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Large Hadron Collider

2

Measurements made using proton-proton collisions at the Large Hadron Collider.  The 
LHC’s two general discovery detectors are the  ATLAS and CMS experiments. 

Quartic Gauge Coupling (QGC) studies utilize the 2012 √s = 8 TeV (20.3 fb-1 ATLAS 
19.4 fb-1 CMS) data still place the most stringent limits on new physics. 
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Quartic Gauge Couplings
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The Standard Model (SM) predicts the self interactions of the vector gauge 
bosons, 𝜸, W±, Z, and requires the presence of Quartic Gauge Couplings. 
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SU(2)L x U(1)Y Lagrangian

Non-abelian Term

SM predicts value of 
the coupling strength

Deviation from the SM prediction is a clear sign of new physics.   

Neutral Quartic 
Vertices (ie ZZ𝜸𝜸) are 
forbidden by the SM
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Effective Field Theories

Example: The Fermi Theory of weak interactions is an EFT useful at energies, q << mW (Λ).
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⇥
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†Original Fermi model was pure vector

Anomalous QGCs are modeled with Effective Field Theories (EFT).  EFT approximate new 
physics through higher mass dimension operators divided by powers of an energy scale, Λ:

Can experimentally measure GF 
from muon’s lifetime.
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Dim-6 † 
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For aQGC, dimension-8 is the lowest order of “purely” quartic gauge interactions.  18 
possible operators exist.  AQGCs manifest as an excess of events at high Q2.

less than one, the impact of all but the lowest-order higher dimension terms can be431

ignored.432

Dimension-6 e↵ective field theories can produce QGCs, but they also produce433

TGCs. Strong limits on the dimension-6 EFTs are already set by experimental434

measurements of TGCs in the diboson final states. This analysis focuses on e↵ective435

field theories that produce ”purely” quartic gauge couplings, meaning QGCs without436

TGCs. The lowest order purely quartic gauge coupling model is of dimension-8.437

Using the EFT formalism, the aQGC Lagrangian can be written as,438

LaQGC = LSM +
X

i

fi

⇤4
Oi + ... (2.5)

So that the SU(2)L ⇥ U(1)Y symmetry, is respected, the EFT operators are439

built from fields in which this property is inherent. Following the naming conventions440

chosen by Eboli et al., we introduce:441

Dµ = @µ +
i

2
g⌧ IW I

µ +
i

2
g0Bµ ,

Ŵ a
µ⌫ =

X

j

W j
µ⌫

�j

2
,

(2.6)

Dµ is the covariant derivative, and we will define � as the Higgs doublet442

field. The dimension-8 e↵ective field theories that e↵ect the W�� process are listed443

below[6]. Following equation 2.5, each of these operators appear in the EFT La-444

grangian weighted by a factor of 1
⇤4 and an undetermined coe�cient, fi.445

15
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Final States
QGC studies measure triboson production or diboson production through vector boson 
scattering (VBS), looking for leptonic decays of the W,Z  and in the case of VBS  the 
presence of two separated jets.

Additional non-QGC Feynman diagrams also contribute to these final states.  There are 
contributions from Initial State Radiation (ISR), Final State Radiation (FSR), and Triple 
Gauge Couplings (TGC).
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†Illustrative subset of the possible non-
QGC diagrams, all must be considered.

ISR

2

the radiative decay of theW with a real photon radiated off a
charged lepton, which diminishes the sensitivity of the EW-
inducedWγ j j production mode to anomalous couplings. In
this paper, we follow the approach of Ref. [28] (see also ref-
erences therein) to reduce this contribution by imposing a
cut on the transverse mass of theWγ system.

To define theWγ j j signature, since our study is done at
the jet cross section level and fragmentation contributions
are not taken into account, the real photon has to be iso-
lated from the partons to avoid collinear singularities due
to q→ qγ splittings. While a similar issue with the charged
lepton can be resolved by imposing a simple cut on Rlγ =
[(yγ−yl)2+(φγ−φl)2]1/2 (y and φ being the the rapidity and
azimuthal angle, respectively) to separate the photon from
the charged lepton, it cannot be applied to partons because
doing so would also remove events with a soft gluon. These
events are needed at NLO (or beyond) to cancel soft diver-
gences in the virtual amplitudes. To solve this problem, we
use the smooth cone isolation cut proposed by Frixione [29].
This approach preserves IR safety without the use of frag-
mentation functions and thereby allows us to focus on the
physics of the hard photon.

The QCD-induced Wγ j j production process has been
implemented within the VBFNLO framework, a parton level
Monte Carlo programwhich allows the definition of general
acceptance cuts and distributions.

This paper is organized as follows: In the next section,
the major points of our implementation will be provided. In
Section 3 the setup used for the calculation and the numer-
ical results for inclusive cross sections and various distribu-
tions will be given. Conclusions are presented in Section 4
and in the appendix results at the amplitude squared level
for a random phase-space point are provided.

2 Calculational details

In this paper, we compute the QCD-induced processes at
NLO QCD for the process

pp→ l±νlγ j j+X , (1)

at order O(α3s α
3). We present results for the specific lep-

tonic final state e±νeγ and refer to the process asWγ j j pro-
duction for simplicity. The final results can be multiplied by
a factor two to take the µ±νµγ channels into account. To
compute the amplitudes, we follow the method described in
Ref. [25] forW±Z j j production implemented in the VBFNLO
program. We provide a summary here for the sake of being
self contained.

