiducial cross section measured for WW ! eµ production at 8 TeV centre-of-mass energy [6] in
the fiducial phase space detailed in Ref. [6], the ratio of cross sections at the two centre-of-mass energies
of 13 and 8 TeV is:

�fid
13 TeV,WW!eµ

�fid
8 TeV,WW!eµ

= 1.41 ± 0.06 (stat.) ± 0.16 (syst.) ± 0.04(lumi.).

All uncertainties are treated as uncorrelated between the measurements at the two beam energies: no
attempt is made to exploit the jet energy scale correlations between the two data-taking periods at di↵erent
beam energies. The same ratio is calculated for the total cross sections at 13 and 8 TeV and is found to
be 2.00 ± 0.08 (stat.) +0.25

�0.24(syst.) ± 0.06(lumi.). Figure 3 shows the measured ratios of cross sections
in the fiducial and total phase spaces and the comparison with their respective nNNLO+H predictions
with scale uncertainties treated as correlated between the two centre-of-mass energies, while the PDF
uncertainties are considered uncorrelated. The predictions for the ratio in the fiducial and total phase
spaces are 1.43±0.05 and 1.98±0.05 respectively, and are in agreement with the experimental results.
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Phys. Lett. B 773 (2017) 354 
Latest diboson measurements

• !+!- à "#"$#$
• About 1% deviation from SM at 

8 TeV
• 13 TeV data compared with 

more precise simulation.

• &&à ℓ+ℓ-ℓ+ℓ- (+ any jets)
• Differential cross section in 20 

observables
• Sensitivity to PDF and QCD

• Towards measurement of ZZjj
from EW VBS.

• No significant discrepancy with 
SM emerges from 13 TeV
results 
• Still room for modeling 

improvement
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Figure 3: Illustration of the central region used to count leptons and jets in the definition of the signal, control, and
validation regions. The rapidity range of the region corresponds to Cmax = 0.4 in Eq. (2). An object in the direction
of the dashed line has C = 0.
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Figure 4: Illustration of the relationship between the signal, control, and validation fiducial regions. The signal
region is defined by both a veto on additional jets (beyond the two highest-pT jets) and the presence of a lepton in
the rapidity region defined in Eq. (2). The signal region is studied with either Mj j > 0.5 TeV or 1 TeV. A forward-
lepton/central-jet fiducial region is also defined, for which the centrality requirements on the jets and the lepton are
inverted with respect to the signal region. The inclusive region corresponds to the union of all four regions, and is
studied with Mj j > 0.5, 1.0, 1.5, or 2.0 TeV. The quantities Ncen

jets and Ncen
lepton refer to the number of reconstructed

leptons and additional jets reconstructed in the rapidity interval defined by Eq. (2) and illustrated in Figure 3, with
Cmax = 0.4.
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Beam

W/Z

VBF Zjj/Wjj
• A vector boson (W or Z) 

associated to forward-backward 
jets

• EW production interferring with 
larger QCD production
• EW contribution larger at e.g.

• low activity in central region
Ø no color flow in EW

• large jet-jet mass

• Tipical approach:
• Fit simultaneously EW and QCD 

contribution
• Control region used to rescale 

QCD W/Zjj to data
• Effect of interference term 

treated as systematics
• Found to be at percent level
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1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

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

2

1 Introduction

The non-Abelian nature of the Standard Model (SM) electroweak theory predicts the self-interactions of
the weak gauge bosons. These triple and quartic gauge-boson couplings provide a unique means to test
for new fundamental interactions. The fusion of electroweak (EW) bosons is a particularly important
process for measuring particle properties, such as the couplings of the Higgs boson, and for searching
for new particles beyond the Standard Model [1–11]. In proton–proton (pp) collisions, a characteristic
signature of these processes is the production of two high-momentum jets of hadrons at small angles with
respect to the incoming proton beams [12]. Measurements of this vector-boson-fusion (VBF) topology
have been performed in W [13], Z [14, 15] and Higgs [16] boson production, though the observation of
purely electroweak processes in this topology has only been achieved in individual measurements of Z-
boson production. This paper presents a precise measurement of electroweak W-boson production in the
VBF topology, with a significance well above the standard for claiming observation, as well as di↵erential
cross section measurements and constraints on anomalous triple-gauge-boson couplings (aTGCs).

The production of a W boson in association with two or more jets (W j j) is dominated by processes in-
volving strong interactions (strong W j j or QCD W j j). These processes have been extensively studied
by experiments at the Large Hadron Collider (LHC) [17, 18] and the Tevatron collider [19, 20], motiv-
ating the development of precise perturbative predictions [21–33]. The large cross section for W-boson
production provides greater sensitivity to the VBF topology and to the electroweak production of W j j
(electroweak W j j or EW W j j) than corresponding measurements of Z- or Higgs-boson production.

The VBF process is inseparable from other electroweak W j j processes, so it is not measured directly;
sensitivity to the VBF production mechanism is quantified by determining constraints on operator coef-
ficients in an e↵ective Lagrangian approach [34]. The classes of electroweak diagrams constituting the
signal are shown in Figure 1 [35] and contain at least three vertices where an electroweak gauge boson
connects to a pair of fermions. Diboson production, where the final-state quarks result from the decay of
an s-channel gauge boson, is not shown and is considered as a background; it is small for the VBF topo-
logy defined in the analysis. The large background from a W boson associated with strongly produced
jets is shown in Figure 2 and has only two electroweak vertices. This background has O(10) times the
yield of the signal process, and can interfere with the signal. This interference is suppressed because only
a small subset of the background diagrams have the same initial and final state as the signal.

Z/�⇤

W± W±

qi
qf

q0i q0f

⌫

`

(a) Vector boson fusion

W/Z/�⇤

W±

qi
qf

q0i

q0f

⌫

`

(b) W bremsstrahlung

Z/�⇤

W±

qi
qf

q0i q0f

⌫

`

(c) Non-resonant

Figure 1: Representative leading-order diagrams for electroweak W j j production at the LHC. In addition to (a) the
vector boson fusion process, there are four (b) W bremsstrahlung diagrams, corresponding to W± boson radiation
by any incoming or outgoing quark, and two (c) non-resonant diagrams, corresponding to W± boson radiation by
either incoming quark.
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1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

�� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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Figure 2: Examples of leading-order diagrams for strong W j j production at the LHC. The left-hand diagram inter-
feres with the electroweak diagrams of Figure 1 when the final-state quarks have the same colours as the initial-state
quarks.

The analysis signature consists of a neutrino and either an electron or a muon, two jets with a high dijet
invariant mass, and no additional jets at a wide angle from the beam. This signature discriminates signal
events from the copious background events consisting of strongly produced jets associated with a W
(or Z) boson, top-quark production, or multijet production. The purity of electroweak W j j production
increases with increasing dijet invariant mass, increasing the sensitivity to anomalous triple-gauge-boson
couplings.

Measurements of the inclusive and fiducial cross sections of electroweak W j j production in proton–
proton collisions at centre-of-mass energies

p
s = 7 and 8 TeV are performed in a fiducial region with

a signal-to-background ratio of approximately 1:8. The electroweak signal is extracted with a binned
likelihood fit to the dijet invariant mass distribution. The fit determines the ratio µEW of the measured
signal cross section to that of a Standard Model calculation [36]; this ratio is then multiplied by the
prediction to provide the measured cross section. To reduce the uncertainties in the modelling of the strong
W j j events, data are used to constrain their dijet mass distribution, resulting in a precise measurement of
the electroweak W j j fiducial cross section. The quantum-mechanical interference between electroweak
and strong W j j processes is not modelled and its impact on the measurement is estimated using a Monte
Carlo simulation and taken as an uncertainty.

