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Overview
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• Introduction to the vector boson scattering:

• Observation of the electroweak diboson production with the CMS and the ATLAS detectors

• Future plans

Time	for	rare	processes

31/03/2018 HEP	2018	NTUA 5

Vector	Boson	Scattering
(VBS)

ü Motivations

ü General aspects of the analysis

ü Timeline

One of the lowest cross section 

processes studied with the LHC
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Vector Boson Scattering
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EW sym. breaking sector: unitarity

ɑEW order: 6
ɑs order: 0

Diboson production via vector boson scattering

• Very precisely described process with the Standard Model
• Deviation from prediction could be a sign of new physics

• Can be used to constraint non SM Higgs Models with 
enhanced couplings to vector bosons

• Could be used as an indirect probe of Higgs properties, 
through longitudinally-polarized boson scattering (need 
higher integrated luminosity)

Vector Boson Sca6ering
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– In-depth tests of SM predic%ons

– Indirect probe of Higgs proper%es, through 

longitudinally-polarized boson sca6ering 

  

● What do we get from VBS?
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C. Bittrich, CERN-THESIS-2015-039
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Chapter 3

Vector Boson Scattering

As introduced in Subsection 2.1.1 the SM Lagrangian LSM contains terms for gauge
boson self-interactions. They are predicted by the gauge structure of the SM. These self-
interactions contain three-particle and four-particle vertices. This chapter introduces a
process containing these self-interactions.

3.1 Process definition
The scattering of massive gauge bosons, also called vector boson scattering (VBS), is
a process extremely sensitive to several predictions of the SM and models beyond the
SM. Its small cross section makes it challenging to measure. Nevertheless, its clean
signature allows a good suppression of backgrounds in some channels.

The pure scattering process contains several Feynman diagrams connecting two ini-
tial and two final state massive gauge bosons. All possible channels are depicted in Fig-
ure 3.1. Besides the four-particle vertex and s, u, and t channel1 vector boson exchange,
the Higgs boson can also be exchanged via s, u, or t channel diagrams. Depending on
the studied boson combinations, some channels are forbidden due to violation of charge
conservation. In addition to this constraint, all of the self-interactions contain at least
two W

± bosons. In this thesis, the focus is set on the scattering of WZ ! WZ. For
this channel an exchange of vector bosons is only possible via a W

± in an s or u channel
diagram. The Higgs boson contributes only via a t channel diagram.

At the LHC (see Chapter 4), being a p-p collider, the vector bosons are radiated off
by quarks. The outgoing quarks are only weakly deflected, resulting in a large rapidity
difference and a large invariant mass of the resulting jets. Combined with small hadronic
activity between these jets this is an important signature of vector boson fusion and
vector boson scattering processes. This is exploited to tag events and for suppression
of background processes. These jets are also called tagging jets.

After the scattering process the bosons decay into two fermions each. This results
1
Throughout this thesis the following convention for the numbering of the incoming and outgoing

particles is used. If a particle contributes as incoming and outgoing particle, the momenta of these

particles are denoted with 1 and 3. If a second pair of momenta exists they are denoted by 2 and 4.

Following this convention, it is possible to distinguish between an u and t channel diagram.
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Figure 3.1: All possible Feynman diagrams connecting two initial and two final
state massive gauge bosons.
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Figure 3.2: Schematic diagram of the vector boson scattering process at the LHC.
The dashed circle stands for the possible interactions between the vector bosons
shown in Figure 3.1.

in a final state containing the two tagging jets along with four fermions. A schematic
diagram for this is depicted in Figure 3.2. Despite lower branching ratios, only the fully
leptonic decays of the bosons are considered in this thesis. Decays containing ⌧ leptons
are also neglected. The advantages of restricted final state are a better suppression of
backgrounds and a better momentum resolution for the decay products. The momentum
resolution is especially vital in polarization measurements for the reconstruction of
variables such as the decay angle ✓

⇤
V

(see Sec. 2.2). Thus, the final state is given by
`
±

⌫``
0�

`
0+

jj, where ` denotes either e or µ. Note that either the neutrino ⌫` or the
lepton of same flavor ` have to be an anti-particle. For the sake of readability, this is
not denoted for the neutrino, as it can be easily deduced from the charged lepton. This
notation will be used throughout this thesis.

As quantum mechanics dictates, all diagrams leading to this final state contribute
to the measurement. Some of these diagrams can be separated from the VBS process.
The couplings of the VBS process are of the order O(↵

6
EW

) at LO, i. e. it is a purely
electroweak process. All purely electroweak processes with the same final state are
not gauge invariantly separable from each other. This means all of these processes
should be contained in the definition of the signal process. Some possible Feynman
diagrams of other electroweak processes are depicted in Figure 3.3. These processes of
order O(↵

6
EW

) are defined as signal and denoted by WZjj-EW. These diagrams can be
divided into resonant and non-resonant diagrams. A diagram is called resonant if the
final state fermions accompanying the tagging jets originate from two s channel vector
bosons. In this case the diagram can be separated in the production of two vector
bosons along with two jets and the decay of the vector bosons. This is not possible for
non-resonant channels.

The definition of the signal process is restricted further in order to enhance the
contribution of the VBS diagrams. An initial state bottom quark radiating of a W

±

boson causes a top quark resonance. This can only contribute to the VBS topology in
higher orders due to the additional W radiated off during the decay of the top quark.
However, other O(↵

6
EW

) diagrams, which also result in the `
±

⌫``
0�

`
0+

jj final state,
contain a top quark resonance. Thus, the contribution of non-VBS diagrams is strongly
enhanced if a bottom quark is present in the initial state. Since the initial state is not
accessible experimentally it cannot be used for the process definition. However, the
top quark resonance leads to final states containing a bottom quark. This is accessible,
since bottom quarks can be distinguished from other quarks in the ATLAS detector
(see Sec. 4.2) using b-tagging. Hence, diagrams with a bottom quark in the final state
are not included in the signal process definition. These diagrams contribute to the
background and are denoted by tZj.

There are other processes with the same final state of the order O(↵
4
EW

↵
2
s
). Some

example processes are shown in Figure 3.4. These are separable and therefore defined
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Vector Boson Scattering
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Diboson production via vector boson scattering

• Very precisely described process with the Standard Model

• Deviation from prediction could be a sign of new physics

access to Quartic Gauge Couplings

Vector Boson Sca6ering
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– In-depth tests of SM predic%ons

– Indirect probe of Higgs proper%es, through 

longitudinally-polarized boson sca6ering 

– Among rare processes (with triboson) where  

4-boson vertex can be probed 

– Can be used to derive constraints on new 

physics (aGCs and EFT parameters constraints)

● What do we get from VBS?
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• Quartic gauge couplings could be modified by new physics (aQGC) 

• Effect on high energy tails of kinematical distribution such as Mjj

• ATLAS and CMS choice for interpretation: Effective Field Theory

ɑEW order: 6
ɑs order: 0

VBS very sensitive to 
dim.8 parameters

for more details: see talks from D. Sampsonidou and E. Kasimi
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Figure 4: mT(WZ) for events satisfying the EW signal selection, used to place constraints on
the anomalous coupling parameters. The dashed lines show predictions for several aQGC
parameters values that modify the EW WZ process. The last bin contains all events with
mT(WZ) > 2000 GeV. The hatched bands represent the total and relative systematic uncer-
tainties on the predicted yields. The bottom panel shows the ratio of the number of events
measured in data to the total number of expected events. The predicted yields are shown with
their best-fit normalizations from the background-only fit.
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Vector Boson Scattering

As introduced in Subsection 2.1.1 the SM Lagrangian LSM contains terms for gauge
boson self-interactions. They are predicted by the gauge structure of the SM. These self-
interactions contain three-particle and four-particle vertices. This chapter introduces a
process containing these self-interactions.

3.1 Process definition
The scattering of massive gauge bosons, also called vector boson scattering (VBS), is
a process extremely sensitive to several predictions of the SM and models beyond the
SM. Its small cross section makes it challenging to measure. Nevertheless, its clean
signature allows a good suppression of backgrounds in some channels.

The pure scattering process contains several Feynman diagrams connecting two ini-
tial and two final state massive gauge bosons. All possible channels are depicted in Fig-
ure 3.1. Besides the four-particle vertex and s, u, and t channel1 vector boson exchange,
the Higgs boson can also be exchanged via s, u, or t channel diagrams. Depending on
the studied boson combinations, some channels are forbidden due to violation of charge
conservation. In addition to this constraint, all of the self-interactions contain at least
two W

± bosons. In this thesis, the focus is set on the scattering of WZ ! WZ. For
this channel an exchange of vector bosons is only possible via a W

± in an s or u channel
diagram. The Higgs boson contributes only via a t channel diagram.

At the LHC (see Chapter 4), being a p-p collider, the vector bosons are radiated off
by quarks. The outgoing quarks are only weakly deflected, resulting in a large rapidity
difference and a large invariant mass of the resulting jets. Combined with small hadronic
activity between these jets this is an important signature of vector boson fusion and
vector boson scattering processes. This is exploited to tag events and for suppression
of background processes. These jets are also called tagging jets.

After the scattering process the bosons decay into two fermions each. This results
1
Throughout this thesis the following convention for the numbering of the incoming and outgoing

particles is used. If a particle contributes as incoming and outgoing particle, the momenta of these

particles are denoted with 1 and 3. If a second pair of momenta exists they are denoted by 2 and 4.

Following this convention, it is possible to distinguish between an u and t channel diagram.
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Figure 3.1: All possible Feynman diagrams connecting two initial and two final
state massive gauge bosons.
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Figure 3.2: Schematic diagram of the vector boson scattering process at the LHC.
The dashed circle stands for the possible interactions between the vector bosons
shown in Figure 3.1.

in a final state containing the two tagging jets along with four fermions. A schematic
diagram for this is depicted in Figure 3.2. Despite lower branching ratios, only the fully
leptonic decays of the bosons are considered in this thesis. Decays containing ⌧ leptons
are also neglected. The advantages of restricted final state are a better suppression of
backgrounds and a better momentum resolution for the decay products. The momentum
resolution is especially vital in polarization measurements for the reconstruction of
variables such as the decay angle ✓

⇤
V

(see Sec. 2.2). Thus, the final state is given by
`
±

⌫``
0�

`
0+

jj, where ` denotes either e or µ. Note that either the neutrino ⌫` or the
lepton of same flavor ` have to be an anti-particle. For the sake of readability, this is
not denoted for the neutrino, as it can be easily deduced from the charged lepton. This
notation will be used throughout this thesis.

As quantum mechanics dictates, all diagrams leading to this final state contribute
to the measurement. Some of these diagrams can be separated from the VBS process.
The couplings of the VBS process are of the order O(↵

6
EW

) at LO, i. e. it is a purely
electroweak process. All purely electroweak processes with the same final state are
not gauge invariantly separable from each other. This means all of these processes
should be contained in the definition of the signal process. Some possible Feynman
diagrams of other electroweak processes are depicted in Figure 3.3. These processes of
order O(↵

6
EW

) are defined as signal and denoted by WZjj-EW. These diagrams can be
divided into resonant and non-resonant diagrams. A diagram is called resonant if the
final state fermions accompanying the tagging jets originate from two s channel vector
bosons. In this case the diagram can be separated in the production of two vector
bosons along with two jets and the decay of the vector bosons. This is not possible for
non-resonant channels.