The Feynman diagrammatic approach is taken and for
simplicity we choose to describe the resonatingW± propa-
gators with a fixed width and keep the weak-mixing angle

real. At LO, we classify all contributions into 4-quark and
2-quark-2-gluon amplitudes, e.g. forW+γ j j

ud̄→ ūu l+νlγ,
ud̄→ c̄c l+νlγ,
ud̄→ d̄d l+νlγ,
ud̄→ s̄s l+νlγ,
gg→ ūd l+νlγ (2)

and accordingly forW−γ j j.
From these five generic subprocesses we can obtain all

the amplitudes of other subprocesses via crossing. Some rep-
resentative Feynman diagrams are displayed in Fig. 1. We
work in the 5-flavor scheme, hence the bottom-quark con-
tribution with mb = 0 is included. Subprocesses with exter-
nal top quarks should be treated as different signatures and
therefore are omitted. However, the virtual top-loop contri-
bution is included in our calculation.

Fig. 1: Representative tree-level Feynman diagrams.

At NLO QCD, there are the virtual and the real correc-
tions. We use dimensional regularization [30] to regularize
the ultraviolet (UV) and infrared (IR) divergences and use
an anticommuting prescription of γ5 [31]. The UV diver-
gences of the virtual amplitude are removed by the renor-
malization of αs. Both the virtual and the real corrections are
infrared divergent. These divergences are canceled using the
Catani-Seymour prescription [32] such that the virtual and
real corrections become separately numerically integrable.
As mentioned in the introduction, collinear singularities that
result from a real photon emitted off a massless quark are
eliminated using the photon isolation cut proposed by Frix-
ione, which preserves the IR QCD cancellation and elim-
inates the need of introducing photon fragmentation func-
tions. The real emission contribution includes, allowing for
external bottom quarks, 186 subprocesses with six particles
in the final state.

The virtual amplitudes are more challenging involving
up to six-point rank-five one-loop tensor integrals appearing

FSR
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Production Cross Sections
Triboson production and VBS are rare SM processes just becoming accessible at the LHC.

These multiboson processes are backgrounds to Higgs measurements and new physics searches.

Monoboson

Diboson
TGC

Triboson, 
VBS
QGC
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sfid
Zgg · BR (Z ! ``) = 12.8 ± 1.4 (stat) ± 1.9 (syst) ± 0.3 (lumi) fb

The uncertainty is dominated by systematic uncertainties on the background estimates. The-
oretical predictions at next-to-leading order of the cross section defined by the fiducial phase
space are performed using MadGraph. The following results were obtained, with uncertainties
from renormalization, factorization, and PDFs included:

sNLO
W±gg · BR (W ! `n) = 4.76 ± 0.53 fb

sNLO
Zgg · BR (Z ! ``) = 12.95 ± 1.47 fb

The measurement agrees well with the theoretical predictions for the combined electron-muon
cross section.
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Figure 4: For the W±gg analysis, the pT of the diphoton system in the muon (left) and electron
(right)channels. The jet misidentification and electron misidentification backgrounds are deter-
mined from data-driven estimates. The Zgg and irreducible backgrounds are estimated using
simulation and are normalized to their production cross section. The hatched band represents
the total uncertainty of all background sources, combined in quadrature. The last bin includes
all events having pgg

T > 80 GeV, but the normalization is to the displayed bin width.

7 Limits on anomalous quartic-gauge couplings

7.1 Effective Field theory

The presence of the quartic WW±gg gauge coupling vertex provides sensitivity to new physics.
The standard model predicts precise values for the Quartic Gauge Couplings. An effective field
theory (EFT) parametrization, which converges to the standard model at low energies, is used
to describe possible deviations from the standard model [40].

There are dimension-6 effective theories that produce aQGCs, but these effective theories are
also expected to produce aTGC, which are already well constrained by experimental measure-
ments. The dimension-8 theories are the lowest order at which aQGCs are expected, but aTGCs
are not.

There are fourteen operators that contribute to the WW±gg coupling in the dimension-8 for-
malism [21, 41]. We focus our study on the fM,23 and fT,012 couplings [42]. In the presence of

Diphoton Transverse Momentum
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• Trigger on single electron, muon 

• 2 photons pT > 20 (25) GeV  

• mT(ℓ, ET
miss) > 40 (40) GeV 

Significance: 3σ (2.4σ)

6 5 Backgrounds

mT =
q

2E`
TEmiss

T
�
1 � cos

�
Df

�
E`

T, Emiss
T

���
. (1)

To reduce backgrounds caused by Zg events where one decay electron is misreconstructed
photon, cuts are applied on the invariant mass of objects in the event. These cuts include
86.2 < m(e, g) < 96.2 GeV⇤, and 86.2 < m(e, g, g) < 96.2 GeV.

4.1 Event Categorization

Events are separated into three categories according to the detector region in which the two
photons are reconstructed: barrel-barrel, barrel-endcap, and endcap-barrel. Barrel photons sat-
isfy the requirement that |h| < 1.44, while endcap photons satisfy 1.57 < |h| < 2.5 and the or-
der is such that the leading photon is listed first. Events where both photons are reconstructed
in the endcaps are not selected.

5 Backgrounds

5.1 Jets misreconstructed as photons

Events where one or both of the photons originate from jet fragmentation constitute the main
background for this analysis. While the photon shower shape and isolation requirements are
designed to reject these backgrounds, the relatively large production rate of electroweak bosons
with jets leads to a large contribution of jets misidentified as photons in the signal region. Jets
are often misidentified as photons when a boosted p0 is produced and decays to two photons
and the additional hadronic activity is small enough for the reconstructed photon to pass iso-
lation requirements. The probability for a jet to be misidentified as a photon is sensitive to
how jet hadronization evolves and is therefore difficult to predict with simulation. In addition
the large rejection factor achieved by the photon identification makes the generation of suffi-
cient simulation statistics computationally difficult. Therefore a data-driven method is used
to estimate this background. The rate of misidentified jets and the shapes of the identification
variables used differs between the barrel and endcap so the estimate is performed separately
in each of the event categories described in Section 4.1.