In order to explore the kinematics of the W j j topology, and the interplay between strong and electroweak
production, the 8 TeV data are unfolded di↵erentially to particle level in many variables and phase-space
regions, and compared to theoretical predictions. Electroweak W j j production is measured in regions
where the signal purity is relatively high (& 10%); combined strong and electroweak W j j production
is measured in the other regions. These measurements are then integrated to obtain fiducial cross sec-
tions in the di↵erent phase-space regions, albeit with larger uncertainties than the measurement with the
constrained background.

Sensitivity to the VBF diagram is determined by modifying the triple-gauge-boson couplings. Anomal-
ous couplings arising from new processes at a high energy scale would cause increasing deviations from
the SM prediction for increasing momentum transfer between the incoming partons. Hence, a region of
high momentum transfer is defined, and constraints on anomalous gauge couplings are set in the con-
text of an e↵ective field theory (EFT), including limits on interactions that violate charge-parity (CP)
conservation.

The paper is organized as follows. The ATLAS detector and reconstruction of the final-state particles are
described in Section 2. The definitions of the measurement phase-space regions and the event selection
are given in Section 3. The modelling of signal and background processes is discussed in Section 4.
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Figure 3: Illustration of the central region used to count leptons and jets in the definition of the signal, control, and
validation regions. The rapidity range of the region corresponds to Cmax = 0.4 in Eq. (2). An object in the direction
of the dashed line has C = 0.
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Cmax = 0.4.
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1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

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

The non-Abelian nature of the Standard Model (SM) electroweak theory predicts the self-interactions of
the weak gauge bosons. These triple and quartic gauge-boson couplings provide a unique means to test
for new fundamental interactions. The fusion of electroweak (EW) bosons is a particularly important
process for measuring particle properties, such as the couplings of the Higgs boson, and for searching
for new particles beyond the Standard Model [1–11]. In proton–proton (pp) collisions, a characteristic
signature of these processes is the production of two high-momentum jets of hadrons at small angles with
respect to the incoming proton beams [12]. Measurements of this vector-boson-fusion (VBF) topology
have been performed in W [13], Z [14, 15] and Higgs [16] boson production, though the observation of
purely electroweak processes in this topology has only been achieved in individual measurements of Z-
boson production. This paper presents a precise measurement of electroweak W-boson production in the
VBF topology, with a significance well above the standard for claiming observation, as well as di↵erential
cross section measurements and constraints on anomalous triple-gauge-boson couplings (aTGCs).

The production of a W boson in association with two or more jets (W j j) is dominated by processes in-
volving strong interactions (strong W j j or QCD W j j). These processes have been extensively studied
by experiments at the Large Hadron Collider (LHC) [17, 18] and the Tevatron collider [19, 20], motiv-
ating the development of precise perturbative predictions [21–33]. The large cross section for W-boson
production provides greater sensitivity to the VBF topology and to the electroweak production of W j j
(electroweak W j j or EW W j j) than corresponding measurements of Z- or Higgs-boson production.

The VBF process is inseparable from other electroweak W j j processes, so it is not measured directly;
sensitivity to the VBF production mechanism is quantified by determining constraints on operator coef-
ficients in an e↵ective Lagrangian approach [34]. The classes of electroweak diagrams constituting the
signal are shown in Figure 1 [35] and contain at least three vertices where an electroweak gauge boson
connects to a pair of fermions. Diboson production, where the final-state quarks result from the decay of
an s-channel gauge boson, is not shown and is considered as a background; it is small for the VBF topo-
logy defined in the analysis. The large background from a W boson associated with strongly produced
jets is shown in Figure 2 and has only two electroweak vertices. This background has O(10) times the
yield of the signal process, and can interfere with the signal. This interference is suppressed because only
a small subset of the background diagrams have the same initial and final state as the signal.
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Figure 1: Representative leading-order diagrams for electroweak W j j production at the LHC. In addition to (a) the
vector boson fusion process, there are four (b) W bremsstrahlung diagrams, corresponding to W± boson radiation
by any incoming or outgoing quark, and two (c) non-resonant diagrams, corresponding to W± boson radiation by
either incoming quark.
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1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

�� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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Figure 2: Examples of leading-order diagrams for strong W j j production at the LHC. The left-hand diagram inter-
feres with the electroweak diagrams of Figure 1 when the final-state quarks have the same colours as the initial-state
quarks.

The analysis signature consists of a neutrino and either an electron or a muon, two jets with a high dijet
invariant mass, and no additional jets at a wide angle from the beam. This signature discriminates signal
events from the copious background events consisting of strongly produced jets associated with a W
(or Z) boson, top-quark production, or multijet production. The purity of electroweak W j j production
increases with increasing dijet invariant mass, increasing the sensitivity to anomalous triple-gauge-boson
couplings.

Measurements of the inclusive and fiducial cross sections of electroweak W j j production in proton–
proton collisions at centre-of-mass energies

p
s = 7 and 8 TeV are performed in a fiducial region with

a signal-to-background ratio of approximately 1:8. The electroweak signal is extracted with a binned
likelihood fit to the dijet invariant mass distribution. The fit determines the ratio µEW of the measured
signal cross section to that of a Standard Model calculation [36]; this ratio is then multiplied by the
prediction to provide the measured cross section. To reduce the uncertainties in the modelling of the strong
W j j events, data are used to constrain their dijet mass distribution, resulting in a precise measurement of
the electroweak W j j fiducial cross section. The quantum-mechanical interference between electroweak
and strong W j j processes is not modelled and its impact on the measurement is estimated using a Monte
Carlo simulation and taken as an uncertainty.

In order to explore the kinematics of the W j j topology, and the interplay between strong and electroweak
production, the 8 TeV data are unfolded di↵erentially to particle level in many variables and phase-space
regions, and compared to theoretical predictions. Electroweak W j j production is measured in regions
where the signal purity is relatively high (& 10%); combined strong and electroweak W j j production
is measured in the other regions. These measurements are then integrated to obtain fiducial cross sec-
tions in the di↵erent phase-space regions, albeit with larger uncertainties than the measurement with the
constrained background.

Sensitivity to the VBF diagram is determined by modifying the triple-gauge-boson couplings. Anomal-
ous couplings arising from new processes at a high energy scale would cause increasing deviations from
the SM prediction for increasing momentum transfer between the incoming partons. Hence, a region of
high momentum transfer is defined, and constraints on anomalous gauge couplings are set in the con-
text of an e↵ective field theory (EFT), including limits on interactions that violate charge-parity (CP)
conservation.

The paper is organized as follows. The ATLAS detector and reconstruction of the final-state particles are
described in Section 2. The definitions of the measurement phase-space regions and the event selection
are given in Section 3. The modelling of signal and background processes is discussed in Section 4.
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EW contribution

5.3 Electroweak W j j cross-section results

The dijet mass distributions in 7 and 8 TeV data after fitting for µEW and µQCD are shown in Figure 9.
There is good overall agreement between the normalized distributions and the data. The fit results for
µQCD are 1.16 ± 0.07 for 7 TeV data, and 1.09 ± 0.05 for 8 TeV data. The measured values of µEW are
consistent between electron and muon channels, with the following combined results:

µEW (7 TeV) = 1.00 ± 0.16 (stat) ± 0.17 (exp) ± 0.12 (th),
µEW (8 TeV) = 0.81 ± 0.05 (stat) ± 0.09 (exp) ± 0.10 (th).
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Figure 9: Distributions of the dijet invariant mass for events in the signal region in 7 TeV (left) and 8 TeV (right)
data, after fitting for the yields of the individual W j j processes. The bottom panel in each distribution shows the
ratio of data to predicted signal-plus-background yields. The shaded band centred at unity represents the statistical
and experimental uncertainties summed in quadrature.

The measured value of µEW has a total uncertainty of 0.26 (0.14) in 7 (8) TeV data, and di↵ers from
the SM prediction of unity by < 0.1� (1.4�). In the absence of a control region, the uncertainty would
increase to 0.37 (0.18) in 7 (8) TeV data.