The definition of the signal process is restricted further in order to enhance the
contribution of the VBS diagrams. An initial state bottom quark radiating of a W

±

boson causes a top quark resonance. This can only contribute to the VBS topology in
higher orders due to the additional W radiated off during the decay of the top quark.
However, other O(↵

6
EW

) diagrams, which also result in the `
±

⌫``
0�

`
0+

jj final state,
contain a top quark resonance. Thus, the contribution of non-VBS diagrams is strongly
enhanced if a bottom quark is present in the initial state. Since the initial state is not
accessible experimentally it cannot be used for the process definition. However, the
top quark resonance leads to final states containing a bottom quark. This is accessible,
since bottom quarks can be distinguished from other quarks in the ATLAS detector
(see Sec. 4.2) using b-tagging. Hence, diagrams with a bottom quark in the final state
are not included in the signal process definition. These diagrams contribute to the
background and are denoted by tZj.

There are other processes with the same final state of the order O(↵
4
EW

↵
2
s
). Some

example processes are shown in Figure 3.4. These are separable and therefore defined

14



Vector Boson Scattering

5

Diboson production via vector boson scattering

• Very precisely described process with the Standard Model
• Deviation from prediction could be a sign of new physics

EW diboson production

• can’t be dissociated from VBS process
• observation and cross section measurements concern 

both groups of diagrams

ɑEW order: 6
ɑs order: 0

ɑEW order: 6
ɑs order: 0
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As introduced in Subsection 2.1.1 the SM Lagrangian LSM contains terms for gauge
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the Higgs boson can also be exchanged via s, u, or t channel diagrams. Depending on
the studied boson combinations, some channels are forbidden due to violation of charge
conservation. In addition to this constraint, all of the self-interactions contain at least
two W

± bosons. In this thesis, the focus is set on the scattering of WZ ! WZ. For
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± in an s or u channel
diagram. The Higgs boson contributes only via a t channel diagram.

At the LHC (see Chapter 4), being a p-p collider, the vector bosons are radiated off
by quarks. The outgoing quarks are only weakly deflected, resulting in a large rapidity
difference and a large invariant mass of the resulting jets. Combined with small hadronic
activity between these jets this is an important signature of vector boson fusion and
vector boson scattering processes. This is exploited to tag events and for suppression
of background processes. These jets are also called tagging jets.

After the scattering process the bosons decay into two fermions each. This results
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particles is used. If a particle contributes as incoming and outgoing particle, the momenta of these

particles are denoted with 1 and 3. If a second pair of momenta exists they are denoted by 2 and 4.
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shown in Figure 3.1.

in a final state containing the two tagging jets along with four fermions. A schematic
diagram for this is depicted in Figure 3.2. Despite lower branching ratios, only the fully
leptonic decays of the bosons are considered in this thesis. Decays containing ⌧ leptons
are also neglected. The advantages of restricted final state are a better suppression of
backgrounds and a better momentum resolution for the decay products. The momentum
resolution is especially vital in polarization measurements for the reconstruction of
variables such as the decay angle ✓
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lepton of same flavor ` have to be an anti-particle. For the sake of readability, this is
not denoted for the neutrino, as it can be easily deduced from the charged lepton. This
notation will be used throughout this thesis.

As quantum mechanics dictates, all diagrams leading to this final state contribute
to the measurement. Some of these diagrams can be separated from the VBS process.
The couplings of the VBS process are of the order O(↵
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) at LO, i. e. it is a purely
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should be contained in the definition of the signal process. Some possible Feynman
diagrams of other electroweak processes are depicted in Figure 3.3. These processes of
order O(↵
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) are defined as signal and denoted by WZjj-EW. These diagrams can be
divided into resonant and non-resonant diagrams. A diagram is called resonant if the
final state fermions accompanying the tagging jets originate from two s channel vector
bosons. In this case the diagram can be separated in the production of two vector
bosons along with two jets and the decay of the vector bosons. This is not possible for
non-resonant channels.

The definition of the signal process is restricted further in order to enhance the
contribution of the VBS diagrams. An initial state bottom quark radiating of a W
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boson causes a top quark resonance. This can only contribute to the VBS topology in
higher orders due to the additional W radiated off during the decay of the top quark.
However, other O(↵
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) diagrams, which also result in the `
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contain a top quark resonance. Thus, the contribution of non-VBS diagrams is strongly
enhanced if a bottom quark is present in the initial state. Since the initial state is not
accessible experimentally it cannot be used for the process definition. However, the
top quark resonance leads to final states containing a bottom quark. This is accessible,
since bottom quarks can be distinguished from other quarks in the ATLAS detector
(see Sec. 4.2) using b-tagging. Hence, diagrams with a bottom quark in the final state
are not included in the signal process definition. These diagrams contribute to the
background and are denoted by tZj.
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example processes are shown in Figure 3.4. These are separable and therefore defined
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3.2 Polarization in vector boson scattering
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Figure 3.3: Feynman diagrams for some examples of non-VBS O(↵6
EW ) processes.

These diagrams are not gauge invariantly separable from the VBS diagrams and
are contained in the signal definition. Final states containing a bottom quark are
defined as background. For processes with at least one bottom quark in the final
state, the contribution of VBS diagrams is reduced due to a top quark resonance in
the non-VBS diagrams. The diagram on the right-hand is an example for a so-called
tri-boson diagram. One of the three produced bosons decays hadronically. Since
each of the bosons can decay like this, decay products are not specified further.
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Figure 3.4: Feynman diagrams for some examples of O(↵4
EW↵

2
s) background pro-

cesses. These are gauge invariantly separable from the VBS diagrams and therefore
contribute to the background.

as part of the background. This contribution to the background is called WZjj-QCD.
Other backgrounds can arise from detector effects such as leptons that were not

reconstructed or other objects reconstructed as leptons. As a study of the background
exceeds the scope of this work, this is not discussed further. A more detailed study of
the background processes can be found in [32]. å

3.2 Polarization in vector boson scattering
As explained in Subsection 2.1.2 the massive gauge bosons acquire their masses via
EWSB as described by the BEH mechanism. Without this symmetry breaking, the
observed longitudinally polarized states, denoted by W

±
L

and ZL cannot be explained
in the SM. Thus, these longitudinal states are deeply linked to the mechanism of EWSB
and incorporate an important test of the SM. In the BEH mechanism they can be
identified with the introduced Goldstone bosons. Although of interest in general, the
difference between left- and right-handed helicities of the bosons is not connected to
EWSB. Considering also the low cross section of the total VBS process, it is reasonable
to omit distinguishing between the two transverse polarizations. Instead they will from
here on be combined and denoted with VT.

In the SM without EWSB the scattering of longitudinal bosons VLVL ! VLVL

violates unitarity. The cross section of the VBS process increases with the center-of-mass
energy Ecm. Consequently, the cross sections exceed the unitarity limit for sufficiently
large center-of-mass energy. According to scattering theory this can be interpreted as
a probability for the process larger than one. This increase is solely caused by the
scattering of the longitudinal states. In the BEH mechanism additional channels are
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Diboson production via vector boson scattering

• Very precisely described process with the Standard Model
• Deviation from prediction could be a sign of new physics

• Create an VBS enhanced phase space 

Very characteristic kinematical profil:

ɑEW order: 6
ɑs order: 0

• Two high PT forward jets (high Δη, high mjj)

• Diboson products in the central region
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conservation. In addition to this constraint, all of the self-interactions contain at least
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this channel an exchange of vector bosons is only possible via a W
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by quarks. The outgoing quarks are only weakly deflected, resulting in a large rapidity
difference and a large invariant mass of the resulting jets. Combined with small hadronic
activity between these jets this is an important signature of vector boson fusion and
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in a final state containing the two tagging jets along with four fermions. A schematic
diagram for this is depicted in Figure 3.2. Despite lower branching ratios, only the fully
leptonic decays of the bosons are considered in this thesis. Decays containing ⌧ leptons
are also neglected. The advantages of restricted final state are a better suppression of
backgrounds and a better momentum resolution for the decay products. The momentum
resolution is especially vital in polarization measurements for the reconstruction of
variables such as the decay angle ✓
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contribution of the VBS diagrams. An initial state bottom quark radiating of a W
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accessible experimentally it cannot be used for the process definition. However, the
top quark resonance leads to final states containing a bottom quark. This is accessible,
since bottom quarks can be distinguished from other quarks in the ATLAS detector
(see Sec. 4.2) using b-tagging. Hence, diagrams with a bottom quark in the final state
are not included in the signal process definition. These diagrams contribute to the
background and are denoted by tZj.

There are other processes with the same final state of the order O(↵
4
EW

↵
2
s
). Some

example processes are shown in Figure 3.4. These are separable and therefore defined
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A typical VBS event (W+W+jj)

7

Louis Portales 12

VBS event topology

                                                  

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

– Always there: two very forward hadronic jets

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

lepton pair and/or addi%onal central hadronic jets

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



QCD diboson production
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QCD diboson production in association with two jets
• Very high background for most channels

EW diboson production: very characteristic kinematic signature

Same final state as EW:      |"#$%|& = |"()* + ",-|& = |"()*|& + |",-|& + 2×01 "()*
∗×",-

Interference term: Taken into account as shape uncertainty in most analyses

ɑEW order: 4
ɑs order: 2

HEP 2018 NTUA 8
dijet invariant mass dijet Δη centrality

arXiv:hep-ph/9605444
typically mjj>500 
GeV in VBS analyses

3.2 Polarization in vector boson scattering
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Figure 3.3: Feynman diagrams for some examples of non-VBS O(↵6
EW ) processes.

These diagrams are not gauge invariantly separable from the VBS diagrams and
are contained in the signal definition. Final states containing a bottom quark are
defined as background. For processes with at least one bottom quark in the final
state, the contribution of VBS diagrams is reduced due to a top quark resonance in
the non-VBS diagrams. The diagram on the right-hand is an example for a so-called
tri-boson diagram. One of the three produced bosons decays hadronically. Since
each of the bosons can decay like this, decay products are not specified further.
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`

¯̀

`

¯̀

g

g

q
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¯̀

q̄

q q

q̄

`

¯̀

`

¯̀

Figure 3.4: Feynman diagrams for some examples of O(↵4
EW↵

2
s) background pro-

cesses. These are gauge invariantly separable from the VBS diagrams and therefore
contribute to the background.

as part of the background. This contribution to the background is called WZjj-QCD.
Other backgrounds can arise from detector effects such as leptons that were not

reconstructed or other objects reconstructed as leptons. As a study of the background
exceeds the scope of this work, this is not discussed further. A more detailed study of
the background processes can be found in [32]. å

3.2 Polarization in vector boson scattering
As explained in Subsection 2.1.2 the massive gauge bosons acquire their masses via
EWSB as described by the BEH mechanism. Without this symmetry breaking, the
observed longitudinally polarized states, denoted by W

±
L

and ZL cannot be explained
in the SM. Thus, these longitudinal states are deeply linked to the mechanism of EWSB
and incorporate an important test of the SM. In the BEH mechanism they can be
identified with the introduced Goldstone bosons. Although of interest in general, the
difference between left- and right-handed helicities of the bosons is not connected to
EWSB. Considering also the low cross section of the total VBS process, it is reasonable
to omit distinguishing between the two transverse polarizations. Instead they will from
here on be combined and denoted with VT.