To estimate this background a two-dimensional template normalization that accounts for corre-
lations between two photons is used. The distribution of the relative energy of charged hadron
objects is used to discriminate prompt photons from jets. The normalization is performed in
three sideband regions and the signal region, defined by whether each photon passes or fails
the nominal cut on the identification variable. The sideband regions uniquely identify the three
cases where either one or both photons fail the nominal cut on the identification variable. The
regions are therefore labeled as Tight-Loose (TL), where the leading photon passes the iden-
tification cut and the subleading photon fails the cut, Loose-Tight (LT), where the subleading
photon passes the cut and the leading photon fails, and Loose-Loose (LL) where both pho-
tons fail the cut. The signal region, where both photons pass the cut is Tight-Tight (TT). A
matrix composed of the probabilities for two photons to originate from a prompt photon or a
photon-like jet relates the true source of the photons to the observed events. There are four
possible sources of the two photons, Prompt-Prompt (PP) – which corresponds to signal events
– Prompt-Fake (PF), Fake-Prompt (FP), or Fake-Fake (FF). The normalization of each of the
processes is determined by solving the matrix equation,

⇤this condition must be satisfied by both photons

For ATLAS (CMS)

CMS-PAS-SMP-15-008PRL, arXiv:1503.03243 
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Strategy for Limit Setting
Triboson and VBS studies use a similar limit 
setting strategy. 

Select subregion with a kinematic variable 
sensitive to aQGC, ie lead photon pT > 70 
GeV. 

Determine 95% confidence level using ratio 
of likelihoods test statistic, tf, behaves 
asymptotically as a 𝝌2 distribution.

6.2 Results 15
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Figure 5: Observed data with predicted background contributions, expected SM W±gg signal
and the contribution from an aQGC where the fT,0 parameter is 50 TeV�4 (dashed line). The
electron and muon channels are summed.

Table 7: 95% exclusion limits on the anomalous couplings.

Expected Limits ( TeV�4) Observed Limits ( TeV�4)
�30.5 < fT0

L4 < 31.1 �37.5 < fT0
L4 < 38.1

�36.9 < fT1
L4 < 37.5 �46.1 < fT1

L4 < 46.9
�83.2 < fT2

L4 < 83.2 �103 < fT2
L4 < 103

�623 < fM2
L4 < 603 �751 < fM2

L4 < 729
�1080 < fM3

L4 < 1110 �1290 < fM3
L4 < 1340

approximated as a c2 distribution with one degree of freedom.

6.2 Results

Table 7 shows the expected and observed limits for the aQGC parameters tested. Tight limits
are set on the fT,0 coupling for which the W±gg final state proves to have strong sensitivity.
Figure 6 shows the expected and observed likelihood ratios for the fT,0 coupling parameter.
The shape of the likelihood ratio for the observed data is a result of the excess of observed data
over the SM prediction. The excess does not exclude the SM at the 95% confidence level, but
the observed limits become weaker than the expected limits.

7 Summary

Using a sample of 19.4 fb�1 collected in p-p collisions at
p

s = 8 TeV by the CMS experiment, we
have searched for pp ! W±gg production in the µ±ngg final state and pp ! Zgg production
in the `+`�gg final state. In the W±gg signal region with pg

T > 25 GeV, we observe 108 events
with an expected background of 77 ± 12 events. In the Zgg signal region with pg

T > 15 GeV
we observe 258 events with a predicted background of 130 ± 12 events. The observed yields
and kinematic distributions are consistent with the SM prediction, with a significance over

Likelihood for best fit f

Likelihood for specific f 
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Figure 5: For the Zgg analysis, the pT of the diphoton system in the muon (left) and electron
(right)channels. The jet misidentification background is determined from a data-driven esti-
mate. Irreducible backgrounds are estimated using simulation and are normalized to their
production cross section. The hatched band represents the total uncertainty of all background
sources, combined in quadrature. The last bin includes all events having pgg

T > 80 GeV, but the
normalization is to the displayed bin width.

anomalous couplings, the W±gg cross section would increase rapidly with the energy of the
WW±gg vertex, which would result in a violation of unitarity. Various approaches, such as
the inclusion of a dipole form factor to suppress the effect of an anomalous coupling above a
selected cut-off scale Lcutoff, are proposed[43, 44]. Under the assumption that the energy reach
of the analysis does not violate unitarity, we quote results without a form factor, correspond-
ing to a Lcutoff equal to infinity. Using VBFNLO, this assumption is confirmed by checking,
for each of the observed anomalous coupling limits, the vertex energy at which the predicted
cross-section surpasses the unitarity bound [45]. For the W±gg signal simulation, much fewer
that one event is predicted above such energies.

Anomalous QGC events are most likely to occur at high lead-photon pT and high Q2 (corre-
sponding to a higher likelihood of anomalous events having both selected photons in the bar-
rel). Figure 6 shows the predicted yield from an aQGC where the fT,0 parameter is 50 TeV�4.
The figure shows the data and background predictions as well as the SM W±gg signal predic-
tion summed over the electron and muon channels. To be sensitive to anomalous couplings,
only events having a lead photon with pT > 70 GeV are considered. Limits are set over the
electron and muon channels with events split into the three categories by the reconstructed
photons’ detector region (See Section 4.1).