The fiducial signal region is defined by the selection in Table 1 using particle-level quantities after parton
showering. The measured and predicted cross sections times branching ratios in this region are shown
in Table 6. The acceptance is calculated using Powheg + Pythia8 with a dominant uncertainty due to
the parton-shower modelling which is estimated by taking the di↵erence between Powheg + Pythia8 and
Powheg + Herwig++. The uncertainty in the predicted fiducial cross section at

p
s = 8 TeV includes a

4 fb contribution from scale variations and an 11 fb contribution from parton-shower modelling.

A summary of this measurement and other measurements of boson production at high dijet invariant
mass is shown in Figure 10, normalized to SM predictions. The measurement with the smallest relative
uncertainty is the 8 TeV W j j measurement presented here.
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Figure 16: Top: Unfolded absolute (left) and normalized (right) di↵erential W j j production cross sections as a
function of dijet mass for the signal fiducial region. Bottom: Unfolded normalized production cross sections as a
function of �y( j1, j2) for the signal regions with Mj j > 0.5 TeV (left) and Mj j > 1.0 TeV (right). Both statistical
(inner bar) and total (outer bar) measurement uncertainties are shown, as well as ratios of the theoretical predictions
to the data (the bottom panel in each distribution).

32

VBF Zjj/Wjj: recent results

29/05/18 Margherita Spalla - CIPANP 2018 10
 [TeV]sCentre-of-mass energy 

5 10 15

Pr
od

uc
tio

n 
cr

os
s-

se
ct

io
n 

[fb
]

1

2
3
4

10

20
30
40

210

210×2

ATLAS EW-Zjj

 > 250 GeV
jj

 EW-Zjj mOWHEGP

 > 1 TeV
jj

 EW-Zjj mOWHEGP

ATLAS

Figure 6: Measurements of the EW-Zjj process presented in this Letter at a centre-of-mass energy of 13 TeV, com-
pared with previous measurements at 8 TeV [1], for two di↵erent dijet invariant mass thresholds, mj j > 0.25 TeV
and mj j > 1 TeV. The error bars on the measurements represent statistical and systematic uncertainties added in
quadrature. Predictions from the Powheg event generator with their total uncertainty are also shown.

18

• 7+8 TeV Wjj recently published.
• Include differential cross section in 

multiple fiducial regions

• Moving from first observations to 
kinematics measurement.

Eur. Phys. J. C77 (2017) 474 

arXiv:1709.10264



Anomalous Gauge Couplings: the 
meaning

• Triple (Quartic) Gauge Coupling

• Particles beyond the Standard Model 
might contribute through loops.

Ø Anomalous Triple / Quartic Gauge 
Couplings (aTGC / aQGC)

• Would increase production rate at high 
energy.

• Parametrized with model independent 
method (e.g. Effective Field Theory)

• Limits on the parameters from fit to 
most sensitive variable 
• mass, leading object’s pT, etc.
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q

q

Z

Z

Figure 2: Example Feynman diagram of ZZ production containing an aTGC vertex, here indicated by a red dot,
which is forbidden in the SM.

[17] and CMS [18] collaborations, each analyzing data corresponding to an integrated luminosity of about
3 fb�1. Searches for aTGCs were previously performed at lower center-of-mass energies by ATLAS [15],
CMS [14, 19], D0 [20], and by the LEP experiments [21]. This paper represents an extension of the
ATLAS measurement, using a total of 36.1 ± 1.1 fb�1 of data collected with the ATLAS detector in the
years 2015 and 2016.

In this analysis, candidate events are reconstructed in the fully leptonic ZZ ! `+`�`0+`0� decay channel
where ` and `0 can be an electron or a muon. Throughout this analysis, “Z boson” refers to the superposi-
tion of a Z boson and a virtual photon in the mass range from 66 GeV to 116 GeV, as these are not strictly
distinguishable when decaying to charged leptons. A fiducial phase space is defined, reflecting both the
acceptance of the ATLAS detector [22, 23] and the selections imposed on the reconstructed leptons in
this analysis. Both the integrated and di↵erential cross sections are measured, the latter with respect to
20 di↵erent observables. Ten of these directly measure the jet activity in the events. The observed event
yields are unfolded to the fiducial phase space using simulated samples to model the detector e↵ects.
The integrated cross sections are inclusive with respect to jet production. For easier comparison to other
measurements, the integrated fiducial cross sections determined in di↵erent leptonic channels are com-
bined and extrapolated to a total phase space and to all Z boson decay modes. A search for aTGCs is
performed by looking for deviations of the data from the SM predictions at high values of the transverse
momentum of the leading-pT Z boson, which is one of the observables most sensitive to the energy scale
of the interaction.1

Di↵erential fiducial cross sections are measured with respect to the following observables:

• Transverse momentum of the four-lepton system, pT, 4`;

• Absolute rapidity of the four-lepton system, |y4`|;
• Separation in azimuthal angle between the two Z boson candidates, ��

�
Z1,Z2

�
, defined such that it

lies in the interval [0, ⇡];

• Absolute di↵erence in rapidity between the two Z boson candidates, |�y �Z1,Z2
� |;

• Transverse momentum of the leading-pT and the subleading-pT Z boson candidates, pT,Z1
and

pT,Z2
;

• Transverse momentum of each of the four leptons;

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector and
the z-axis along the beam pipe. The x-axis points to the center of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)]. Transverse momentum pT is the projection of momentum onto the
transverse plane.
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Figure 1: Representative Feynman diagrams for VV j j-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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Figure 2: Representative Feynman diagrams for VV j j-EW production without vector-boson scattering topology.
The lines are labeled by quarks (q), vector bosons (V = W, Z), and fermions ( f ).
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Figure 3: Representative Feynman diagrams for VV j j-QCD production defined by VBS topologies with strong
interaction vertices. The lines are labeled by quarks (q), vector bosons (V = W, Z), fermions ( f ), and gluons (g).

WWWW, WW��, WWZZ, and WWZ� vertices. Possible physics beyond the SM can a↵ect these ver-
tices and introduce anomalous triple gauge couplings (aTGCs) or anomalous quartic gauge couplings
(aQGCs). An e↵ective field theory (EFT) framework [14–17] provides a generic platform for introducing
the e↵ect of new physics by adding additional terms in the SM chiral Lagrangian. The lowest-order terms
contributing to aQGCs are the dimension-four operators L4 and L5:

↵4L4 = ↵4
h
tr(VµV⌫)

i2
and ↵5L5 = ↵5

h
tr(VµVµ)

i2
, (1)

3

p
T, Z

1

range [GeV] 0–295 295–415 415–555 555–3000

Data 998 16 3 0

Total SM prediction 950 ± 40 10.6 ± 0.9 2.50 ± 0.33 1.18 ± 0.21

SM ZZ ! `+`�`0+`0� 930 ± 40 10.0 ± 0.9 2.34 ± 0.33 1.10 ± 0.21
Triboson, tt̄Z, ZZ ! ⌧+⌧�[`+`�, ⌧+⌧�] 9.2 ± 2.8 0.43 ± 0.13 0.15 ± 0.05 0.078 ± 0.028
Misid. lepton background 12 ± 8 0.17 ± 0.11 < 0.1 < 0.1

Table 6: Observed and predicted yields in bins of the transverse momentum of the leading-pT Z boson candidate.
All statistical and systematic uncertainties are included in the prediction uncertainties, including the uncertainty
associated with the combination of NNLO QCD and NLO EW corrections for the SM ZZ ! `+`�`0+`0� process.
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Figure 16: Data and SM predictions as a function of the transverse momentum of the leading-pT Z boson candidate.
Also shown is the SM plus aTGC signal prediction with f �4 = 3.8 ⇥ 10�4 as well as with f �4 = 3.8 ⇥ 10�4 and
f Z
4 = 3.3 ⇥ 10�4. In both cases all other aTGC coupling strengths are set to zero. The shaded band shows the total

SM prediction uncertainty including the statistical and all systematic uncertainties. For better visualization, the last
bin is shown using a di↵erent x-axis scale. The scale change is indicated by the dashed vertical line.

expected confidence intervals and their one- and two-standard-deviation confidence bands are established
using many independent sets of randomly generated pseudodata following a Poisson distribution whose
expectation value is the SM prediction in each bin.