In the SM without EWSB the scattering of longitudinal bosons VLVL ! VLVL

violates unitarity. The cross section of the VBS process increases with the center-of-mass
energy Ecm. Consequently, the cross sections exceed the unitarity limit for sufficiently
large center-of-mass energy. According to scattering theory this can be interpreted as
a probability for the process larger than one. This increase is solely caused by the
scattering of the longitudinal states. In the BEH mechanism additional channels are
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8 TeV ATLAS CMS
WWss and Vγ limits on aQGC limits on aQGC

WZ limits on aQGC -
semi-leptonic WV+jj limits on aQGC -

Run 1 anlysis: 8 TeV
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13 TeV ATLAS (36.1 fb-1) CMS (35.9 fb-1)
WWss observation observation, limits on aQGC

and charged Higgs
WZ observation

(limits on charged Higgs*)
limits on aQGC and charged 
Higgs

ZZ - limits on QGC

First Run 2 anlysis: 13 TeV

*Phys. Lett. B 787 (2018) 68 , from resonances searches also see talk from K. Kordas



W±W ±jj channel
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Best EW/QCD and S/B ratio channel

Selection:

• Exactly two same sign leptons

• At least two high PT forward jets

• Missing energy

Suffering from high fake background
• Non prompt leptons
• Electron charge misID

• Important background from WZ QCD

ssWW EW ssWW QCD: very low

First EW diboson production observation 
by CMS

Observation both by ATLAS and CMS:

ATLAS-CONF-2018-030

CMS: PRL 120 (2018) 081801 
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The first observation of electroweak production of same-sign W boson pairs in proton-proton collisions
is reported. The data sample corresponds to an integrated luminosity of 35.9 fb−1 collected at a center-of-
mass energy of 13 TeV with the CMS detector at the LHC. Events are selected by requiring exactly two
leptons (electrons or muons) of the same charge, moderate missing transverse momentum, and two jets
with a large rapidity separation and a large dijet mass. The observed significance of the signal is 5.5
standard deviations, where a significance of 5.7 standard deviations is expected based on the standard
model. The ratio of measured event yields to that expected from the standard model at leading order is
0.90! 0.22. A cross section measurement in a fiducial region is reported. Bounds are given on the structure
of quartic vector boson interactions in the framework of dimension-8 effective field theory operators and on
the production of doubly charged Higgs bosons.
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The standard model (SM) of particle physics provides an
accurate description of observations from many acceler-
ator- and nonaccelerator-based experiments. The discovery
of a Higgs boson [1–3] confirmed that W and Z gauge
bosons acquire mass using the Higgs mechanism. This
discovery motivates further study of the mechanism of
electroweak (EW) symmetry breaking through measure-
ments of vector boson scattering (VBS) processes. Physics
models beyond the SM predict enhancements in VBS
through modifications of the Higgs sector or the presence
of additional resonances [4,5].
The main goal of this analysis is to identify same-signW

boson pairs produced in association with two jets purely via
the electroweak interaction. Candidate events contain
exactly two identified leptons (electrons or muons) of
the same charge, moderate missing transverse momentum
(pmiss

T ), and two jets with a large rapidity separation and a
large dijet mass. The selection of same-sign lepton events
reduces the contribution from the strong production of W
boson pairs, making the experimental signature an ideal
topology for VBS studies.
Figure 1 shows representative Feynman diagrams for

EW and quantum chromodynamics (QCD)-induced same-
sign W boson pair production.

An excess of events with respect to SM expectation
could signal the presence of anomalous quartic gauge
couplings (AQGCs) [6] or the existence of a new reso-
nance, such as a doubly charged Higgs boson. Doubly
charged Higgs bosons are predicted in Higgs sectors
beyond the SM where weak isotriplet scalars are included
[7,8]. They can be produced via vector boson fusion (VBF)
and decay to pairs of same-sign W bosons [9].
First experimental results for EW same-sign W boson

pair searches were reported by the ATLAS and CMS
Collaborations based on data collected at

ffiffiffi
s

p
¼ 8 TeV,

FIG. 1. Representative Feynman diagrams for single, triple, and
quartic gauge couplings of the EW-induced same-sign W boson
pair production (left, middle-left, middle-right) and QCD-in-
duced background (right).

*Full author list given at the end of the article.
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background is not negligible for dielectron events. An
invariant mass veto, jmll −mZj > 15 GeV, is imposed for
e!e! events. The Drell-Yan background is further reduced
by requiring pmiss

T > 40 GeV.
A WZ → 3lν control region is defined by requiring an

additional identified lepton with pT > 10 GeV and an
opposite-sign same-flavor lepton pair with an invariant
mass consistent with that of the Z boson. The background
contribution from charge misidentification is estimated by
applying a data-to-simulation efficiency correction to
charge misidentified electrons in bins of η. The charge
misidentification rate, estimated using Drell-Yan events, is
between about 0.01% in the barrel region and about 0.3% in
the end cap region for electrons.
The nonprompt lepton backgrounds originating from

leptonic decays of heavy quarks, hadrons misidentified as
leptons, and electrons from photon conversions are sup-
pressed by the identification and isolation requirements
imposed on electrons and muons. The remaining contribu-
tion from the nonprompt lepton background is estimated
directly from data following the technique described in
Ref. [11]. All other background processes are estimated
from simulation applying corrections to account for small
differences between data and simulation, as described below.
The lepton trigger, reconstruction, and selection efficien-

cies are measured using Drell-Yan events that provide an
unbiased sample with high purity. The estimated uncertainty
is less than 2%per lepton. The jet energy scale and resolution
uncertainties give rise to an uncertainty in the yields of up to
7%. The uncertainty in the estimated event yields related to
the top quark veto is evaluated by using a Z=γ" → lþ l−

sample with at least two reconstructed jets and is 3% or
smaller. The statistical uncertainty due to the finite size of
each simulated sample is also taken into account. The
uncertainty of 2.5% in the integrated luminosity determi-
nation [28] is considered for all processes estimated from
simulation and for the fiducial cross section. The normali-
zation of the processes with misidentified leptons is esti-
mated with a systematic uncertainty of 30%. The WZ
background normalization uncertainty is 20%–40%, domi-
nated by the statistical uncertainty arising from the small
number of events in the trilepton control region. Theoretical
uncertainties are estimated by varying simultaneously the
renormalization and factorization scales up and down by a
factor of 2 from their nominal value in each event, and,
depending on kinematic region, are up to 12% for the signal
normalization and 20% for the triboson background nor-
malization. The interference between the EW signal and the
QCD-induced same-signW boson production background is
estimated using the PHANTOM 1.2.8 generator [29] and is
treated as a systematic uncertainty of 4.5% in the signal yield.
An uncertainty in the parton distribution function contributes
5% to the signal times acceptance [30].
The simulated signal and background yields, as well as

the observed data yields, are shown in Table I. See

Supplemental Material [31], which includes Ref. [32] for
a table with more detailed results. The two dominant
sources of background events arise from nonprompt lep-
tons and the WZ process. The distributions of mjj and mll
in the signal region are shown in Fig. 2. An excess of events
with respect to the background-only hypothesis is
observed. In order to quantify the significance of the
observation of the EW production of same-sign W boson
pairs, a statistical analysis of the event yields is performed
with a fit to the (mjj,mll) two-dimensional distributions.
The fit is performed simultaneously in the signal region and
in theWZ control region, although only themjj distribution
is used in the latter region. The aim of using theWZ control
region is to determine the number of WZ background
events in the signal region as a function of mjj. The lepton
flavor is not used to separate event samples. The EW signal
yield and the WZ background normalization are free
parameters of the fit. All background contributions can
vary within the estimated uncertainties. The data excess is
quantified by calculating the p value using a profile
likelihood ratio test statistic [33–35]. The observed
(expected) statistical significance of the signal is 5.5 (5.7)
standard deviations. The ratio of measured signal event yield
to that expected from the SM is 0.90! 0.22.
The cross section is extracted in a fiducial signal region,

defined using MC generator quantities by requiring two
same-sign leptons fromW boson decayswithpl

T > 20 GeV
and jηlj < 2.5, two jets with pj

T > 30 GeV and jηjj < 5.0,
mjj > 500 GeV, and jΔηjjj > 2.5. In this definition, the
leptons are defined at particle level postfinal state radiation
and W → τν → lννν decays are excluded. The measured
cross section is corrected for the acceptance in this region
using the MADGRAPH5_aMC@NLO generator, which is also
used to estimate the theoretical cross section at LO. The
fiducial cross section is measured to be σfidðW!W!jjÞ ¼
3.83! 0.66 ðstatÞ ! 0.35 ðsystÞ fb. The predicted theoreti-
cal cross section at LO is 4.25! 0.27 fb, in agreement with
the measurement. The uncertainty in the theoretical cross

TABLE I. Estimated signal and background yields after the
selection. The statistical and systematic uncertainties are added in
quadrature. The processes contributing to less than 1% of the total
background are not listed, but included in the total background
yield.

Data 201

Signal þ total background 205! 13
Signal 66.9! 2.4
Total background 138! 13
Nonprompt 88! 13
WZ 25.1! 1.1
QCD WW 4.8! 0.4
Wγ 8.3! 1.6
Triboson 5.8! 0.8
Wrong sign 5.2! 1.1
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• Selection:

• Signal modelling and background estimation:

2 same sign leptons:
PT

1>25 GeV, PT
2>20 GeV, mll>20 GeV, |mee-Mz|>15 GeV

2 jets: PT>30 GeV, |η|<5.0, mjj>500 GeV, |Δηjj|>2.5
Centrality: |ηl-(ηj1 +ηj2 )/2|/| Δηjj |<0.75
PT

miss >40 GeV

Signal: MadGraph5 aMC@NLO2.3.3: LO EWK, LO QCD 

Reducible background: extracted from data

normalized in dedicated CR (invert 3l veto)

simulation corrected with data
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• Signal extraction:

with a 2D template fit using mll and mjj

simultaneously with WZ CR

5.5 ! observation (5.7 expected)

• Fiducial cross section measurement:  (MadGraph: )

• Limits on

in a Georgi-Machacek model of Higgs triplets 

predicting doubly charged Higgs bosons 

5.5 standard deviations, where a significance of 5.7
standard deviations is expected based on the SM. The
ratio of measured event yields to that expected from the
standard model at leading order is 0.90! 0.22. A cross
section measurement in a fiducial region is reported
consistent with SM predictions. Bounds on the structure
of quartic vector boson interactions are improved by a
factor of up to 6 compared to previous results. Upper limits
are given on the production cross section times branching
fraction of doubly charged Higgs bosons.

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and at
other CMS institutes for their contributions to the success of
the CMS effort. In addition, we gratefully acknowledge the
computing centers and personnel of the Worldwide LHC
Computing Grid for delivering so effectively the computing
infrastructure essential to our analyses. Finally, we acknowl-
edge the enduring support for the construction and operation
of the LHC and the CMS detector provided by the following
funding agencies: BMWFWand FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC
(China); COLCIENCIAS (Colombia); MSES and CSF
(Croatia); RPF (Cyprus); SENESCYT (Ecuador); MoER,
ERC IUT, and ERDF (Estonia); Academy of Finland, MEC,
and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, andHGF (Germany);GSRT (Greece); OTKA andNIH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland);
INFN (Italy); MSIP and NRF (Republic of Korea); LAS
(Lithuania);MOEandUM(Malaysia); BUAP,CINVESTAV,
CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MBIE
(New Zealand); PAEC (Pakistan);MSHE andNSC (Poland);
FCT (Portugal); JINR (Dubna); MON, RosAtom, RAS,
RFBR and RAEP (Russia); MESTD (Serbia); SEIDI,
CPAN, PCTI and FEDER (Spain); Swiss Funding

Agencies (Switzerland); MST (Taipei); ThEPCenter, IPST,
STAR, and NSTDA (Thailand); TUBITAK and TAEK
(Turkey); NASU and SFFR (Ukraine); STFC (United
Kingdom); DOE and NSF (USA).