Assuming Poisson statistics, a likelihood method is used to define a 95% confidence interval.
We define the test statistic t f as the ratio of a specific coupling strength’s likelihood to the
maximum likelihood:

t f = �2 ln
L( f , ˆ̂q)

L( f̂ , q̂)
, (6)

where L is the likelihood function, f is the anomalous coupling parameter, ˆ̂q are the nuisance
parameters maximizing likelihood at that f value, and f̂ and q̂ are the coupling strength and
nuisance parameters for the global maximum likelihood [46]. From Wilk’s theorem, t f can be
approximated as a c2 distribution with one degree of freedom.
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Figure 5: For the Zgg analysis, the pT of the diphoton system in the muon (left) and electron
(right)channels. The jet misidentification background is determined from a data-driven esti-
mate. Irreducible backgrounds are estimated using simulation and are normalized to their
production cross section. The hatched band represents the total uncertainty of all background
sources, combined in quadrature. The last bin includes all events having pgg

T > 80 GeV, but the
normalization is to the displayed bin width.

anomalous couplings, the W±gg cross section would increase rapidly with the energy of the
WW±gg vertex, which would result in a violation of unitarity. Various approaches, such as
the inclusion of a dipole form factor to suppress the effect of an anomalous coupling above a
selected cut-off scale Lcutoff, are proposed[43, 44]. Under the assumption that the energy reach
of the analysis does not violate unitarity, we quote results without a form factor, correspond-
ing to a Lcutoff equal to infinity. Using VBFNLO, this assumption is confirmed by checking,
for each of the observed anomalous coupling limits, the vertex energy at which the predicted
cross-section surpasses the unitarity bound [45]. For the W±gg signal simulation, much fewer
that one event is predicted above such energies.

Anomalous QGC events are most likely to occur at high lead-photon pT and high Q2 (corre-
sponding to a higher likelihood of anomalous events having both selected photons in the bar-
rel). Figure 6 shows the predicted yield from an aQGC where the fT,0 parameter is 50 TeV�4.
The figure shows the data and background predictions as well as the SM W±gg signal predic-
tion summed over the electron and muon channels. To be sensitive to anomalous couplings,
only events having a lead photon with pT > 70 GeV are considered. Limits are set over the
electron and muon channels with events split into the three categories by the reconstructed
photons’ detector region (See Section 4.1).

Assuming Poisson statistics, a likelihood method is used to define a 95% confidence interval.
We define the test statistic t f as the ratio of a specific coupling strength’s likelihood to the
maximum likelihood:

t f = �2 ln
L( f , ˆ̂q)

L( f̂ , q̂)
, (6)

where L is the likelihood function, f is the anomalous coupling parameter, ˆ̂q are the nuisance
parameters maximizing likelihood at that f value, and f̂ and q̂ are the coupling strength and
nuisance parameters for the global maximum likelihood [46]. From Wilk’s theorem, t f can be
approximated as a c2 distribution with one degree of freedom.

Diphoton Transverse Momentum

9

Z𝜸𝜸

ATLAS sets limits using an aQGC region with m𝜸𝜸 > 200 GeV,  for νν channel m𝜸𝜸 > 300 GeV

(Neutral QGC forbidden by SM)

• Trigger on two electrons or muons, 
or photon for ATLAS  νν channel 

• 2 photons pT > 15 (15), 22 GeV  

• Mℓℓ  > 40 (40) GeV , ET
Miss  > 110 GeV 

Significance: 6.3σ (5.9σ)

For ATLAS (CMS)

CMS-PAS-SMP-15-008PRD, arXiv:1604.05232 
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W𝜸 + 2 jets (VBS)

• Trigger on single electron, muon 

• Lead, sublead jet pT > 40, 30 GeV 

• Photon pT > 22 GeV  

• mT(ℓ, ET
miss) > 30 GeV  

Significance: 2.7σ

For CMS

Optimized VBS Selection

• Δ |η(j1,j2)|  > 2.4 

• Mjj> 700 GeV 

• Δ |φ(W𝜸,jj)|  > 2.6 

• Zeppenfeld variable 

arXiv:9605444 
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Table 1: Summary of the baseline selection criteria.

Single-lepton (e, µ) trigger |Meg � MZ| > 10 GeV (electron channel)
Lepton, photon ID and isolation pj1

T > 40 GeV, pj2
T > 30 GeV

Second lepton veto |h j1| < 4.7, |h j2| < 4.7
Muon (electron) pT > 25 (30) GeV, |h| < 2.1 (2.4) |Dfj1,~p miss

T
| > 0.4, |Dfj2,~p miss

T
| > 0.4 rad

Photon pg
T > 22 GeV, |h| < 1.44 b quark jet veto for tag jets

W boson transverse mass > 30 GeV Dijet invariant mass mjj > 200 GeV
|~pmiss

T | > 35 GeV DRjj, DRjg, DRj`, DR`g > 0.5

energy resolution is smeared for simulated samples to give the same response as observed [63].
An event is selected if it has at least two jets, with the leading jet pT > 40 GeV, second-leading
jet pT > 30 GeV, and each jet within |h| < 4.7. These two jets are denoted as “tag jets”. To
suppress the WVg background, mjj is required to be at least 200 GeV.

In addition, the event should have |~pmiss
T | > 35 GeV. The reconstructed transverse mass of

the leptonically decaying W boson, defined as MT =
p

2p`T|~pmiss
T |[1 � cos(Df`,~p miss

T
)], where

Df`,~p miss
T

is the azimuthal angle between the lepton momentum and the ~pmiss
T , is required to

exceed 30 GeV [64]. We reconstruct the leptonic W boson decay by solving for the longitudinal
component of the neutrino momentum and using the mass of the W boson as a constraint. In
the case of complex solutions in this reconstruction, we choose the real part of the solution, and
if there are two real solutions, we choose the solution that gives a neutrino momentum vector
that is closer to the longitudinal component of the corresponding charged lepton momentum.