Confidence intervals are set for each coupling strength individually, setting all others to zero, using
2500 sets of pseudodata. The expected and observed 95% CL intervals are listed in Table 7. The one-
dimensional confidence intervals are more stringent than those derived in previous measurements by the
ATLAS and CMS collaborations [14, 15, 19] and at the Tevatron and LEP colliders [20, 21]. In addition,
two-dimensional 95% CL intervals are obtained by allowing pairs of aTGC parameters to vary simulta-
neously, while setting the others to zero, using 26000 sets of pseudodata. They are shown in Figure 17.
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!!à ℓ+ℓ-ℓ+ℓ-

GeV, is applied before performing the fit, to reduce the background contribution.3240

The results of this analysis are shown in section 12.2.1. No evidence of anomalous3241

couplings is observed. The boosted channel has better sensitivity with respect to3242

resolved and its results are of the same order as currently most stringent published3243

constraints.3244

12.1 Theoretical framework3245

The current search for anomalous couplings does not aim at testing the existence3246

of specific beyond the SM particles, but rather at searching for inconsistencies3247

between the predicted and measured values of WWZ{WW� couplings.3248

To provide quantitative statements on such inconsistencies, and be able to com-3249

pare them with other measurements, a common theoretical framework is needed.3250

Two di↵erent approaches are commonly considered: one is an e↵ective Lagrangian3251

in which the couplings constants of three gauge bosons vertices are varied [77], the3252

other is an E↵ective Field Theory (EFT) approach [78,79].3253

These two descriptions are based on di↵erent theoretical frameworks, but are equiv-3254

alent in terms of data analysis, since the parameters quantifying the deviation from3255

SM in the two cases are linearly related.3256

Traditionally, the LEP, Tevatron, and LHC experiments used the e↵ective La-3257

grangian approach. However, since theoretical studies [79] proposed EFT as a3258

better description of beyond the Standard Model physics in diboson production,3259

several recent ATLAS and CMS analysis have adopted the EFT approach.3260

In this analysis, we decided to provide both results. Anyway, for the purpose of this3261

thesis, a simplified presentation including only the EFT results is given. Details3262

and results in the e↵ective Lagrangian framework are provided in Appendix C.3263

12.1.1 E↵ective Field Theory3264

In the EFT approach, the SM is taken to be a low-energy e↵ective field theory. An3265

exact, beyond the SM theory is assumed to exist and have an energy scale of ⇤. A3266

detailed review can be found in [79], in the following we provide a short summary.3267

Within the SM all operators (i.e. products of fields) in the Lagrangian are of mass3268

dimension four or less. Beyond the SM extensions are constructed adding higher3269

dimension operators, provided that they satisfy the gauge symmetry SUp3q ˆ3270

SUp2qˆUp1q of the SM. By dimensional analysis, these operators have coe�cients3271

of inverse powers of mass, as in Equation 12.1, where Oipdim nq represents a3272

generic operator of dimension n and ⇤ is the new physics scale.3273

L “ LSM `

ÿ

i

ci
⇤2

Oipdim 6q `

ÿ

i

di
⇤4

Oipdim 8q ` ... (12.1)
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aTGC
• Three bosons couplings: accessible by diboson and 

VBF analysis
• First 13 TeV results from !!à ℓ+ℓ-ℓ+ℓ- and #!à ℓ$ℓℓ
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• Results 
compatible 
with SM

• Best precision 
from 
ATLAS/CMS 
results

For this and other summaries:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



• Two leptons of same charge and two 
forward-backward jets
• QCD and EW contribution

• Cross section measured
• Both inclusive and EW
• Large, statistically dominated 

uncertainty
• aQGC limits: improved precision

Processes involving four boson 
interaction: VBS W±W±jj
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Figure 1: Representative Feynman diagrams for VV j j-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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Figure 2: Representative Feynman diagrams for VV j j-EW production without vector-boson scattering topology.
The lines are labeled by quarks (q), vector bosons (V = W, Z), and fermions ( f ).
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Figure 3: Representative Feynman diagrams for VV j j-QCD production defined by VBS topologies with strong
interaction vertices. The lines are labeled by quarks (q), vector bosons (V = W, Z), fermions ( f ), and gluons (g).

WWWW, WW��, WWZZ, and WWZ� vertices. Possible physics beyond the SM can a↵ect these ver-
tices and introduce anomalous triple gauge couplings (aTGCs) or anomalous quartic gauge couplings
(aQGCs). An e↵ective field theory (EFT) framework [14–17] provides a generic platform for introducing
the e↵ect of new physics by adding additional terms in the SM chiral Lagrangian. The lowest-order terms
contributing to aQGCs are the dimension-four operators L4 and L5:

↵4L4 = ↵4
h
tr(VµV⌫)

i2
and ↵5L5 = ↵5

h
tr(VµVµ)

i2
, (1)

3Figure 13: Two-dimensional confidence regions in the aQGC parameter plane (↵4,↵5). The area outside the solid
light blue region is excluded by the data at the 95% CL. The area outside the solid dark blue region is excluded at
the 68% CL. The expected exclusion contour at the 95% CL is marked by the solid black line. For comparison, the
expected exclusion contour at the 95% CL from the previous analysis of this final state [29] is shown as a black
dashed line.

In the Inclusive signal region, a total of 50 signal candidates are observed and 20 background events are
expected. The excess of events over the background-only prediction is interpreted as evidence for the sum
of the W±W± j j-EW and W±W± j j-QCD processes. The measured fiducial cross-section for W±W± j j
production is 2.3 ± 0.6(stat.) ± 0.3(syst.) fb, with a significance of 4.5� (3.1� expected). In the VBS
signal region, the background-only prediction includes the W±W± j j-QCD production, and a total of 34
events are observed and 16 background events are predicted. The excess is interpreted as evidence for the
W±W± j j-EW processes. The measured fiducial cross-section for the W±W± j j-EW production, including
the interference with the W±W± j j-QCD production, is 1.5 ± 0.5(stat.) ± 0.2(syst.) fb with a significance
of 3.6� (2.3� expected). The measured cross-sections are consistent with the SM predictions.

In the aQGC signal region, the background prediction includes both the W±W± j j-EW and W±W± j j-QCD
processes. A total of 8 events are observed and 3.8 background events are expected. These numbers are
used to constrain the aQGC parameters ↵4 and ↵5. The observed one-dimensional 95% confidence level
intervals are �0.14 < ↵4 < 0.15 and �0.22 < ↵5 < 0.22. The expected 95% confidence level intervals
are �0.06 < ↵4 < 0.07 and �0.10 < ↵5 < 0.11. These intervals constitute a 35% improvement in the
expected aQGC sensitivity with respect to the analysis published in Ref. [29].
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The cross-sections are shown in Figure 11 for each channel and for the combined measurement. The ob-
served combined significance over the background-only hypothesis is 4.5� in the Inclusive SR and 3.6�
in the VBS SR, while the corresponding expected significances for a SM W±W± j j signal are 3.1� and
2.3�, respectively.
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Figure 11: The measured cross-sections for the Inclusive SR (left) and the VBS SR (right) compared to the predic-
tions for each channel and for the combined measurement. The inner error band represents the statistical uncertainty
and the outer band represents the total uncertainty of each measurement.