[1] ATLAS Collaboration, Observation of a new particle in the
search for the standard model Higgs boson with the ATLAS
detector at the LHC, Phys. Lett. B 716 , 1 (2012).

[2] CMS Collaboration, Observation of a new boson at a mass
of 125 GeV with the CMS experiment at the LHC, Phys.
Lett. B 716 , 30 (2012).

[3] CMS Collaboration, Observation of a new boson with mass
near 125 GeV in pp collisions at

ffiffiffi
s

p
¼ 7 and 8 TeV, J. High

Energy Phys. 06 (2013) 081.
[4] D. Espriu and B. Yencho, Longitudinal WW scattering in

light of the Higgs boson discovery, Phys. Rev. D 87, 055017
(2013).

[5] J. Chang, K. Cheung, Ch.-T. Lu, and T.-Ch. Yuan, WW
scattering in the era of post-Higgs-boson discovery, Phys.
Rev. D 87, 093005 (2013).

[6] O. J. P. Éboli, M. C. Gonzalez-Garcia, and J. K. Mizukoshi,
pp → jje!μ!νν and jje∓μ!νν at Oðα6emÞ and Oðα4emα2sÞ
for the study of the quartic electroweak gauge boson vertex
at CERN LHC, Phys. Rev. D 74 , 073005 (2006).

[7] Ch. Englert, E. Re, and M. Spannowsky, Triplet Higgs
boson collider phenomenology after the LHC, Phys. Rev. D
87, 095014 (2013).

[8] Ch. Englert, E. Re, and M. Spannowsky, Pinning down
Higgs triplets at the LHC, Phys. Rev. D 88, 035024 (2013).

[9] Ch.-W. Chiang, T. Nomura, and K. Tsumura, Search for
doubly charged Higgs bosons using the same-sign diboson
mode at the LHC, Phys. Rev. D 85 , 095023 (2012).

[10] ATLAS Collaboration, Evidence for Electroweak Produc-
tion of W!W!jj in pp Collisions at

ffiffiffi
s

p
¼ 8 TeV with the

ATLAS Detector, Phys. Rev. Lett. 113 , 141803 (2014).
[11] CMS Collaboration, Study of Vector Boson Scattering and

Search for New Physics in Events with Two Same-Sign
Leptons and Two Jets, Phys. Rev. Lett. 114 , 051801 (2015).

[12] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 3 , S08004 (2008).

[13] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer,H.-S. Shao,T. Stelzer, P. Torrielli, andM.Zaro, The
automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[14] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[15] P. Skands, S. Carrazza, and J. Rojo, Tuning PYTHIA 8.1:
The Monash 2013 tune, Eur. Phys. J. C 74 , 3024 (2014).

[16] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76 , 155 (2016).

[17] R. D. Ball, V. Bertone, S. Carrazza, Ch. S. Deans, L. Del
Debbio, S. Forte, A. Guffanti, N. P. Hartland, J. I. Latorre, J.
Rojo, and M. Ubiali (NNPDF), Parton distributions for the
LHC Run II, J. High Energy Phys. 04 (2015) 040.

 (GeV)±±Hm
200 300 400 500 600 700 800 900 1000

) (
fb

)
±

W±
 W

→
±±

(H
B)±±

(H
V

B
F

σ 100

200

300

±W± W→±±VBF H

 Observed

 Median expected

 68% expected

 95% expected

 (13 TeV)-135.9 fb

CMS

FIG. 3. Expected and observed 95% C.L. upper limits on the
cross section times branching fraction, σVBFðH!!ÞBðH!! →
W!W!Þ as a function of doubly charged Higgs boson mass.
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section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
95% C.L. upper limits on σVBFðH""ÞBðH"" → W"W"Þ
can be derived, as shown in Fig. 3. The observed limit
excludes sH values greater than 0.18 and 0.44 at
mðH""Þ ¼ 200 and 1000 GeV, respectively. See
Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
model as a function of doubly charged Higgs boson mass.
In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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FIG. 2. Distributions of mjj (left) and mll (right) in the signal region. The normalization of the EW W"W" and background
distributions corresponds to the result of the fit. The hatched bands include statistical and systematic uncertainties from the predicted
yields. The histograms for other backgrounds include the contributions from QCD WW, Wγ, wrong-sign events, double parton
scattering, and triboson processes. The overflow is included in the last bin.

TABLE II. Observed and expected 95% C.L. limits on the
coefficients for higher-order (dimension-8) operators in the
effective field theory Lagrangian.

Observed limits (TeV−4) Expected limits (TeV−4)

fS0=Λ4 ½−7.7;7.7' ½−7.0;7.2'
fS1=Λ4 ½−21.6; 21.8' ½−19.9; 20.2'
fM0=Λ4 ½−6.0; 5.9' ½−5.6; 5.5'
fM1=Λ4 ½−8.7; 9.1' ½−7.9; 8.5'
fM6=Λ4 ½−11.9; 11.8' ½−11.1; 11.0'
fM7=Λ4 ½−13.3; 12.9' ½−12.4; 11.8'
fT0=Λ4 ½−0.62; 0.65' ½−0.58; 0.61'
fT1=Λ4 ½−0.28; 0.31' ½−0.26; 0.29'
fT2=Λ4 ½−0.89; 1.02' ½−0.80; 0.95'
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section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
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Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
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In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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background is not negligible for dielectron events. An
invariant mass veto, jmll −mZj > 15 GeV, is imposed for
e!e! events. The Drell-Yan background is further reduced
by requiring pmiss

T > 40 GeV.
A WZ → 3lν control region is defined by requiring an

additional identified lepton with pT > 10 GeV and an
opposite-sign same-flavor lepton pair with an invariant
mass consistent with that of the Z boson. The background
contribution from charge misidentification is estimated by
applying a data-to-simulation efficiency correction to
charge misidentified electrons in bins of η. The charge
misidentification rate, estimated using Drell-Yan events, is
between about 0.01% in the barrel region and about 0.3% in
the end cap region for electrons.
The nonprompt lepton backgrounds originating from

leptonic decays of heavy quarks, hadrons misidentified as
leptons, and electrons from photon conversions are sup-
pressed by the identification and isolation requirements
imposed on electrons and muons. The remaining contribu-
tion from the nonprompt lepton background is estimated
directly from data following the technique described in
Ref. [11]. All other background processes are estimated
from simulation applying corrections to account for small
differences between data and simulation, as described below.
The lepton trigger, reconstruction, and selection efficien-

cies are measured using Drell-Yan events that provide an
unbiased sample with high purity. The estimated uncertainty
is less than 2%per lepton. The jet energy scale and resolution
uncertainties give rise to an uncertainty in the yields of up to
7%. The uncertainty in the estimated event yields related to
the top quark veto is evaluated by using a Z=γ" → lþ l−

sample with at least two reconstructed jets and is 3% or
smaller. The statistical uncertainty due to the finite size of
each simulated sample is also taken into account. The
uncertainty of 2.5% in the integrated luminosity determi-
nation [28] is considered for all processes estimated from
simulation and for the fiducial cross section. The normali-
zation of the processes with misidentified leptons is esti-
mated with a systematic uncertainty of 30%. The WZ
background normalization uncertainty is 20%–40%, domi-
nated by the statistical uncertainty arising from the small
number of events in the trilepton control region. Theoretical
uncertainties are estimated by varying simultaneously the
renormalization and factorization scales up and down by a
factor of 2 from their nominal value in each event, and,
depending on kinematic region, are up to 12% for the signal
normalization and 20% for the triboson background nor-
malization. The interference between the EW signal and the
QCD-induced same-signW boson production background is
estimated using the PHANTOM 1.2.8 generator [29] and is
treated as a systematic uncertainty of 4.5% in the signal yield.
An uncertainty in the parton distribution function contributes
5% to the signal times acceptance [30].
The simulated signal and background yields, as well as

the observed data yields, are shown in Table I. See

Supplemental Material [31], which includes Ref. [32] for
a table with more detailed results. The two dominant
sources of background events arise from nonprompt lep-
tons and the WZ process. The distributions of mjj and mll
in the signal region are shown in Fig. 2. An excess of events
with respect to the background-only hypothesis is
observed. In order to quantify the significance of the
observation of the EW production of same-sign W boson
pairs, a statistical analysis of the event yields is performed
with a fit to the (mjj,mll) two-dimensional distributions.
The fit is performed simultaneously in the signal region and
in theWZ control region, although only themjj distribution
is used in the latter region. The aim of using theWZ control
region is to determine the number of WZ background
events in the signal region as a function of mjj. The lepton
flavor is not used to separate event samples. The EW signal
yield and the WZ background normalization are free
parameters of the fit. All background contributions can
vary within the estimated uncertainties. The data excess is
quantified by calculating the p value using a profile
likelihood ratio test statistic [33–35]. The observed
(expected) statistical significance of the signal is 5.5 (5.7)
standard deviations. The ratio of measured signal event yield
to that expected from the SM is 0.90! 0.22.
The cross section is extracted in a fiducial signal region,

defined using MC generator quantities by requiring two
same-sign leptons fromW boson decayswithpl

T > 20 GeV
and jηlj < 2.5, two jets with pj

T > 30 GeV and jηjj < 5.0,
mjj > 500 GeV, and jΔηjjj > 2.5. In this definition, the
leptons are defined at particle level postfinal state radiation
and W → τν → lννν decays are excluded. The measured
cross section is corrected for the acceptance in this region
using the MADGRAPH5_aMC@NLO generator, which is also
used to estimate the theoretical cross section at LO. The
fiducial cross section is measured to be σfidðW!W!jjÞ ¼
3.83! 0.66 ðstatÞ ! 0.35 ðsystÞ fb. The predicted theoreti-
cal cross section at LO is 4.25! 0.27 fb, in agreement with
the measurement. The uncertainty in the theoretical cross

TABLE I. Estimated signal and background yields after the
selection. The statistical and systematic uncertainties are added in
quadrature. The processes contributing to less than 1% of the total
background are not listed, but included in the total background
yield.