Mismeasurement of jet energies can generate |~pmiss
T |. To eliminate events in which this mis-

measurement may generate an apparent large |~pmiss
T |, the azimuthal separation between each

of the tag jets and the ~pmiss
T is required to be larger than 0.4 rad. Additionally, to suppress the

top quark backgrounds, we require that the tag jets fail a b tagging requirement of the com-
bined secondary vertex algorithm [65] with a misidentification rate of 1%.

Separation between pairs of objects in the event is required: DRjj, DRjg, DRj`, and DR`g >
0.5. All the requirements described above ensure the quality of the identified final states and
comprise the baseline selections for the analysis. Table 1 summarizes these criteria.

To optimize the measurement of the EW-induced Wg+2 jets signal and improve the EW sig-
nal significance, we further consider selections on the following variables to suppress back-
grounds: the Zeppenfeld variable [23], |yWg � (yj1 + yj2)/2|, calculated using the rapidities (y)
of the Wg system and the two jets; the azimuthal separation between the Wg system, which
combines the four momenta of the W boson and the photon, and the dijet system |DfWg,jj|; the
dijet invariant mass mjj; and the pseudorapidity separation between the tag jets |Dh(j1, j2)|.
These additional requirements are chosen as follows:

• |yWg � (yj1 + yj2)/2| < 0.6;
• |DfWg,jj| > 2.6 rad;
• mjj > 700 GeV;
• |Dh(j1, j2)| > 2.4.

5 Background estimation

The dominant background comes from QCD Wg+jets production. It is estimated using simu-
lation and is normalized to the number of events in data in the region 200 < mjj < 400 GeV.

AQGC region requires photon pT > 200 GeV

JHEP, arXiv:1612.09256 10
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5

Various extensions to the SM alter the couplings between vector bosons. Ref. [10] proposes
nine independent C- and P-conserving dimension-eight effective operators to modify the quar-
tic couplings between the weak gauge bosons. The variable m`` is more sensitive to AQGCs
than p`,max

T , m``jj, and mjj. Fig. 3 (left) shows the expected m`` distribution for three values of
FT,0/L4; L is the scale of new physics and FT,0 is the coefficient of one of the nine effective op-
erators. The observed and expected upper and lower limits at 95% confidence level (CL) on the
nine coefficients are shown in Table 2, where all the results 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. Some operators for anomalous quartic gauge boson couplings may lead to tree-level
unitarity violation. We also report the values of the operator coefficient for which unitarity is
restored at the scale of 8 TeV, the unitarity limit. In addition to the limits on individual operator
coefficients, the expected and observed two-dimensional 95% CL limits on FS,0/L4 and FS,1/L4

are presented in Fig. 3 (right): a linear combination of those operators leads to a scaling of the
SM cross section.

Table 2: Observed and expected upper and lower limits at 95% CL limits on the nine dimension-
eight operators that effect quartic couplings between the weak gauge bosons. Limits from
unitarity are reported. The units are TeV�4.

Operator coefficient Exp. lower Exp. upper Obs. lower Obs. upper Unitarity limit
FS,0/L4 �42 43 �38 40 0.016
FS,1/L4 �129 131 �118 120 0.050
FM,0/L4 �35 35 �33 32 80
FM,1/L4 �49 51 �44 47 205
FM,6/L4 �70 69 �65 63 160
FM,7/L4 �76 73 �70 66 105
FT,0/L4 �4.6 4.9 �4.2 4.6 0.027
FT,1/L4 �2.1 2.4 �1.9 2.2 0.022
FT,2/L4 �5.9 7.0 �5.2 6.4 0.08
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Figure 3: The m`` distributions (left) after full selection with all SM backgrounds and FT,0/L4 =
�5.0, 0 (SM), and 5.0 TeV�4; the last bin includes overflow events. Observed and expected two-
dimensional 95% CL limits (right) for FS0/L4 and FS1/L4.

Doubly-charged Higgs bosons are predicted in models that contains a Higgs triplet field. Some
of these scenarios predict same-sign dilepton events from W±W± decays with a VBF topology.

 W±W±jj (Same Sign)

1

Vector boson scattering (VBS) and quartic boson couplings are features of the standard model
(SM) that remain largely unexplored by the LHC experiments. The observation of a Higgs
boson [1–3], in accordance with a key prediction of the SM, motivates further study of the
mechanism of electroweak symmetry breaking through measurements of VBS processes. In
the absence of the SM Higgs boson, the amplitudes for these processes would increase as a
function of center-of-mass energy and ultimately violate unitarity [4, 5]. The Higgs boson ac-
tually observed by the LHC experiments may restore the unitarity, although some scenarios
of physics beyond the SM predict enhancements for VBS through modifications to the Higgs
sector or the presence of additional resonances [6, 7].

This letter presents a study of VBS in pp collisions at
p

s = 8 TeV. The data sample corresponds
to an integrated luminosity of 19.4 ± 0.5 fb�1 collected with the CMS detector [8] at the LHC
in 2012. The aim of the analysis is find evidence for the electroweak production of same-sign
W-boson pair events. The strong production cross section is reduced by the same-sign require-
ment, making the experimental signature of same-sign dilepton events with two jets an ideal
topology for VBS studies. Candidate events have exactly two identified leptons of the same
charge, two jets with large rapidity separation and dijet mass, and moderate missing trans-
verse energy. The final states considered are µ+µ+nµnµ jj, e+e+nene jj, e+µ+nenµ jj, and their
charge conjugates and t-lepton decays to electrons and muons. Figure 1 shows representative
Feynman diagrams for the electroweak and QCD induced production.
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Figure 1: Representative Feynman diagrams for the electroweak and QCD induced same-sign
W-boson pair production.