9 Extraction of anomalous quartic gauge couplings

VBS events receive contributions from quartic gauge boson interactions and thus can be used to search for
aQGCs. In general, the e↵ective Lagrangian described in Section 1 does not ensure unitarity. The Higgs
boson in the SM ensures unitarity of the SM VBS process, which is destroyed if anomalous couplings or
additional resonances are added. A unitarization scheme has to be applied in order to avoid non-physical
predictions. In the case of VBS with aQGC, the unitarization significantly impacts the di↵erential and
total cross-sections. The K-matrix unitarization scheme [17] is applied in this analysis where the elastic
scattering eigen-amplitude A(s) is projected on the Argand circle A(s)! Â(s) such that |Â(s) � i/2| =
1/2. This condition is derived from the optical theorem and ensures that the projected scattering amplitude
meets the unitarity condition exactly. As a result, the cross-section saturates at the maximum value
allowed by unitarity. The whizard [75] event generator is used to calculate cross-sections and generate
events with aQGCs at LO in QCD. The CTEQ6L1 PDF set is used. All samples use the parameterization
in terms of ↵4 and ↵5. The invariant mass of the system of two charged leptons and two neutrinos from the
decay of the two W bosons, m``⌫⌫, is used as the renormalization and factorization scales, µR = µF = m``⌫⌫.
The events are interfaced to pythia 8 for modeling the parton shower, QED final-state radiation, decays of
⌧ leptons, and the underlying event.

The expected sensitivity to ↵4 and ↵5 is improved significantly compared to the results obtained in the
previous publication [29] by selecting a phase-space region that is more sensitive to anomalous contri-
butions to the WWWW vertex. This is achieved by an additional requirement: mWW,T > 400 GeV. The
e↵ects from new-physics processes are expected to be seen predominantly at larger mass scales, which
motivates the definition of the aQGC SR as defined in Section 3. The distribution of the transverse mass
of the WW system before applying the final selection criteria is shown in Figure 12.
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boson in the SM ensures unitarity of the SM VBS process, which is destroyed if anomalous couplings or
additional resonances are added. A unitarization scheme has to be applied in order to avoid non-physical
predictions. In the case of VBS with aQGC, the unitarization significantly impacts the di↵erential and
total cross-sections. The K-matrix unitarization scheme [17] is applied in this analysis where the elastic
scattering eigen-amplitude A(s) is projected on the Argand circle A(s)! Â(s) such that |Â(s) � i/2| =
1/2. This condition is derived from the optical theorem and ensures that the projected scattering amplitude
meets the unitarity condition exactly. As a result, the cross-section saturates at the maximum value
allowed by unitarity. The whizard [75] event generator is used to calculate cross-sections and generate
events with aQGCs at LO in QCD. The CTEQ6L1 PDF set is used. All samples use the parameterization
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The events are interfaced to pythia 8 for modeling the parton shower, QED final-state radiation, decays of
⌧ leptons, and the underlying event.

The expected sensitivity to ↵4 and ↵5 is improved significantly compared to the results obtained in the
previous publication [29] by selecting a phase-space region that is more sensitive to anomalous contri-
butions to the WWWW vertex. This is achieved by an additional requirement: mWW,T > 400 GeV. The
e↵ects from new-physics processes are expected to be seen predominantly at larger mass scales, which
motivates the definition of the aQGC SR as defined in Section 3. The distribution of the transverse mass
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⇤FF = 1 ⇤FF = 1 TeV ⇤FF = 0.5 TeV
Coupling Observed Expected Observed Expected Observed Expected

[103 TeV�4] [103 TeV�4] [104 TeV�4] [104 TeV�4] [104 TeV�4] [104 TeV�4]

fM,0/⇤4 [�0.3, 0.3] [�0.4, 0.4] [�0.3, 0.3] [�0.4, 0.5] [�1.7, 1.8] [�2.3, 2.4]
fM,1/⇤4 [�0.5, 0.5] [�0.8, 0.7] [�0.6, 0.5] [�0.7, 0.7] [�2.9, 2.6] [�4.0, 3.7]
fM,2/⇤4 [�1.8, 1.8] [�2.4, 2.5] [�2.0, 2.0] [�2.6, 2.7] [�9.9, 10 ] [ �14, 14 ]
fM,3/⇤4 [�3.1, 3.0] [�4.2, 4.3] [�3.2, 3.1] [�4.3, 4.3] [ �17, 16 ] [ �23, 23 ]
fM,4/⇤4 [�1.1, 1.1] [�1.5, 1.6] [�1.1, 1.1] [�1.5, 1.5] [�5.7, 6.2] [�7.9, 8.4]
fM,5/⇤4 [�1.7, 1.7] [�2.3, 2.3] [�1.5, 1.6] [�2.0, 2.1] [�8.0, 9.0] [ �11, 12 ]
fM,6/⇤4 [�0.6, 0.6] [�0.9, 0.9] [�0.6, 0.7] [�0.9, 0.9] [�3.3, 3.5] [�4.7, 4.9]
fM,7/⇤4 [�1.1, 1.1] [�1.5, 1.5] [�1.0, 1.1] [�1.4, 1.4] [�5.2, 5.9] [�7.5, 8.0]
fT,0/⇤4 [�0.1, 0.1] [�0.2, 0.2] [�0.1, 0.1] [�0.2, 0.2] [�0.9, 0.8] [�1.1, 1.1]
fT,1/⇤4 [�0.2, 0.2] [�0.2, 0.2] [�0.2, 0.2] [�0.2, 0.2] [�0.9, 0.9] [�1.2, 1.2]
fT,2/⇤4 [�0.4, 0.4] [�0.5, 0.5] [�0.4, 0.4] [�0.5, 0.5] [�1.9, 2.0] [�2.7, 2.7]
fT,5/⇤4 [�1.5, 1.6] [�2.1, 2.1] [�1.7, 1.7] [�2.2, 2.2] [�8.3, 8.6] [ �12, 12 ]
fT,6/⇤4 [�1.9, 1.9] [�2.5, 2.6] [�1.9, 2.0] [�2.6, 2.6] [ �10, 11 ] [ �14, 15 ]
fT,7/⇤4 [�4.3, 4.3] [�5.6, 5.8] [�4.4, 4.5] [�5.9, 6.0] [ �20, 20 ] [ �27, 28 ]

Table 7: Observed and expected confidence intervals at 95% CL on the di↵erent anomalous quartic gauge couplings
for the combined WV� analysis for three di↵erent values of the form factor scale ⇤FF.
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Figure 6: Observed and expected confidence intervals at 95% CL on the di↵erent anomalous quartic gauge couplings
for the combined WV� analysis. The couplings are unitarised using a dipole form factor with a form factor energy
scale of ⇤FF = 1 TeV.
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set and value of the strong coupling constant ↵S as well as uncertainties due to the choice of isolation
fraction requirement evaluated by changing the criterion by ±0.25. No additional uncertainty related to
the scale introduced by restricting the jet multiplicity in the fully leptonic analysis is taken into account.
This uncertainty has been shown to be of the same order as the already included scale uncertainty by
studying W-boson pair production [76]. Accordingly, no additional uncertainty is considered here as the
experimental uncertainties are comparatively large and its inclusion would not change the results of this
analysis.

7.2 Cross-section determination

The observed production cross-section is determined from the number of signal events in the signal re-
gion, Nobs, and the integrated luminosity of the data set, Lint, according to �fid = Nobs/(✏Lint), where
the correction factor, ✏, accounts for the di↵erent geometrical acceptance and selection e�ciencies of the
signal region defined using reconstructed objects and the fiducial region defined at particle level. The cor-
rection factor is evaluated using the SHERPA signal simulation and amounts to 0.30 ± 0.02 for the e⌫µ⌫�
final state and to 0.28 ± 0.02 (0.40 ± 0.03) for the electron (muon) channel of the semileptonic analysis.
The larger ranges in pseudorapidity of the leptons and photons in the fiducial region compared to the
signal region contribute about 11% to ✏. The uncertainties of ✏ include the experimental uncertainties
associated with the signal, a statistical component, and a systematic component evaluated as the di↵er-
ence between the corrections estimated with the SHERPA and the MadGraph signal sample to account for
di↵erences in the parton shower modelling and the description of the underlying event. The latter yields
the largest contribution to the total uncertainty with the second largest contribution being the uncertainty
associated with the jet energy scale.