Data 201

Signal þ total background 205! 13
Signal 66.9! 2.4
Total background 138! 13
Nonprompt 88! 13
WZ 25.1! 1.1
QCD WW 4.8! 0.4
Wγ 8.3! 1.6
Triboson 5.8! 0.8
Wrong sign 5.2! 1.1
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with respect to the background-only hypothesis is
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quantified by calculating the p value using a profile
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ATLAS analysis strategy and results
• Selection:

• Signal modelling and background estimation:

2 same sign leptons:
PT>27 GeV, mll>20 GeV, |mee-Mz|>15 GeV
2 jets: PT>65/35 GeV, |η|<4.5, mjj>500 GeV, |Δηjj|>2
Centrality: no cut
Et

miss >30 GeV
deviation due to the fewer than expected events in the low m j j bins of the e±e± and e±µ± channels. The
normalization of the W Z background is reduced by 12%, mainly due to a deficit in the observed number
of data events in the W Z control region.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� combined

W Z 1.7 ± 0.6 1.2 ± 0.4 13 ± 4 8.1 ± 2.5 5.0 ± 1.6 3.3 ± 1.1 32 ± 9
Non-prompt 4.1 ± 2.4 2.3 ± 1.8 9 ± 6 6 ± 4 0.57± 0.16 0.67± 0.26 23 ± 12
e/� conversions 1.74± 0.31 1.8 ± 0.4 6.1 ± 2.4 3.7 ± 1.0 - - 13.4 ± 3.5
Other prompt 0.17± 0.06 0.14± 0.05 0.90± 0.24 0.60± 0.25 0.36± 0.12 0.19± 0.07 2.4 ± 0.5
W±W±jj strong 0.38± 0.13 0.16± 0.06 3.0 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.26 7.3 ± 2.5

Expected background 8.1 ± 2.4 5.6 ± 1.9 32 ± 7 20 ± 5 7.7 ± 1.7 4.9 ± 1.1 78 ± 15

W±W±jj electroweak 3.80± 0.30 1.49± 0.13 16.5 ± 1.2 6.5 ± 0.5 9.1 ± 0.7 3.50± 0.29 40.9 ± 2.9

Data 10 4 44 28 25 11 122

Table 1: Summary of the data event yields, and the expected signal and background event yields in the signal
region before the fit. The numbers are shown for six individual channels and for all channels combined. The W Z
background is normalized to data in the W Z control region. The backgrounds from V� production and electron
charge misreconstruction are combined in the “e/� conversions“ category. The “Other prompt” category combines
Z Z , VVV and tt̄V background contributions. The total uncertainty is computed by varying each source of systematic
uncertainty by one standard deviation and adding resulting di�erences in quadrature.

The observed excess of data events is consistent with the expected signal from W±W± j j electroweak
production. The background-only hypothesis is rejected with a significance of 6.9� where a sig-
nificance of 4.6� is expected for the signal predicted by S�����. The ratio of the extracted num-
ber of signal events over the S����� prediction for the W±W± j j electroweak production is mea-
sured to be 1.45+0.25

�0.24 (stat.)+0.13
�0.14 (sys.). This corresponds to a measured fiducial cross section of

�fid = 2.91+0.51
�0.47 (stat.) ± 0.27 (sys.) fb, compared to 2.01+0.33

�0.23 (sys.+stat.) fb predicted by S�����. The
measured fiducial cross section agrees with the prediction by P�����+P�����8 of 3.08+0.45

�0.46 (sys.+stat.) fb.
The theoretical predictions include neither the interference of W±W± j j electroweak and strong produc-
tion, nor the NLO electroweak corrections. The observed cross section includes the W±W± j j electroweak
production and interference e�ects.
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tion, nor the NLO electroweak corrections. The observed cross section includes the W±W± j j electroweak
production and interference e�ects.
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Signal: Sherpa2.2.2, LO EWK, 2,3j@LO QCD 
EW corrections applied as shape uncertainty

Reducible background: extracted from data and further constrained in CR

normalized in dedicated CR (invert 3l veto)
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• Signal extraction:

with a 1D template fit using mjj in 6 categories

simultaneously with WZ and non-prompt CR

6.9 ! observation (4.25 expected)

• Fiducial cross section measurement:

• Comparison of Sherpa222 and Powheg+Pythia8 generators 
predicted cross section
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Figure 1: The m j j distribution for events passing all selection criteria of the signal region. Signal and background
distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainty added in quadrature. The backgrounds from V� production and electron charge misreconstruction are
combined in the “e/� conversions“ category. The “Other prompt” category combines Z Z , VVV and tt̄V background
contributions.

In conclusion, W±W± j j electroweak production is observed in 36.1 fb�1 of pp collision data recorded atp
s = 13 TeV by the ATLAS detector at the LHC, with the background-only hypothesis rejected with a

significance of 6.9�. The fiducial cross section of this process is measured to be �fid = 2.91+0.51
�0.47 (stat.)±

0.27 (sys.) fb.
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deviation due to the fewer than expected events in the low m j j bins of the e±e± and e±µ± channels. The
normalization of the W Z background is reduced by 12%, mainly due to a deficit in the observed number
of data events in the W Z control region.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� combined

W Z 1.7 ± 0.6 1.2 ± 0.4 13 ± 4 8.1 ± 2.5 5.0 ± 1.6 3.3 ± 1.1 32 ± 9
Non-prompt 4.1 ± 2.4 2.3 ± 1.8 9 ± 6 6 ± 4 0.57± 0.16 0.67± 0.26 23 ± 12
e/� conversions 1.74± 0.31 1.8 ± 0.4 6.1 ± 2.4 3.7 ± 1.0 - - 13.4 ± 3.5
Other prompt 0.17± 0.06 0.14± 0.05 0.90± 0.24 0.60± 0.25 0.36± 0.12 0.19± 0.07 2.4 ± 0.5
W±W±jj strong 0.38± 0.13 0.16± 0.06 3.0 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.26 7.3 ± 2.5

Expected background 8.1 ± 2.4 5.6 ± 1.9 32 ± 7 20 ± 5 7.7 ± 1.7 4.9 ± 1.1 78 ± 15

W±W±jj electroweak 3.80± 0.30 1.49± 0.13 16.5 ± 1.2 6.5 ± 0.5 9.1 ± 0.7 3.50± 0.29 40.9 ± 2.9

Data 10 4 44 28 25 11 122

Table 1: Summary of the data event yields, and the expected signal and background event yields in the signal
region before the fit. The numbers are shown for six individual channels and for all channels combined. The W Z
background is normalized to data in the W Z control region. The backgrounds from V� production and electron
charge misreconstruction are combined in the “e/� conversions“ category. The “Other prompt” category combines
Z Z , VVV and tt̄V background contributions. The total uncertainty is computed by varying each source of systematic
uncertainty by one standard deviation and adding resulting di�erences in quadrature.

The observed excess of data events is consistent with the expected signal from W±W± j j electroweak
production. The background-only hypothesis is rejected with a significance of 6.9� where a sig-
nificance of 4.6� is expected for the signal predicted by S�����. The ratio of the extracted num-
ber of signal events over the S����� prediction for the W±W± j j electroweak production is mea-
sured to be 1.45+0.25

�0.24 (stat.)+0.13
�0.14 (sys.). This corresponds to a measured fiducial cross section of

�fid = 2.91+0.51
�0.47 (stat.) ± 0.27 (sys.) fb, compared to 2.01+0.33

�0.23 (sys.+stat.) fb predicted by S�����. The
measured fiducial cross section agrees with the prediction by P�����+P�����8 of 3.08+0.45

�0.46 (sys.+stat.) fb.
The theoretical predictions include neither the interference of W±W± j j electroweak and strong produc-
tion, nor the NLO electroweak corrections. The observed cross section includes the W±W± j j electroweak
production and interference e�ects.
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Low fake background

Selection:
• Exactly 3 leptons
• At least two high PT forward jets

Low EW/QCD ratio channel
• Need to discriminate the signal using MV technics

WZ EW WZ QCD: !"#$% < 0.5
in a typical VBS SR
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1 Introduction

The discovery of a scalar boson with couplings consistent with those of the standard model
(SM) Higgs boson (H) by the ATLAS and CMS Collaborations [1–3] at the CERN LHC pro-
vides evidence that the W and Z bosons acquire mass through the Brout-Englert-Higgs mecha-
nism [4–9]. The triple and quartic self-interactions of the vector bosons, and their couplings of
the massive vector bosons to the Higgs field—which depend on the Higgs boson H mass—are
exactly predicted in the SM. Physics beyond the SM in the electroweak (EW) sector is expected
to include interactions with the vector and Higgs bosons that modify their effective couplings.
Characterizing the self-interactions of the vector bosons is thus of great importance.
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and beyond the SM.
The EW-induced component of WZ production includes quartic interactions (left) of the vector
bosons. This is distinguishable from QCD-induced production (second from left) through kine-
matic variables. New physics in the EW sector modifying the quartic coupling can be param-
eterized in terms of dimension-eight effective field theory operators (third from left). Specific
models modifying this interaction include those predicting charged Higgs bosons (right).

The total WZ production cross section in proton-proton (pp) collisions has been measured in
the leptonic decay modes by the ATLAS and CMS Collaborations at 7, 8, and 13 TeV [10–13],
and limits on anomalous triple gauge couplings [14] are presented in Refs. [11, 13]. Constraints
on anomalous quartic gauge couplings (aQGC) [15] are presented by the ATLAS Collaboration
at 8 TeV in Ref. [11]. At the LHC, quartic WZ interactions are accessible through triple vector
boson production or via vector boson scattering (VBS), where vector bosons are radiated from
the incoming quarks before interacting, as illustrated in Fig. 1 (left). The VBS processes form a
distinct experimental signature characterized by the W and Z bosons with two forward, high-
momentum jets, arising from the hadronization of two quarks. They are part of an important
subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds via the
EW interaction at tree level, O(a4

), referred to as EW-induced WZjj production, or simply EW
WZ production. An additional contribution to the WZjj state proceeds via quantum chromody-
namics (QCD) radiation of partons from an incoming quark or gluon, shown in Fig. 1 (second
from left), leading to tree-level contributions at O(a2a2

S
). This class of processes is referred to

as QCD-induced WZjj production (or QCD WZ).

This letter reports searches for EW WZ production in the SM and for new physics modifying
the WWZZ coupling in pp collisions at

p
s = 13 TeV. Two fiducial WZjj cross sections are

presented, both in phase spaces with enhanced contributions from the EW WZ process. The
data sample corresponds to an integrated luminosity of 35.9 fb�1 collected with the CMS de-
tector [16] at the CERN LHC in 2016.

The analysis selects events with exactly three leptons (electrons or muons), missing transverse
momentum p

miss
T , and two jets at high pseudorapidity h with a large dijet system invariant

mass mjj, characteristic of VBS processes. The kinematic variables of the two forward and
high momentum jets, including h separation and mjj, are used to identify the EW WZ compo-
nent of WZjj production. An excess of events with respect to the SM prediction could indicate

1

1 Introduction

The discovery of a scalar boson with couplings consistent with those of the standard model
(SM) Higgs boson (H) by the ATLAS and CMS Collaborations [1–3] at the CERN LHC pro-
vides evidence that the W and Z bosons acquire mass through the Brout-Englert-Higgs mecha-
nism [4–9]. The triple and quartic self-interactions of the vector bosons, and their couplings of
the massive vector bosons to the Higgs field—which depend on the Higgs boson H mass—are
exactly predicted in the SM. Physics beyond the SM in the electroweak (EW) sector is expected
to include interactions with the vector and Higgs bosons that modify their effective couplings.
Characterizing the self-interactions of the vector bosons is thus of great importance.

q
0

q

q
00

q

W
±

Z

W
±

Z

q

q̄
0

g

g

W
±

Z

q

q̄
0

q
0

q
0

q

q
00

q

W
±

Z

W
±

Z

q
0

q

q
00

q

W
±

Z

W
±

Z

H
±

Figure 1: Representative Feynman diagrams for WZjj production in the SM and beyond the SM.
The EW-induced component of WZ production includes quartic interactions (left) of the vector
bosons. This is distinguishable from QCD-induced production (second from left) through kine-
matic variables. New physics in the EW sector modifying the quartic coupling can be param-
eterized in terms of dimension-eight effective field theory operators (third from left). Specific
models modifying this interaction include those predicting charged Higgs bosons (right).