The study of VBS presented here leads to measurements of the production cross sections for
W±W± and WZ in a fiducial region. Evidence for electroweak production has been reported
by the ATLAS Collaboration [9]. Various extensions of the SM alter the couplings of vector
bosons. An excess of events could signal the presence of anomalous quartic gauge couplings
(AQGC) [10]. Doubly-charged Higgs bosons are predicted in Higgs sectors beyond the SM
where weak isotriplet scalars are included [11, 12]; they can be produced via weak vector-boson
fusion (VBF) and decay to pairs of same-sign W bosons [13].

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
magnet. The first level of the CMS trigger system, composed of custom hardware processors, is
designed to select the most interesting events within 3 µs, using information from the calorime-
ters and muon detectors. The high level trigger processor farm further reduces the event rate
to a few hundred hertz before data storage. Details of the CMS detector and its performance
can be found elsewhere [8].

Several Monte Carlo (MC) event generators are used to simulate the signal and background
processes. The leading-order event generator MADGRAPH 5.2 [14] is used to produce event

• Two leptons with the same electric 
charge: e±e±, e±µ±, µ±µ± 

• ET
miss > 40 (40) GeV 

• Mjj> 500 (500) GeV 

• Δ |η(j1,j2)|  > 2.4 (2.5) 

Significance: 3.6σ (2.0σ)

Same sign WW production requires a hadron collider.

(mWWT > 400 GeV)
Limit setting: ATLAS utilizes WW transverse mass estimate,

The measurement of the two-dimensional missing transverse momentum vector ~Emiss
T and its magnitude

Emiss
T [45] is based on the measurement of all topological clusters in the calorimeter, and muon tracks

reconstructed by the ID and MS. The energies of clusters in the calorimeter are calibrated according to
their association with a reconstructed object.

In order to deal with the case where a single particle is reconstructed as more than one object, an overlap
removal procedure is followed. If the event contains a tight electron and a jet with �R(e, j) < 0.3, the
jet is removed since it is likely that it corresponds to the electron energy deposits picked up by the jet
reconstruction algorithm. If the same is true for a jet and a tight muon, the event is rejected since the
muon likely originates from the decay of a hadron within the jet. When estimating the background from
non-prompt leptons, jets are also removed if they fall within �R = 0.3 of a loose lepton. For electrons and
muons seperated by �R < 0.1, the electron is removed since it is likely that it originates from a photon
radiated from the muon.

Signal candidate events are selected by requiring two tight leptons with the same electric charge and an
invariant mass (m``) greater than 20 GeV. Three final states are considered based on the lepton flavor,
namely e±e±, e±µ±, and µ±µ±. To reduce background contributions from the W±Z and ZZ processes,
events with a third lepton of the veto type are rejected. An additional requirement is made in the e±e± final
state that the invariant mass of the two electrons di↵ers from the combined world average of the Z pole
mass [46] by at least 10 GeV. This selection criterion reduces the background from the Z(! e+e�)+jets
process where one electron’s charge is misidentified. Since two neutrinos are produced from the decays
of the two W bosons, Emiss

T is required to be greater than 40 GeV. Events are required to have at least
two jets. In order to reduce the background from top-quark pair and single top-quark production, the
event is rejected if any jet is classified as a b-jet. Remaining events with an invariant mass of the two
leading-pT jets (m j j) greater than 500 GeV are selected. This selection level defines the inclusive signal
region (denoted by “Inclusive SR”), and both the electroweak and strong production of W±W± j j are
treated as signal. The VBS signal region (denoted by “VBS SR”) is defined to consist of events in the
inclusive signal region for which the separation in rapidity between the two leading-pT jets (|�y j j|) is
greater than 2.4. In this region only the electroweak production is considered as signal. The third signal
region (denoted by “aQGC SR”) additionally requires the estimated transverse mass of the WW system
to be greater than 400 GeV in order to optimize the sensitivity to the new-physics parameters ↵4 and ↵5.
The variable, mWW,T, is defined as

mWW,T =

r✓
P`1 + P`2 + PEmiss

T

◆2
(2)

where P`1,`2 are the four-momenta of the two selected lepton candidates and PEmiss
T

is the massless four-

vector constructed from the ~Emiss
T measurement with the z-component of PEmiss

T
defined as zero. In the

aQGC SR, both the electroweak and strong production predicted by the SM are considered as background,
and only the contributions due to aQGCs are considered as signal.

Table 1 summarizes the kinematic selection criteria used for the three signal regions.

7

, while CMS utilizes mll.

arXiv:1612.09256 arXiv:1410.6315 
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Comparison to Theory

The electron and muon channels are combined into a single cross-section measurements.  
Experimental results are in agreement with the NLO theory predictions.

Taken from ATLAS public results, twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults  

WNPPC 2017

Theoryσ / ExpσCross Section Ratio  0 1 2 3

CMS measurements
vs NLO theory

    
8 TeV measurement (stat, stat + sys)

     WW→ γγ

    jj (EWK)γZ

    jj (EWK)γW

    
ssWW

    
γγZ

    
γγW

 (8 TeV)-119.4 fb

Taken from CMS-PAS -SMP-14-018, CMS-PAS-SMP-14-011, JHEP arXiv1604.04464
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Summary of Limits
EFT are often constrained by multiple channels, useful for differentiating potential signal. 