For the fully leptonic analysis, the fiducial cross-section computed using Ne⌫µ⌫�
obs from Section 5 is

�e⌫µ⌫�
fid = 1.5 ± 0.9(stat.) ± 0.5(syst.) fb,

where the uncertainties are symmetrised and the luminosity uncertainty is included as part of the system-
atic uncertainty. The observed (expected) significance of this cross-section is determined by evaluating
the p-value of the background-only hypothesis at 95% confidence level, CL, and corresponds to 1.4�
sigma (1.6�). The p-value is calculated using a maximum likelihood ratio as the test statistic. This de-
termination of the e⌫µ⌫� production cross-section is in agreement with the theory prediction from Table 4
corresponding to 2.0 fb. The cross-section is not determined in the semileptonic final states due to its
smaller significance.

Upper limits on the production cross-sections are computed for the e⌫µ⌫�, e⌫ j j� and µ⌫ j j� final states
and for the average cross-section per lepton flavour (`⌫ j j�) in the semileptonic final states. They are
determined at 95% CL using the CLs technique [77]. For the combination of the semileptonic final states,
the product of the likelihood functions of the e⌫ j j� and µ⌫ j j� final states is used as the `⌫ j j� likelihood
function in the CLs method. The expected limits in the absence of a signal are computed using an Asimov
data set [78], which provides an analytical approximation of the distribution of expected limits based on a
�2-distribution of the test statistics. The observed and expected limits are listed in Table 4. The observed
limits are between 1.8 and 4.1 times larger than the SM cross-section. The observed upper limit on the
`⌫ j j� production cross-section is the most stringent limit reported to date.
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Theoretical prediction:

Observed Expected SM Prediction

limit [fb] limit [fb] �theo [fb]

Fully leptonic e⌫µ⌫� 3.7 2.1+0.9
�0.6 2.0 ± 0.1

Semileptonic

8>>>>>><
>>>>>>:

e⌫ j j�

µ⌫ j j�

`⌫ j j�

10

8

6

16+6
�4

10+4
�3

8.4+3.4
�2.4

2.4 ± 0.1

2.2 ± 0.1

2.3 ± 0.1

Table 4: Observed and expected cross-section upper limits at 95% CL for the di↵erent final states using the CLs
method. The expected cross-section limits are computed assuming no signal is present. The last column shows the
theory prediction for the signal cross-section (�theo) computed with the VBFNLO program and corrected to particle
level. The `⌫ j j� cross-section corresponds to the average cross-section per lepton flavour in the semileptonic
analysis and all events of the e⌫ j j� and µ⌫ j j� final states are employed for the determination of this limit.

8 Search for new physics beyond the Standard Model

In addition to the results derived in the previous chapter, exclusion limits on the production cross-section
and conficence intervals on aQGCs are derived in a fiducial region optimised for a search for new physics
beyond the SM. This fiducial region di↵ers from the fiducial region defined in Section 7 by an increased
photon ET requirement.

The aQGCs are introduced by extending the SM Lagrangian density function (LSM) with terms containing
operators (Ox) of energy-dimension eight as this is the lowest dimension that describes quartic gauge
boson couplings without exhibiting triple gauge-boson vertices [79]. The operators consist of di↵erent
combinations of the SM fields and their coe�cients are written as the ratio of a coupling parameter ( fx)
to the fourth power of the energy scale (⇤) at which the new physics beyond the SM would occur. Thus,
the e↵ective Lagrangian density (Le↵) for WV� production can be written as:

Le↵ = LSM +

7X

j=0

fM, j

⇤4 OM, j +
X

j=0,1,2,5,6,7

fT, j
⇤4 OT, j, (3)

as there are 14 di↵erent operators that describe anomalous WWZ� and WW�� couplings. The indices T
and M of the coupling parameter indicate two di↵erent classes of aQGC operators: operators containing
only field strength tensors (T ) and operators containing field strength tensors and the covariant derivative
of the Higgs field (M). The SM prediction of each of the coupling parameters is zero. The reference
models in Figures 3 and 5 depict values that are excluded by previous analyses.

The e↵ective field theory is not a complete model and violates unitarity at su�ciently high energy scales.
This violation can be avoided by multiplying the coupling parameters with a dipole form factor of the
form:

1
(1 + ŝ/⇤2

FF)2
, (4)
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Figure 1: Examples of Feynman diagrams of WV� production at the LHC. In (a) the quartic vertex is shown, while
(b) and (c) depict the production from radiative processes.

2 ATLAS detector and data sample

The ATLAS experiment [2] at the LHC is a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electro-
magnetic and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the
pseudorapidity range |⌘| < 2.5 and consists of silicon pixel, silicon microstrip, and transition radiation
tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic energy meas-
urements with high granularity in the ⌘–� plane and a threefold segmentation in the radial direction. The
first of the three layers of the LAr calorimeter has the smallest ⌘-segmentation to discriminate between
single photon showers and two overlapping showers coming from the decays of neutral hadrons. A had-
ronic (steel/scintillator-tile) calorimeter covers the central pseudorapidity range. The endcap and forward
regions are instrumented with LAr calorimeters for the energy measurement of electromagnetic and had-
ronic showers up to |⌘| = 4.9. The muon spectrometer encompasses the calorimeters and includes a
system of precision tracking chambers as well as fast detectors for triggering. It comprises three large
air-core toroidal superconducting magnets with eight coils each. The field integral of the toroids ranges
between 2.0 and 6.0 Tm across most of the detector. A three-level trigger system is used to select events
for read-out and storage. The first-level trigger is implemented in hardware and uses a subset of the de-
tector information to reduce the accepted rate to 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average.

This analysis uses data recorded at a centre-of-mass energy of 8 TeV, corresponding to an integrated
luminosity of 20.2 ± 0.4 fb�1 [19] after applying basic data quality criteria to ensure the full function-
ality of all detector subcomponents. Only events that have at least three reconstructed tracks [20] with
pT > 500 MeV associated with the primary vertex are considered for analysis. The primary vertex is
defined as the vertex whose associated tracks have the largest sum of squared transverse momenta. Fur-
thermore, events are discarded if they contain jets that are likely to be mismeasured.

Dedicated triggers are used for each final state. The events of the fully leptonic analysis are triggered by
requiring three particles in the event: a muon with a transverse momentum (pT) of at least 18 GeV and

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The rapidity
(y) is defined as y = 1

2 ln
h

E+pz
E�pz

i
, where pz is the z-component of the momentum and E is the energy of the object. The

pseudorapidity (⌘) is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘ p(�⌘)2 + (��)2.
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Table 4: Observed and expected cross-section upper limits at 95% CL for the di↵erent final states using the CLs
method. The expected cross-section limits are computed assuming no signal is present. The last column shows the
theory prediction for the signal cross-section (�theo) computed with the VBFNLO program and corrected to particle
level. The `⌫ j j� cross-section corresponds to the average cross-section per lepton flavour in the semileptonic
analysis and all events of the e⌫ j j� and µ⌫ j j� final states are employed for the determination of this limit.
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only field strength tensors (T ) and operators containing field strength tensors and the covariant derivative
of the Higgs field (M). The SM prediction of each of the coupling parameters is zero. The reference
models in Figures 3 and 5 depict values that are excluded by previous analyses.