The total WZ production cross section in proton-proton (pp) collisions has been measured in
the leptonic decay modes by the ATLAS and CMS Collaborations at 7, 8, and 13 TeV [10–13],
and limits on anomalous triple gauge couplings [14] are presented in Refs. [11, 13]. Constraints
on anomalous quartic gauge couplings (aQGC) [15] are presented by the ATLAS Collaboration
at 8 TeV in Ref. [11]. At the LHC, quartic WZ interactions are accessible through triple vector
boson production or via vector boson scattering (VBS), where vector bosons are radiated from
the incoming quarks before interacting, as illustrated in Fig. 1 (left). The VBS processes form a
distinct experimental signature characterized by the W and Z bosons with two forward, high-
momentum jets, arising from the hadronization of two quarks. They are part of an important
subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds via the
EW interaction at tree level, O(a4

), referred to as EW-induced WZjj production, or simply EW
WZ production. An additional contribution to the WZjj state proceeds via quantum chromody-
namics (QCD) radiation of partons from an incoming quark or gluon, shown in Fig. 1 (second
from left), leading to tree-level contributions at O(a2a2

S
). This class of processes is referred to

as QCD-induced WZjj production (or QCD WZ).

This letter reports searches for EW WZ production in the SM and for new physics modifying
the WWZZ coupling in pp collisions at

p
s = 13 TeV. Two fiducial WZjj cross sections are

presented, both in phase spaces with enhanced contributions from the EW WZ process. The
data sample corresponds to an integrated luminosity of 35.9 fb�1 collected with the CMS de-
tector [16] at the CERN LHC in 2016.

The analysis selects events with exactly three leptons (electrons or muons), missing transverse
momentum p

miss
T , and two jets at high pseudorapidity h with a large dijet system invariant

mass mjj, characteristic of VBS processes. The kinematic variables of the two forward and
high momentum jets, including h separation and mjj, are used to identify the EW WZ compo-
nent of WZjj production. An excess of events with respect to the SM prediction could indicate

Observation by ATLAS
arXiv:1812.09740, submitter to Phys. Lett. B

aGCS limits by CMS
arXiv:1901.04060, submitter to Phys. Lett. B
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Table 3: Post-fit event yields after the signal extraction fit to events satisfying the EW signal
selection. The EW WZ process is corrected for the observed value of µEW.

Process µµµ µµe eeµ eee Total yield
QCD WZ 13.5 ± 0.8 9.1 ± 0.5 6.8 ± 0.4 4.6 ± 0.3 34.1 ± 1.1
t+V/VVV 5.6 ± 0.4 3.1 ± 0.2 2.5 ± 0.2 1.7 ± 0.1 12.9 ± 0.5
Nonprompt 5.2 ± 2.0 2.4 ± 0.9 1.5 ± 0.6 0.7 ± 0.3 9.9 ± 2.3
VV 0.8 ± 0.1 1.6 ± 0.2 0.4 ± 0.0 0.7 ± 0.1 3.5 ± 0.2
Zg <0.1 2.1 ± 0.8 <0.1 <0.1 2.1 ± 0.8
Pred. background 25.2 ± 2.1 18.3 ± 1.6 11.2 ± 0.8 7.7 ± 0.5 62.4 ± 2.8
EW WZ signal 6.0 ± 1.2 4.2 ± 0.8 2.9 ± 0.6 2.1 ± 0.4 15.1 ± 1.6
Data 38 15 12 10 75

the background prediction using a profile likelihood ratio test statistic and asymptotic for-
mulae [64]. The observed (expected) statistical significance for EW WZ production is 2.2 (2.5)
standard deviations. The total uncertainty of the measurement is dominated by the statistical
uncertainty of the data. The post-fit yields for the signal and background corresponding to the
best-fit signal strength for EW WZ production are shown in Table 3.

9 Limits on anomalous quartic gauge couplings

Events satisfying the EW signal selection are used to constrain aQGCs in the effective field
theory approach [65]. Results are obtained following the formulation of Ref. [15] that pro-
poses nine independent dimension-eight operators, which assume the SU(2)⇥U(1) symmetry
of the EW gauge sector as well as the presence of an SM Higgs boson. All operators are charge
conjugation and parity-conserving. The WZjj channel is most sensitive to the T0, T1, and T2
operators that are constructed purely from the SU(2) gauge fields, the S0 and S1 operators that
involve interactions with the Higgs field, and the M0 and M1 operators that involve a mixture
of gauge and Higgs field interactions.

The presence of nonzero aQGCs would enhance the production of events with high WZ mass.
This motivates the use of the transverse mass of the WZ system, defined as

mT(WZ) =
q
[ET(W) + ET(Z)]

2
� [~pT(W) + ~pT(Z)]

2,

with ET =

p

m
2
+ p

2
T, where the W candidate is constructed from the ~pmiss

T and the lepton asso-
ciated with the W boson, and m is the invariant mass of the W and Z candidate, to constrain the
parameters fOi/L4. In this formulation, fOi is a dimensionless coefficient for the operator Oi

and L is the energy scale of new physics. The mT(WZ) for events satisfying the EW signal se-
lection is shown in Fig 4. The predictions of several indicative aQGC operators and coefficients
are also shown.

The MC simulations of nonzero aQGCs include the SM EW WZ process, with an increase in
the yield at high mT(WZ) arising from parameters different from their SM values. Because
the increase of the expected yield over the SM prediction exhibits a quadratic dependence on
the operator coefficient, a parabolic function is fitted to the predicted yields per bin to obtain
a smooth interpolation between the discrete operator coefficients considered in the MC sim-
ulation. The one-dimensional 95% confidence level (CL) limits are extracted using the CLs
criterion [64, 66, 67], with all parameters except for the coefficient being probed set to zero.
The SM prediction, including the EW WZ process, is treated as the null hypothesis. No devi-
ation from the SM prediction is observed, and the resulting observed and expected limits are
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• Selection:

• Signal modelling and background estimation:

3 leptons: m3l>100 GeV
Z: PT

1>25 GeV, PT
2>15 GeV, |Mz-Mz-PDG|<15 GeV

W: PT>20
2 jets: PT>50 GeV, |η|<4.7, mjj>500 GeV, |Δηjj|>2.5, no b-jet with >30 GeV
Centrality: |η3l-(ηj1 +ηj2 )/2|/| Δηjj |<2.5
PT

miss>30 GeV

Signal: MadGraph5 aMC@NLO2.4.2, LO EWK, LO QCD

Reducible background: extracted from data

QCD: MadGraph5 aMC@NLO2.4.2: LO with up to 3 partons at Born level
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• Signal extraction:
with a 2D template fit using |Δηjj| and mjj

simultaneously with QCD CR

2.2 ! (2.5 expected)

• Limits on aQGC using mT
WZ distribution:

15

summarized in Table 4.

Table 4: Observed and expected 95% CL limits for each operator coefficient (in TeV�4) while all
other parameters are set to zero.

Parameters Exp. limit Obs. limit
fM0/L4

[�11.2, 11.6] [�9.15, 9.15]
fM1/L4

[�10.9, 11.6] [�9.15, 9.45]
fS0/L4

[�32.5, 34.5] [�26.5, 27.5]
fS1/L4

[�50.2, 53.2] [�41.2, 42.8]
fT0/L4

[�0.87, 0.89] [�0.75, 0.81]
fT1/L4

[�0.56, 0.60] [�0.49, 0.55]
fT2/L4

[�1.78, 2.00] [�1.49, 1.85]

Constraints are also placed on aQGC parameters using a two-dimensional scan, where two
parameters are probed in the fit with all others set to zero. This approach is motivated by
correlations between operators and physical couplings, and for comparisons with alternative
formulations of dimension-eight operators. In particular, the quartic gauge interactions of the
massive gauge bosons is a function of S0 and S1, while combinations of the M0 and M1 opera-
tors can be compared with the formulation of Ref. [68]. The resulting 2D 95% CL intervals for
these parameters are shown in Fig. 5.
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Figure 5: Two-dimensional observed 95% CL intervals (solid contour) and expected 68, 95, and
99% CL intervals (dashed contour) on the selected aQGC parameters. The values of coefficients
outside of contours are excluded at the corresponding CL.

10 Limits on charged Higgs boson production

Theories with Higgs sectors including SU(2) triplets can give rise to charged Higgs bosons (H±)
with large couplings to the vector bosons of the SM. A prominent one is the GM model [39],
where the Higgs sector is extended by one real and one complex SU(2) triplet to preserve cus-
todial symmetry at tree level for arbitrary vacuum expectation values. In this model, the cou-
plings of H± and the vector bosons depend on m(H±

) and the parameter sin qH, or sH, which
represents the mixing angle of the vacuum expectation values in the model, and determines
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Figure 4: mT(WZ) for events satisfying the EW signal selection, used to place constraints on
the anomalous coupling parameters. The dashed lines show predictions for several aQGC
parameters values that modify the EW WZ process. The last bin contains all events with
mT(WZ) > 2000 GeV. The hatched bands represent the total and relative systematic uncer-
tainties on the predicted yields. The bottom panel shows the ratio of the number of events
measured in data to the total number of expected events. The predicted yields are shown with
their best-fit normalizations from the background-only fit.
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• Signal extraction:

with a 2D template fit using |Δηjj| and mjj

simultaneously with QCD CR

2.2 ! (2.5 expected)

• Limits on

16

the fraction of the W and Z boson masses generated by the vacuum expectation values of the
triplets. This analysis extends the previous study of H± production via vector boson fusion by
the CMS Collaboration in the same channel [59].
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Figure 6: mT(WZ) for events satisfying the Higgs boson selection, used to place constraints
on the production of charged Higgs bosons. The last bin contains all events with mT(WZ) >
2000 GeV. The dashed lines show predictions from the GM model with m(H±

) = 400 (900)GeV
and sH = 0.3 (0.5). The bottom panel shows the ratio of the number of events measured in data
to the total number of expected events. The hatched bands represent the total and relative
systematic uncertainties on the predicted background yields. The predicted yields are shown
with their best-fit normalizations from the background-only fit.

A combined fit of the predicted signal and background yields to the data in the Higgs boson
selection is performed in bins of mT(WZ), simultaneously with the event yield in the QCD
WZ sideband region, to derive model-independent expected and observed upper limits on
sVBF(H±

)B(H± ! WZ) at 95% CL using the CLs criterion. The distribution and binning of
the mT(WZ) distribution used in the fit are shown in Fig. 6. The upper limits as a function of
m(H±

), assuming a small intrinsic width for H±, are shown in Fig. 7 (left).

The model-independent upper limits are compared with the predicted cross sections at next-to-
next-to-leading order in the GM model [69] in the sH-m(H±

) plane. For the probed parameter
space and mT(WZ) distribution used for signal extraction, the varying width as a function
of sH is assumed to have negligible effect on the result. The value of the branching fraction
B(H± ! WZ) is assumed to be unity. In Fig. 7 (right), the excluded sH values as a function of
m(H±

) are shown. The blue shaded region shows the parameter space for which the H± total
width exceeds 10% of m(H±

), where the model is not applicable because of perturbativity and
vacuum stability requirements [69].
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11 Summary

A measurement of the production of a W and a Z boson in association with two jets has
been presented, using events where both bosons decay leptonically. Results are based on
data corresponding to an integrated luminosity of 35.9 fb�1 recorded in proton-proton col-
lisions at

p
s = 13 TeV with the CMS detector at the LHC in 2016. The cross section in a

tight fiducial region with enhanced contributions from electroweak (EW) WZ production is
sfid

WZjj = 3.18+0.71
�0.63 fb, consistent with the standard model (SM) prediction. The dijet mass and

dijet rapidity separation are used to measure the signal strength of EW WZ production with
respect to the SM expectation, resulting in µEW = 0.82+0.51

�0.43. The significance of this result is 2.2
standard deviations with 2.5 standard deviations expected. These are the first results for EW
WZ production at 13 TeV.