†Couplings are defined following the Eboli et. al convention,

Transverse Parameters
Summaries taken from:  twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC 

13
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Summary of Limits

Longitudinal and Mixed-Transverse Parameters
From: twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC 

†Couplings are defined following the Eboli et. al convention,14
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Looking Forward

New data: Last summer ATLAS used partial 2016 dataset 
(13.3 fb-1) to measured WZ production at √s = 13 TeV.  
Limits placed on aTGC (Dim-6 EFT).

Limits are as good as or surpass previous 8 TeV results.  With 36 fb-1 of integrated luminosity 
in the full 2016 dataset, new QGC studies should surpass current bounds and potentially 
discover new physics. 

Comparison of 8 TeV and 13 TeV Limits

8 TeV

13 TeV

ATLAS-CONF-2016-043

WNPPC 201715
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Summary

• Triboson production and VBS are accessible at the LHC. 

• Fiducial cross-section measurements agree with SM predictions. 

• Dim-8 EFT used to search for aQGC in the electroweak sector, √s = 8 TeV 
results are currently the most constraining.  

• Excitement for new results and increased sensitivity with the 2016 data!

WNPPC 201716



Backup Slides

17



Christopher Anelli 

Likelihood

18

For likelihood, observed number of events follows a Poisson distribution.    Product over 
channels and detector regions.

�NLL(µ) = �NLL(µ̂) +
@�NLL((µ̂)

@µ

(µ� µ̂) +
1

2
· @

2�NLL((µ̂)

@µ

2
(µ� µ̂)2...

The first two terms are 0! so for the one bin case it can be worked out that:

�NLL(µ) ⇠ s

2
1

x1
· (u� µ̂) < 3.84

It is quadratic so there will be two solutions, one will be the upper-bound
the other will be the lower-bound. For aQGC’s, the effect is always an increase
compared to the SM, so µ is strictly greater than or equal to 1. If the lower-
bound on µ > 1 this means that the SM is outside our 95% confidence level.

For the Muon EBEB case:
x

i

= 25
s

i

= 7.9
b

i

= 5.7
Calculations:
µ̂ = 25�5.7

7.9 = 2.4
7.92

25
· (u� 2.4)2 < 3.84

1.3 < u < 3.5

For this scenario, the SM is outside our limits.

Additional Notes:
To make the explanation simpler, I have glossed over the aQGC couplings.

It should be noted that the couplings can be positive or negative. In general
the distribution is pretty close to symmetric, so µ maps to ±f

qgc

.

More importantly, the mapping from µ tof
qgc

is different for each bin, and
depends very strongly on photon-location. When the limits are set on f

qgc

, we
account for this. In practice, it means that the constraints set by the EBEB
bins are much more important than the others.

Additional Equations

L(f) =
nbinsY

i=1

Pois(x
i

|µ(f) · s
i

(✓) + b

i

(✓))⇥ P

n

(✓)

3

Observed Events aQGC/SM ratio Nuisance 
Parameters

SM signal Estimated Background

18
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Dim-8 EFT

19

LT,0 = Tr
[

ŴµνŴ
µν

]

× Tr
[

ŴαβŴ αβ
]

(16)

LT,1 = Tr
[

ŴανŴ
µβ

]

× Tr
[

ŴµβŴ αν
]

(17)

LT,2 = Tr
[

ŴαµŴ µβ
]

× Tr
[

ŴβνŴ
να

]

(18)

LT,5 = Tr
[

ŴµνŴ
µν

]

× BαβBαβ (19)

LT,6 = Tr
[

ŴανŴ
µβ

]

× BµβBαν (20)

LT,7 = Tr
[

ŴαµŴ µβ
]

× BβνB
να (21)

LT,8 = BµνB
µνBαβBαβ (22)

LT,9 = BαµBµβBβνB
να (23)

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
LS,0, LS,1 X X X O O O O O O

LM,0, LM,1,LM,6 ,LM,7 X X X X X X X O O
LM,2 ,LM,3, LM,4 ,LM,5 O X X X X X X O O

LT,0 ,LT,1 ,LT,2 X X X X X X X X X
LT,5 ,LT,6 ,LT,7 O X X X X X X X X

LT,9 ,LT,9 O O X O O X X X X

Table 1: Quartic vertices modified by each dimension-8 operator are marked
with X.

3

LS,1 =
[

(DµΦ)† DµΦ
]

×
[

(DνΦ)† DνΦ
]

(6)

Lquartic = FS0 LS,0 + FS1 LS,1 (7)

where the constants FS0(S1) have dimension of GeV−4.
The operatorsLS,0 and LS,1 gives rise to quartic W+W−W+W−, W+W−ZZ

and ZZZZ interactions (see table 0.1 where we list the quartic vertices af-
fected by the different operators) 2. In order to simply rescale the SM quartic
couplings containing W± and Z it is enough to have FS0 = −FS1 = f that
modifies the SM couplings by a factor (1 + fv4/8), where v is the Higgs
vaccum expectation value (v ≃ 256 GeV).

Operators containing DµΦ and field strength

The operators in this class are:

LM,0 = Tr
[

ŴµνŴ
µν

]

×
[

(DβΦ)† DβΦ
]

(8)

LM,1 = Tr
[

ŴµνŴ
νβ

]

×
[

(DβΦ)† DµΦ
]

(9)

LM,2 = [BµνB
µν ] ×

[

(DβΦ)† DβΦ
]

(10)

LM,3 =
[

BµνB
νβ

]

×
[

(DβΦ)† DµΦ
]

(11)

LM,4 =
[

(DµΦ)† ŴβνD
µΦ

]

× Bβν (12)

LM,5 =
[

(DµΦ)† ŴβνD
νΦ

]

× Bβµ (13)

LM,6 =
[

(DµΦ)† ŴβνŴ
βνDµΦ

]

(14)

LM,7 =
[

(DµΦ)† ŴβνŴ
βµDνΦ

]

(15)

In this class of effective operators the quartic gauge-boson interactions
depend upon the momenta of the vector bosons due to the presence of the
field strength in their definitions. Therefore, the Lorentz structure of these
operators can not be reduced to the SM one.