The e↵ective field theory is not a complete model and violates unitarity at su�ciently high energy scales.
This violation can be avoided by multiplying the coupling parameters with a dipole form factor of the
form:

1
(1 + ŝ/⇤2

FF)2
, (4)
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E�T threshold Observed Expected SM Prediction

[GeV] limit [fb] limit [fb] �theo [fb]

Fully leptonic e⌫µ⌫� 120 0.3 0.3+0.3
�0.1 0.076 ± 0.004

Semileptonic

8>>>>>><
>>>>>>:

e⌫ j j�

µ⌫ j j�

`⌫ j j�

200

200

200

1.3

1.1

0.9

1.3+0.5
�0.3

1.1+0.5
�0.3

0.9+0.3
�0.2

0.057 ± 0.013

0.051 ± 0.011

0.054 ± 0.009

Table 6: Observed and expected cross-section upper limits at 95% CL using the CLs method for the di↵erent final
states with the photon ET threshold optimised for maximal aQGC sensitivity. The expected cross-section limits
are computed assuming the absence of WV� production. The last column shows the theory prediction for the SM
signal cross-section computed with the VBFNLO program and corrected to particle level. The `⌫ j j� cross-section
corresponds to the average cross-section per lepton flavour in the semileptonic analysis and all events of the e⌫ j j�
and µ⌫ j j� final states are employed for the determination of this limit.

using the CLs formalism at 95% CL. The results are given in Table 6 together with limits expected in
absence of WV� production. In addition, the theory prediction for the SM signal cross-section computed
with the VBFNLO program and corrected to particle level is reported. The cross-section uncertainties are
evaluated as described in Section 7.1 and range up to 22%.

For the computation of the confidence intervals, the e⌫µ⌫�, e⌫ j j� and µ⌫ j j� final states are combined. The
test statistic is computed from the product of the likelihood functions of the individual final states. This
combination improves the confidence intervals by up to 11% compared to the results obtained with the
e⌫µ⌫� final state only. The results are given in Table 7. In Figure 6 the expected and observed confidence
intervals using the form factor scale⇤FF = 1 TeV are shown. The non-unitarised couplings have also been
studied by other analyses (e.g. [5–13, 17]) and found to be consistent with the SM prediction of zero as
confirmed by this analysis.

20

E�T threshold Observed Expected SM Prediction

[GeV] limit [fb] limit [fb] �theo [fb]

Fully leptonic e⌫µ⌫� 120 0.3 0.3+0.3
�0.1 0.076 ± 0.004

Semileptonic

8>>>>>><
>>>>>>:

e⌫ j j�

µ⌫ j j�

`⌫ j j�

200

200

200

1.3

1.1

0.9

1.3+0.5
�0.3

1.1+0.5
�0.3

0.9+0.3
�0.2

0.057 ± 0.013

0.051 ± 0.011

0.054 ± 0.009

Table 6: Observed and expected cross-section upper limits at 95% CL using the CLs method for the di↵erent final
states with the photon ET threshold optimised for maximal aQGC sensitivity. The expected cross-section limits
are computed assuming the absence of WV� production. The last column shows the theory prediction for the SM
signal cross-section computed with the VBFNLO program and corrected to particle level. The `⌫ j j� cross-section
corresponds to the average cross-section per lepton flavour in the semileptonic analysis and all events of the e⌫ j j�
and µ⌫ j j� final states are employed for the determination of this limit.

using the CLs formalism at 95% CL. The results are given in Table 6 together with limits expected in
absence of WV� production. In addition, the theory prediction for the SM signal cross-section computed
with the VBFNLO program and corrected to particle level is reported. The cross-section uncertainties are
evaluated as described in Section 7.1 and range up to 22%.

For the computation of the confidence intervals, the e⌫µ⌫�, e⌫ j j� and µ⌫ j j� final states are combined. The
test statistic is computed from the product of the likelihood functions of the individual final states. This
combination improves the confidence intervals by up to 11% compared to the results obtained with the
e⌫µ⌫� final state only. The results are given in Table 7. In Figure 6 the expected and observed confidence
intervals using the form factor scale⇤FF = 1 TeV are shown. The non-unitarised couplings have also been
studied by other analyses (e.g. [5–13, 17]) and found to be consistent with the SM prediction of zero as
confirmed by this analysis.

20

Uppe
r 

limits

• ##!à $%&%! : cross section 
measurement
• Significance 1.4 '

• Upper limit for WW!/#(!à ℓ%jj!
• 2 to 5 time larger than SM cross 

section

• All channels combined for aQGC
search
• Results consistent with SM



PRECISION MEASUREMENTS FROM 
Z DECAY



! polarization from Zà!!
• Measure parity violation in 

interaction producing !

• First LHC measurement
• Precisely measured at LEP

• Semileptonic channel. 
• One leptonic tau needed for 

triggering events

• Maximum likelyhood fit to variable 
sensitive to ! polarization
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Figure 1: Charged asymmetry distributions as defined in Eq. (3) for left-handed (left) and right-handed (right)
single-prong reconstructed ⌧had leptons in simulated Z/�⇤ ! ⌧⌧ decays after the full event selection in the ⌧µ–⌧had
channel. The charged asymmetry is calculated from stable-particle-level (top) and reconstructed-detector-level (bot-
tom) quantities. In addition to the inclusive distributions, the constituent distributions corresponding to generated
⌧ leptons that decay in the ⌧ ! h±⌫ and ⌧ ! h±⇡0⌫ (h± denotes ⇡± or K±) modes are overlaid, as well as that of
the remaining decay modes. The latter mainly consist of ⌧ ! h±N⇡0⌫ decays, where N � 2. The analysis does
not, however, distinguish between the decay modes. The distributions are normalised according to their respective
cross-sections. Here, the polarisation is taken from the simulation.
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single-prong reconstructed ⌧had leptons in simulated Z/�⇤ ! ⌧⌧ decays after the full event selection in the ⌧µ–⌧had
channel. The charged asymmetry is calculated from stable-particle-level (top) and reconstructed-detector-level (bot-
tom) quantities. In addition to the inclusive distributions, the constituent distributions corresponding to generated
⌧ leptons that decay in the ⌧ ! h±⌫ and ⌧ ! h±⇡0⌫ (h± denotes ⇡± or K±) modes are overlaid, as well as that of
the remaining decay modes. The latter mainly consist of ⌧ ! h±N⇡0⌫ decays, where N � 2. The analysis does
not, however, distinguish between the decay modes. The distributions are normalised according to their respective
cross-sections. Here, the polarisation is taken from the simulation.
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! polarization from Zà!!
• Measure parity violation in 

interaction producing !

• First LHC measurement
• Precisely measured at LEP

• Semileptonic channel. 
• One leptonic tau needed for 

triggering events

• Maximum likelyhood fit to variable 
sensitive to ! polarization

• Still much less precise than LEP
• Combination not done
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" =8 TeV
uncertainties in the modelling of ⌧had identification and ⌧had energy reconstruction on the ⌥ distribution,
are fit to values that di↵er from their nominal estimates. The sizes of these ‘pulls’ are similar in the two
channels. The largest e↵ect is that the polarisation value obtained in the combination is higher and close
to that measured in the ⌧µ–⌧had channel.

The impact of the di↵erent sources of uncertainty is summarised in Table 7.

The uncertainty in a sin2 ✓e↵W value extracted from this measurement would be approximately 15 times
larger than that reached by the LEP experiments from ⌧ polarisation [1]. Therefore, and because additional
studies would be required to correct for the Z boson and photon interference, sin2 ✓e↵W is not determined
here.
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Figure 5: Post-fit⌥ distributions for the ⌧e–⌧had (left) and ⌧µ–⌧had (right) channels, and for the signal (top) and same-
sign (bottom) regions for the fit that extracts the ⌧ polarisation in the mass-selected region of 66 < mZ/�⇤ < 116 GeV.
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11 Conclusion

A measurement of the ⌧ polarisation in Z/�⇤ ! ⌧⌧ decays with one leptonic and one single-prong had-
ronic ⌧ decay is performed. Sensitivity to ⌧ polarisation is gained from the hadronic ⌧ decay. The 20.2 fb�1

dataset of proton–proton collisions at
p

s = 8 TeV collected by the ATLAS experiment at the LHC in
2012 is utilised. The measurement is complementary to previous measurements in electron–positron
collisions.