Constraints are placed on anomalous quartic gauge couplings in terms of dimension-eight ef-
fective field theory operators, and upper limits are given on the production cross section times
branching fraction of charged Higgs bosons. The upper limits on charged Higgs boson pro-
duction via vector boson fusion with decay to a W and a Z boson extend the results previously
published by the CMS Collaboration [59] and are comparable to those of the ATLAS Collabo-
ration [70]. These are the first limits for dimension-eight effective field theory operators in the
WZ channel at 13 TeV.
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combined fit of EW+QCD in the SR

and QCD in the QCD CR

In a Georgi-Machacek model 

where coupling with bosons are 

enhanced

mjj (GeV) |Δηjj|

mT(WZ) [GeV]



Table 3: Observed and expected numbers of events in the W±Z j j signal region and in the three control regions,
after the fit. The expected number of W Z j j�EW events from S����� and the estimated number of background
events from the other processes are shown. The sum of the backgrounds containing misidentified leptons is labelled
‘Misid. leptons’. The total correlated post-fit uncertainties are quoted.

SR W Z j j�QCD CR b-CR Z Z-CR

Data 161 213 141 52
Total predicted 167 ±11 204 ± 12 146 ±11 51.3 ± 7.0

W Z j j�EW (signal) 44 ±11 8.52 ± 0.41 1.38 ± 0.10 0.211± 0.004
W Z j j�QCD 91 ±10 144 ± 14 13.9 ± 3.8 0.94 ± 0.14
Misid. leptons 7.8 ± 3.2 14.0 ± 5.7 23.5 ± 9.6 0.41 ± 0.18
Z Z j j�QCD 11.1 ± 2.8 18.3 ± 1.1 2.35 ± 0.06 40.8 ± 7.2
tZ j 6.2 ± 1.1 6.3 ± 1.1 34.0 ± 5.3 0.17 ± 0.04
tt̄ + V 4.7 ± 1.0 11.14 ± 0.37 71 ±15 3.47 ± 0.54
Z Z j j�EW 1.80 ± 0.45 0.44 ± 0.10 0.10 ± 0.03 4.2 ± 1.2
VVV 0.59 ± 0.15 0.93 ± 0.23 0.13 ± 0.03 1.06 ± 0.30

with S����� is 0.52 with a negligible statistical uncertainty. The theory modelling uncertainty in this
factor is 8%, as estimated from the di�erence between the S����� and M��G���� predictions.

The measured W±Z j j cross-section in the fiducial phase space is

�fid.
W±Z j j = 1.68 ± 0.16 (stat.) ± 0.12 (exp. syst.) ± 0.13 (mod. syst.) ± 0.044 (lumi.) fb ,

= 1.68 ± 0.25 fb ,

where the uncertainties correspond to statistical, experimental systematic, theory modelling systematic,
and luminosity uncertainties, respectively. The corresponding prediction from S����� for strong and
electroweak production without interference e�ects is

�fid., Sherpa
W±Z j j = 2.15 ± 0.01 (stat.) ± 0.05 (PDF)+0.65

�0.44 (scale) fb.

Events in the SR are also used to measure the W±Z j j di�erential production cross-section in the VBS
fiducial phase space. The di�erential detector-level distributions are corrected for detector resolution
using an iterative Bayesian unfolding method [63], as implemented in the RooUnfold toolkit [64]. Three
iterations were used for the unfolding of each variable. The width of the bins in each distribution is
chosen according to the experimental resolution and to the statistical significance of the expected number
of events in that bin. The fraction of signal MC events reconstructed in the same bin as generated is always
greater than 40% and around 70% on average.

For each distribution, simulated W±Z j j events are used to obtain a response matrix that accounts for
bin-to-bin migration e�ects between the reconstruction-level and particle-level distributions. The S�����
MC samples for W Z j j�EW and W Z j j�QCD production are added together to model W±Z j j production.
To more closely model the data and to minimise unfolding uncertainties, their predicted cross-sections
are rescaled by the respective signal strengths of 1.77 and 0.56 for the W Z j j�EW and W Z j j�QCD
contributions, respectively, as measured in data by the maximum-likelihood fit.
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ATLAS analysis strategy and results
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• Selection:

• Signal modelling and background estimation:

3 leptons
Z: PT

1,2>15 GeV, |Mz-Mz-PDG|<10 GeV
W: PT>20
2 jets: PT>40 GeV, |η|<4.5, mjj>500 GeV, ηj1*ηj2<0, no b-jet
Centrality: no cut
mT

W>30 GeV

Signal: Sherpa2.2.2, LO EWK, 2,3j@LO 

Reducible background: extracted from data

QCD: Sherpa2.2.2, up to 1j@ NLO + 2,3j@LO 

Normalized in dedicated CR



7

WZjj selection

L.Portales

● WZjj events are first required to pass the inclusive selection (slide 5)

● The WZjj event selection is then done by applying cuts in the table

● Fiducial phase space is finally divided in 3 orthogonal regions for the template fit 

SR (WZjj-EW)QCD-CR (WZjj-QCD)

 b-CR (tt + V)

mJJ > 500 GeV

Nb-jet = 0

mJJ < 500 GeV

Nb-jet = 0

Nb-jet > 0

Highest pT jet is first selected as first tagging jet,

Second tagging jet selected from jets in opposite hemisphere

21

• CR construction: release b-jet veto and loosen mjj cut to 150 GeV

Signal region:
MVA (BDT score) using 
kinematical variablesQCD control region (~80% purity)

Used to normalize the main 
irreducible background (mjj)

b control region (~45% purity)

Used to normalize the second 
irreducible background (Nb-jets)

ATLAS analysis strategy and results

+ ZZ CR (70% purity) (mjj)

with the inversion of the 4th lepton veto 

Multivariate analysis
✤ BDT discriminant used in signal region to extract XS

✤ BDT build from 15 discriminative variables 
✤ Order of importance: 

1. |yZ - yℓ,W|
2. ζlep

3. RpT
har

4. the multiplicity of jets with pT > 25 GeV
5. ∆φjj
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• Signal extraction:

with a 1D template fit using BDT score

simultaneously with QCD CR, b-CR and ZZ-CR

5.3 ! observation (3.2 expected)

• Fiducial cross section measurement: ( )

• Differential cross section measurement (QCD and EW)

Sensible to aQGCs: mT
WZ, ∑pT

l , ∆φ(W,Z)

Jets modelling in MC : Njets, Mjj, ∆φ(j1,j2), ∆y(j1,j2), Njets
gap

Table 3: Observed and expected numbers of events in the W±Z j j signal region and in the three control regions,
after the fit. The expected number of W Z j j�EW events from S����� and the estimated number of background
events from the other processes are shown. The sum of the backgrounds containing misidentified leptons is labelled
‘Misid. leptons’. The total correlated post-fit uncertainties are quoted.

SR W Z j j�QCD CR b-CR Z Z-CR

Data 161 213 141 52
Total predicted 167 ±11 204 ± 12 146 ±11 51.3 ± 7.0

W Z j j�EW (signal) 44 ±11 8.52 ± 0.41 1.38 ± 0.10 0.211± 0.004
W Z j j�QCD 91 ±10 144 ± 14 13.9 ± 3.8 0.94 ± 0.14
Misid. leptons 7.8 ± 3.2 14.0 ± 5.7 23.5 ± 9.6 0.41 ± 0.18
Z Z j j�QCD 11.1 ± 2.8 18.3 ± 1.1 2.35 ± 0.06 40.8 ± 7.2
tZ j 6.2 ± 1.1 6.3 ± 1.1 34.0 ± 5.3 0.17 ± 0.04
tt̄ + V 4.7 ± 1.0 11.14 ± 0.37 71 ±15 3.47 ± 0.54
Z Z j j�EW 1.80 ± 0.45 0.44 ± 0.10 0.10 ± 0.03 4.2 ± 1.2
VVV 0.59 ± 0.15 0.93 ± 0.23 0.13 ± 0.03 1.06 ± 0.30

with S����� is 0.52 with a negligible statistical uncertainty. The theory modelling uncertainty in this
factor is 8%, as estimated from the di�erence between the S����� and M��G���� predictions.

The measured W±Z j j cross-section in the fiducial phase space is

�fid.
W±Z j j = 1.68 ± 0.16 (stat.) ± 0.12 (exp. syst.) ± 0.13 (mod. syst.) ± 0.044 (lumi.) fb ,

= 1.68 ± 0.25 fb ,

where the uncertainties correspond to statistical, experimental systematic, theory modelling systematic,
and luminosity uncertainties, respectively. The corresponding prediction from S����� for strong and
electroweak production without interference e�ects is

�fid., Sherpa
W±Z j j = 2.15 ± 0.01 (stat.) ± 0.05 (PDF)+0.65

�0.44 (scale) fb.

Events in the SR are also used to measure the W±Z j j di�erential production cross-section in the VBS
fiducial phase space. The di�erential detector-level distributions are corrected for detector resolution
using an iterative Bayesian unfolding method [63], as implemented in the RooUnfold toolkit [64]. Three
iterations were used for the unfolding of each variable. The width of the bins in each distribution is
chosen according to the experimental resolution and to the statistical significance of the expected number
of events in that bin. The fraction of signal MC events reconstructed in the same bin as generated is always
greater than 40% and around 70% on average.

For each distribution, simulated W±Z j j events are used to obtain a response matrix that accounts for
bin-to-bin migration e�ects between the reconstruction-level and particle-level distributions. The S�����
MC samples for W Z j j�EW and W Z j j�QCD production are added together to model W±Z j j production.
To more closely model the data and to minimise unfolding uncertainties, their predicted cross-sections
are rescaled by the respective signal strengths of 1.77 and 0.56 for the W Z j j�EW and W Z j j�QCD
contributions, respectively, as measured in data by the maximum-likelihood fit.
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Figure 2: The measured W±Z j j di�erential cross-section in the VBS fiducial phase space as a function of (a)Õ
p`T, (b) ��(W, Z) and (c) mWZ

T . The inner and outer error bars on the data points represent the statistical
and total uncertainties, respectively. The measurements are compared with the sum of the rescaled W Z j j�QCD
and W Z j j�EW predictions from S����� (solid line). The W Z j j�EW and W Z j j�QCD contributions are also
represented by dashed and dashed-dotted lines, respectively. In (a) and (c), the right y-axis refers to the last cross-
section point, separated from the others by a vertical dashed line, as this last bin is integrated up to the maximum
value reached in the phase space. The lower panels show the ratios of the data to the predictions from S�����.
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Figure 1: Post-fit distributions of (a) mj j in the Z Z-CR control region, (b) Nb�jets in the b-CR, (c) the BDT score
distribution in the W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and
backgrounds are normalised to the expected number of events after the fit. The uncertainty band around the MC
expectation includes all systematic uncertainties as obtained from the fit.
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assumed Gaussian distribution. The BDT score distribution in the QCD control region and in the signal
region, with background normalisations, signal normalisation and nuisance parameters adjusted by the
profile-likelihood fit are shown in Figure 1. The corresponding post-fit yields are detailed in Table 3. The
table presents the integral of the BDT score distribution in the SR, but the uncertainty on the measured
signal cross section is dominated by events at high BDT score. The signal strength is measured to be

µWZj j�EW = 1.77 +0.44
�0.40 (stat.) +0.15

�0.12 (exp. syst.) +0.15
�0.12 (mod. syst.) +0.04

�0.02 (lumi.) = 1.77 +0.49
�0.43 ,

and the background-only hypothesis is excluded with a significance of 5.3 standard deviations, compared
with 3.2 standard deviations expected. The normalisation parameters of the W Z j j�QCD, tt̄ + V and
Z Z backgrounds constrained by data in the control and signal regions are measured to be µWZj j�QCD =

0.56 ± 0.16, µt t̄+V = 1.07 ± 0.23 and µZZ j j�QCD = 1.34 ± 0.24. The observed W Z j j�EW production
integrated fiducial cross-section derived from this signal strength is

�fid.
WZj j�EW = 0.57 +0.14

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

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

= 0.57 +0.16
�0.14 fb,

where the uncertainties correspond to statistical, experimental systematic, theory modelling and inter-
ference systematic, and luminosity uncertainties, respectively. It corresponds to the cross-section of
electroweak W±Z j j production, including interference e�ects between W Z j j�QCD and W Z j j�EW
processes, in the fiducial phase space defined in Section 3 using dressed-level leptons.