Operators containing just the field strength tensor

The following operators containing just the field strength tensor also lead to
quartic anomalous couplings:

2Gauge invariance leads to vertices containing more than 4 particles. This fact is true
for all effective operators that are listed here.

2

LT,0 = Tr
[

ŴµνŴ
µν

]

× Tr
[

ŴαβŴ αβ
]

(16)

LT,1 = Tr
[

ŴανŴ
µβ

]

× Tr
[

ŴµβŴ αν
]

(17)

LT,2 = Tr
[

ŴαµŴ µβ
]

× Tr
[

ŴβνŴ
να

]

(18)

LT,5 = Tr
[

ŴµνŴ
µν

]

× BαβBαβ (19)

LT,6 = Tr
[

ŴανŴ
µβ

]

× BµβBαν (20)

LT,7 = Tr
[

ŴαµŴ µβ
]

× BβνB
να (21)

LT,8 = BµνB
µνBαβBαβ (22)

LT,9 = BαµBµβBβνB
να (23)

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
LS,0, LS,1 X X X O O O O O O

LM,0, LM,1,LM,6 ,LM,7 X X X X X X X O O
LM,2 ,LM,3, LM,4 ,LM,5 O X X X X X X O O

LT,0 ,LT,1 ,LT,2 X X X X X X X X X
LT,5 ,LT,6 ,LT,7 O X X X X X X X X

LT,9 ,LT,9 O O X O O X X X X

Table 1: Quartic vertices modified by each dimension-8 operator are marked
with X.

3

Anomalous quartic interaction among electroweak gauge bosons

O.J.P. Éboli and M.C. Gonzalez–Garcia

August 21, 2012

0.1 Quartic interactions

We list here the parity conserving effective Lagrangians leading to pure quar-
tic couplings between the weak gauge bosons assuming that the recently
observed Higgs boson belongs to a SU(2)L doublet, that is, employing the
linear representation for the higher order operators. Denoting by Φ the Higgs
doublet and by U an arbitrary SU(2)L transformation, the basic blocks for
constructing the effective Lagrangian and their transformations are:

Φ , that transforms as Φ′ = UΦ (1)

DµΦ , that transforms as D′
µΦ

′ = UDµΦ (2)

Ŵµν ≡
∑

j

W j
µν

σj

2
, that transforms as Ŵ ′

µν = UŴµνU
† (3)

Bµν , that transforms as B′
µν = Bµν (4)

where W i
µν is the SU(2)L field strength and Bµν is the U(1)Y one. The

covariant derivative is given by DµΦ = (∂µ − igW j
µ

σj

2 − ig′Bµ
1
2)Φ.

The lowest dimension operator that leads to quartic interactions but does
not exhibit two or three weak gauge boson vertices is dimension 8. The
counting is straight foward: when can get a weak boson field either from the
covariant derivative of Φ or from the field strength tensor. In either case
the vector field is accompanied by a VEV or a derivative. Therefore genuine
quartic vertices are of dimension 8 or higher.There are three classes of such
operators1:

Operators containing just DµΦ

The two independent operators in this class are

LS,0 =
[

(DµΦ)† DνΦ
]

×
[

(DµΦ)† DνΦ
]

(5)

1Here we follow the notation of Ref. [1].

1

LS,1 =
[

(DµΦ)† DµΦ
]

×
[

(DνΦ)† DνΦ
]

(6)

Lquartic = FS0 LS,0 + FS1 LS,1 (7)

where the constants FS0(S1) have dimension of GeV−4.
The operatorsLS,0 and LS,1 gives rise to quartic W+W−W+W−, W+W−ZZ

and ZZZZ interactions (see table 0.1 where we list the quartic vertices af-
fected by the different operators) 2. In order to simply rescale the SM quartic
couplings containing W± and Z it is enough to have FS0 = −FS1 = f that
modifies the SM couplings by a factor (1 + fv4/8), where v is the Higgs
vaccum expectation value (v ≃ 256 GeV).

Operators containing DµΦ and field strength

The operators in this class are:

LM,0 = Tr
[

ŴµνŴ
µν

]

×
[

(DβΦ)† DβΦ
]

(8)

LM,1 = Tr
[

ŴµνŴ
νβ

]

×
[

(DβΦ)† DµΦ
]

(9)

LM,2 = [BµνB
µν ] ×

[

(DβΦ)† DβΦ
]

(10)

LM,3 =
[

BµνB
νβ

]

×
[

(DβΦ)† DµΦ
]

(11)

LM,4 =
[

(DµΦ)† ŴβνD
µΦ

]

× Bβν (12)

LM,5 =
[

(DµΦ)† ŴβνD
νΦ

]

× Bβµ (13)

LM,6 =
[

(DµΦ)† ŴβνŴ
βνDµΦ

]

(14)

LM,7 =
[

(DµΦ)† ŴβνŴ
βµDνΦ

]

(15)

In this class of effective operators the quartic gauge-boson interactions
depend upon the momenta of the vector bosons due to the presence of the
field strength in their definitions. Therefore, the Lorentz structure of these
operators can not be reduced to the SM one.

Operators containing just the field strength tensor

The following operators containing just the field strength tensor also lead to
quartic anomalous couplings:

2Gauge invariance leads to vertices containing more than 4 particles. This fact is true
for all effective operators that are listed here.

2