In the fiducial region, the measured ⌧ polarisation is P⌧ = �0.27 ± 0.02 (stat) ± 0.04 (syst). It agrees
with the value predicted by the Standard Model (as implemented in the Alpgen event generator interfaced
with the Pythia6 and Tauola) hadronisation and ⌧ decay modelling, which is P⌧ = �0.270 ± 0.006.
The polarisation is then extracted in the mass-selected region of 66 < mZ/�⇤ < 116 GeV and a value of
P⌧ = �0.14 ± 0.02 (stat) ± 0.04 (syst) is found. The result is in agreement with Standard Model
prediction of P⌧ = �0.1517 ± 0.0019.
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Drell-Yan differential cross section 
and AFB
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• Weak mixing angle from 

forward-backward asymmetry 
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• Triple-differential cross section: 
• Sensitive to both weak mixing 

angle and PDF 
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Figure 14: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 17: Forward-backward asymmetry, AFB, determined from the high rapidity electron Born-level fiducial cross
section. The kinematic region shown is labelled in each plot. The data are shown as solid markers and the error
bars represent the total experimental uncertainty. The prediction from Powheg including NNLO QCD and NLO
EW K-factors is shown as the solid line and the hatched band represents the statistical and PDF uncertainties in the
prediction.
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bars represent the total experimental uncertainty. The prediction from Powheg including NNLO QCD and NLO
EW K-factors is shown as the solid line and the hatched band represents the statistical and PDF uncertainties in the
prediction.
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Figure 11: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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&* = ℓ decay angle in 
Collins-Soper frame

• Reduce PDF uncertainty on weak 
mixing angle determination

• Results can also serve as input to 
PDF determination studies



Conclusions

• Electroweak studies in ATLAS go towards higher 
precision measurement and more rare processes.

• Can provide significant input to precision SM 
constraints.
• And insight into non perturbative QCD.

• Direct test for deviation from SM (anomalous 
couplings) found no evidence of beyond the SM 
contribution.
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1 Introduction

The non-Abelian nature of the Standard Model (SM) electroweak theory predicts the self-interactions of
the weak gauge bosons. These triple and quartic gauge-boson couplings provide a unique means to test
for new fundamental interactions. The fusion of electroweak (EW) bosons is a particularly important
process for measuring particle properties, such as the couplings of the Higgs boson, and for searching
for new particles beyond the Standard Model [1–11]. In proton–proton (pp) collisions, a characteristic
signature of these processes is the production of two high-momentum jets of hadrons at small angles with
respect to the incoming proton beams [12]. Measurements of this vector-boson-fusion (VBF) topology
have been performed in W [13], Z [14, 15] and Higgs [16] boson production, though the observation of
purely electroweak processes in this topology has only been achieved in individual measurements of Z-
boson production. This paper presents a precise measurement of electroweak W-boson production in the
VBF topology, with a significance well above the standard for claiming observation, as well as di↵erential
cross section measurements and constraints on anomalous triple-gauge-boson couplings (aTGCs).

The production of a W boson in association with two or more jets (W j j) is dominated by processes in-
volving strong interactions (strong W j j or QCD W j j). These processes have been extensively studied
by experiments at the Large Hadron Collider (LHC) [17, 18] and the Tevatron collider [19, 20], motiv-
ating the development of precise perturbative predictions [21–33]. The large cross section for W-boson
production provides greater sensitivity to the VBF topology and to the electroweak production of W j j
(electroweak W j j or EW W j j) than corresponding measurements of Z- or Higgs-boson production.

The VBF process is inseparable from other electroweak W j j processes, so it is not measured directly;
sensitivity to the VBF production mechanism is quantified by determining constraints on operator coef-
ficients in an e↵ective Lagrangian approach [34]. The classes of electroweak diagrams constituting the
signal are shown in Figure 1 [35] and contain at least three vertices where an electroweak gauge boson
connects to a pair of fermions. Diboson production, where the final-state quarks result from the decay of
an s-channel gauge boson, is not shown and is considered as a background; it is small for the VBF topo-
logy defined in the analysis. The large background from a W boson associated with strongly produced
jets is shown in Figure 2 and has only two electroweak vertices. This background has O(10) times the
yield of the signal process, and can interfere with the signal. This interference is suppressed because only
a small subset of the background diagrams have the same initial and final state as the signal.
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Figure 1: Representative leading-order diagrams for electroweak W j j production at the LHC. In addition to (a) the
vector boson fusion process, there are four (b) W bremsstrahlung diagrams, corresponding to W± boson radiation
by any incoming or outgoing quark, and two (c) non-resonant diagrams, corresponding to W± boson radiation by
either incoming quark.
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Figure 2: Examples of leading-order diagrams for strong W j j production at the LHC. The left-hand diagram inter-
feres with the electroweak diagrams of Figure 1 when the final-state quarks have the same colours as the initial-state
quarks.

The analysis signature consists of a neutrino and either an electron or a muon, two jets with a high dijet
invariant mass, and no additional jets at a wide angle from the beam. This signature discriminates signal
events from the copious background events consisting of strongly produced jets associated with a W
(or Z) boson, top-quark production, or multijet production. The purity of electroweak W j j production
increases with increasing dijet invariant mass, increasing the sensitivity to anomalous triple-gauge-boson
couplings.

Measurements of the inclusive and fiducial cross sections of electroweak W j j production in proton–
proton collisions at centre-of-mass energies

p
s = 7 and 8 TeV are performed in a fiducial region with

a signal-to-background ratio of approximately 1:8. The electroweak signal is extracted with a binned
likelihood fit to the dijet invariant mass distribution. The fit determines the ratio µEW of the measured
signal cross section to that of a Standard Model calculation [36]; this ratio is then multiplied by the
prediction to provide the measured cross section. To reduce the uncertainties in the modelling of the strong
W j j events, data are used to constrain their dijet mass distribution, resulting in a precise measurement of
the electroweak W j j fiducial cross section. The quantum-mechanical interference between electroweak
and strong W j j processes is not modelled and its impact on the measurement is estimated using a Monte
Carlo simulation and taken as an uncertainty.

In order to explore the kinematics of the W j j topology, and the interplay between strong and electroweak
production, the 8 TeV data are unfolded di↵erentially to particle level in many variables and phase-space
regions, and compared to theoretical predictions. Electroweak W j j production is measured in regions
where the signal purity is relatively high (& 10%); combined strong and electroweak W j j production
is measured in the other regions. These measurements are then integrated to obtain fiducial cross sec-
tions in the di↵erent phase-space regions, albeit with larger uncertainties than the measurement with the
constrained background.

Sensitivity to the VBF diagram is determined by modifying the triple-gauge-boson couplings. Anomal-
ous couplings arising from new processes at a high energy scale would cause increasing deviations from
the SM prediction for increasing momentum transfer between the incoming partons. Hence, a region of
high momentum transfer is defined, and constraints on anomalous gauge couplings are set in the con-
text of an e↵ective field theory (EFT), including limits on interactions that violate charge-parity (CP)
conservation.

The paper is organized as follows. The ATLAS detector and reconstruction of the final-state particles are
described in Section 2. The definitions of the measurement phase-space regions and the event selection
are given in Section 3. The modelling of signal and background processes is discussed in Section 4.

4

1 Introduction

At the Large Hadron Collider (LHC) events containing a Z boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the Drell–Yan process (QCD-
Zjj), as shown in Figure 1(a). In contrast, the production of Zjj events via t-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure 1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
‘standard candle’ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties of Zjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtual W boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure 1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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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-section
was performed by the ATLAS Collaboration in pp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2–4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusive Zjj production at high dijet invariant mass in pp
collisions at

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

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 =

p
(��)2 + (�⌘)2, where

�� and �⌘ are the separations in � and ⌘ respectively. Momentum in the transverse plane is denoted by pT.
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aTGC limits for WWZ vertex
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Ø From: !"à ℓ$ℓℓ Analysis paper: ATLAS-CONF-2016-043

For this and other summaries:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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