The SM LO prediction from S����� for electroweak production without interference e�ects is

�fid., Sherpa
WZj j�EW = 0.321 ± 0.002 (stat.) ± 0.005 (PDF)+0.027

�0.023 (scale) fb,

where the e�ects of uncertainties in the PDF and the ↵S value used in the PDF determination, as well as the
uncertainties due to the renormalisation and factorisation scales, are evaluated using the same procedure
as the one described in Section 8.

A larger cross-section of �fid., MadGraph
WZj j�EW = 0.366 ± 0.004 (stat.) fb is predicted by M��G����. These

predictions are at LO only and include neither the e�ects of interference, estimated at LO to be 10%, nor
the e�ects of NLO electroweak corrections as discussed in Ref. [62] for W±W± j j.

From the number of observed events in the SR, the integrated cross-section of W±Z j j production in the
VBS fiducial phase space defined in Section 3, including W Z j j�EW and W Z j j�QCD contributions and
their interference, is measured. It is calculated as

�fid.
W±Z j j =

Ndata � Nbkg

L · CWZj j
⇥
✓
1 � N⌧

Nall

◆
,

where Ndata and Nbkg are the number of observed events and the estimated number of background events
in the SR, respectively, and L is the integrated luminosity. The factor CWZj j , obtained from simulation,
is the ratio of the number of selected signal events at detector level to the number of events at particle level
in the fiducial phase space. This factor corrects for detector e�ciencies and for QED final-state radiation
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the number of selected events at detector level in which at least one of the bosons decays into a ⌧-lepton
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12
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∑PT
l (GeV) ΔΦ(W,Z)
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Table 3: Observed and expected numbers of events in the W±Z j j signal region and in the three control regions,
after the fit. The expected number of W Z j j�EW events from S����� and the estimated number of background
events from the other processes are shown. The sum of the backgrounds containing misidentified leptons is labelled
‘Misid. leptons’. The total correlated post-fit uncertainties are quoted.

SR W Z j j�QCD CR b-CR Z Z-CR

Data 161 213 141 52
Total predicted 167 ±11 204 ± 12 146 ±11 51.3 ± 7.0

W Z j j�EW (signal) 44 ±11 8.52 ± 0.41 1.38 ± 0.10 0.211± 0.004
W Z j j�QCD 91 ±10 144 ± 14 13.9 ± 3.8 0.94 ± 0.14
Misid. leptons 7.8 ± 3.2 14.0 ± 5.7 23.5 ± 9.6 0.41 ± 0.18
Z Z j j�QCD 11.1 ± 2.8 18.3 ± 1.1 2.35 ± 0.06 40.8 ± 7.2
tZ j 6.2 ± 1.1 6.3 ± 1.1 34.0 ± 5.3 0.17 ± 0.04
tt̄ + V 4.7 ± 1.0 11.14 ± 0.37 71 ±15 3.47 ± 0.54
Z Z j j�EW 1.80 ± 0.45 0.44 ± 0.10 0.10 ± 0.03 4.2 ± 1.2
VVV 0.59 ± 0.15 0.93 ± 0.23 0.13 ± 0.03 1.06 ± 0.30

with S����� is 0.52 with a negligible statistical uncertainty. The theory modelling uncertainty in this
factor is 8%, as estimated from the di�erence between the S����� and M��G���� predictions.

The measured W±Z j j cross-section in the fiducial phase space is

�fid.
W±Z j j = 1.68 ± 0.16 (stat.) ± 0.12 (exp. syst.) ± 0.13 (mod. syst.) ± 0.044 (lumi.) fb ,

= 1.68 ± 0.25 fb ,

where the uncertainties correspond to statistical, experimental systematic, theory modelling systematic,
and luminosity uncertainties, respectively. The corresponding prediction from S����� for strong and
electroweak production without interference e�ects is

�fid., Sherpa
W±Z j j = 2.15 ± 0.01 (stat.) ± 0.05 (PDF)+0.65

�0.44 (scale) fb.

Events in the SR are also used to measure the W±Z j j di�erential production cross-section in the VBS
fiducial phase space. The di�erential detector-level distributions are corrected for detector resolution
using an iterative Bayesian unfolding method [63], as implemented in the RooUnfold toolkit [64]. Three
iterations were used for the unfolding of each variable. The width of the bins in each distribution is
chosen according to the experimental resolution and to the statistical significance of the expected number
of events in that bin. The fraction of signal MC events reconstructed in the same bin as generated is always
greater than 40% and around 70% on average.

For each distribution, simulated W±Z j j events are used to obtain a response matrix that accounts for
bin-to-bin migration e�ects between the reconstruction-level and particle-level distributions. The S�����
MC samples for W Z j j�EW and W Z j j�QCD production are added together to model W±Z j j production.
To more closely model the data and to minimise unfolding uncertainties, their predicted cross-sections
are rescaled by the respective signal strengths of 1.77 and 0.56 for the W Z j j�EW and W Z j j�QCD
contributions, respectively, as measured in data by the maximum-likelihood fit.
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in the control region used to determine the lepton misidentification rate and the control regions used to348

estimate the yield in the signal region. The uncertainty due to other irreducible background sources is349

evaluated by propagating the uncertainty in their MC cross sections. These are 20% for VVV [59] and350

15% for tZ j [10].351

The uncertainty in the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following a352

methodology similar to that detailed in Ref. [60], from a calibration of the luminosity scale using x-y353

beam-separation scans performed in August 2015 and May 2016.354

To reduce the complexity of the fit, systematic uncertainties that have a negligible impact on the final355

results are pruned away. Studies were performed to verify that the smoothing and pruning procedures do356

not induce any bias in the result.357

The e↵ect of systematic uncertainties on the final results is reported in Table 2 where the breakdown of the358

contributions to the uncertainties in µEW is presented. The individual sources of systematic uncertainty359

are combined into categories. As shown in the table, the systematic uncertainties for the jet reconstruction360

and calibration play a dominant role, followed by the uncertainties for the modelling of the W Z j j-EW361

signal and to a lower extent, for the W Z j j-QCD background. Systematic uncertainties regarding the362

modelling of the backgrounds also show a non-negligible impact.363

Source Uncertainty [%]

Jets 6.7
Pileup 2.2
Electrons 1.6
Muons 0.7
b-tagging 0.3
MC statistics 2.1
Misid. lepton background 1.0
Other backgrounds 0.1

Theory (W Z j j-EW) 5.0
Theory (W Z j j-QCD) 2.3
W Z j j-EW and W Z j j-QCD interference 1.9

Luminosity 2.1

Table 2: Summary of the relative uncertainties in the measured fiducial cross section �fid.,EW. The uncertainties are
reported as percentages.

9 Cross-section measurements364

The signal strength µEW and its uncertainty are determined with a profile-likelihood-ratio test statist-365

ics [61]. Systematic uncertainties in the input templates are treated as nuisance parameters with an as-366

sumed Gaussian distribution. The BDT score distribution in the QCD control region and in the signal367

2nd July 2018 – 22:54 11

Main unc: jet reconstruction and calibration

QCD scale:
20-30% for QCD, 5% for signal (but flat)
PDF uncertainties: both ~1-2%
QCD and PDF considered shape uncertainties

QCD modelling uncertainty:

compare nominal Sherpa 2.2.2 to 
MadGraph5_aMC@NLO 2.3 at LO 

Signal modelling uncertainty:

compare nominal Sherpa 2.2.2 to 
MadGraph5_aMC@NLO 2.3 at LO 

Main sources of systematic uncertainty
ATLAS WZjj analysis

Interferences: shape uncertainty, computed using 
MadGraph5_aMC@NLO 2.3 at LO
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Main unc: jet reconstruction and calibration

QCD scale:
20-30% for QCD, 5% for signal (but flat)
PDF uncertainties: both ~1-2%
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QCD modelling uncertainty:

compare nominal Sherpa 2.2.2 to 
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Signal modelling uncertainty:
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MadGraph5_aMC@NLO 2.3 at LO 

Main sources of systematic uncertainty
ATLAS WZjj analysis
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CMS: main uncertainty!

CMS: similar effect

CMS: not taken into 
account, deviations 
within theory 
uncertainties

CMS: similar effect

CMS: similar effect

CMS: second main uncertainty: non-prompt background



Theoretical uncertainties

Important dependence on generator

• High theoretical uncertainties on the measurement

Important QCD and EW corrections

• Negative EW corrections (~ 15-20%)

• Shape effect (signal extraction)

Constantly improving precision from theory side
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Figure 2: Normalized di↵erential distributions for the process pp! µ+⌫µe+⌫e j j using the fiducial region defined in
Ref. [7]. Ratios are calculated with respect to MG5_aMC_NLO+H7. The yellow band corresponds to the quadratic
sum of the statistical, PDF and scale uncertainties.
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Full Run 2 anlysis: 13 TeV

Full Run 2 analysis will allow interpretation studies on various channel

• Combine results:
ü In different channels
üBetween ATLAS and CMS results
üGo towards a large scale combination of Higgs / top / EW constraints
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Full Run 2 anlysis: 13 TeV

Experimental challenges due to high pile up:

üPile-up rejection development (forward region)
üQuark/gluon separation (ongoing)
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HL-LHC: 14 TeV

Up to 3000 fb-1 will allow us to reach very detailed VBS features, such as polarized states scattering 
(such as VLVL)

This could need the development of ML techniques



Conclusions

29

• Vector Boson scattering became accessible with Run 2 LHC data

• Electroweak diboson production was observed in the W±W ±jj and WZjj final states

• More channels to come (ZZjj, semileptonic channels) 

• will alllow to study different quartic boson couplings
• could lead to combination studies

• Full Run 2 and, in the longer term, HL-LHC statistics will allow further interpretation studies

• aQGCs
• charged Higgs sector
• polarized VBS

• Close collaboration between the AUTH and the LAPP ATLAS groups
• To be continued for interpretation analysis


