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Introductions

• Wgg production contains contribution from quartic WWgg coupling 
which is the consequence of non-Abelian gauge structure of SM -> 
deviation from SM prediction is indication of aQGC.

• The cross section at 8 TeV is about a few fb per leptonic channel         
->feasible to observe with current LHC data.

• Wgg can come from WWg TGC coupling + ISR or FSR photon -> good 
inclusive channel to detect anomaly in gauge couplings.
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SM QGC and Other Diagrams 

• In SM, the contribution of QGC diagram is very small->rising the pT 
scale on final state object doesn’t help.

• Probably some angular distributions, for example from radiation zero, 
can help to prove the existence of QGC -> require high statistic
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Phenomenology aQGC at LHC

• Ref: Eur. Phys. J. C. 64 (2009), p. 25-33
• Dimension-6 effective Lagrangian framework
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three, where the adaptation of a generator for use in con-
junction with a showering and hadronisation programme is
also described. In section four, a binned maximum likeli-
hood method is used to place limits on the AQGCs and these
expected experimental limits are compared to those obtained
from unitarity considerations. The possible observation of
the radiation zero is described in the final section.

2 General formalism for anomalous quartic gauge
couplings

The formalism for possible anomalous terms generating
quartic gauge boson self-couplings has been widely dis-
cussed in the literature [1–4]. In the parametrisation first
introduced in [2], the two lowest dimension effective La-
grangian terms that give rise to purely quartic couplings in-
volving at least two photons are:

L0
6 = −e2β0

16
FµνF

µνWα · Wα,

Lc
6 = −e2βc

16
FµαFµβWα · Wβ .

These are C and P conserving and are obtained by impos-
ing local U(1)em gauge symmetry whilst also requiring the
global custodial SU(2)c symmetry that constrains the elec-
troweak parameter ρ = 1. Noting that the custodial SU(2)c
field vector is
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then in terms of the physical fields:
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Thus, both terms generate AQGCs of the form WWγγ
and ZZγγ . The parameters β0 and βc are distinguished here

Fig. 1 The contribution of the
WWγγ vertex, which may
receive an anomalous
contribution governed by the
coupling parameters βW

0 and
βW

c , to the process qq̄′ → l±νγγ

for the W and Z vertices to comply with previous experimen-
tal measurements in which the couplings were studied inde-
pendently [5]. Figure 1 shows how the process qq̄′ → l±νγγ
includes a contribution from the WWγγ vertex and is thus
sensitive to βW

0 and βW
c .

Through the FµαFµβ terms in the effective Lagrangians,
the anomalous couplings will scale with the square of the
photon energies, so a substantial improvement in the sensi-
tivity can be expected at the LHC over the results from LEP.

3 Monte Carlo generation of Wγγ events

3.1 Comparison of programmes and published results

Previous studies have been made of both pp → lνγγ at the
LHC by Éboli, Gonzalez-García, Lietti and Novaes [6] and
pp̄ → lνγγ at the Tevatron by Baur, Han, Kauer, Sobey and
Zeppenfeld [7]. The MC programme used in these works
have been obtained from the corresponding authors, and are
referred to here as the Lietti and Baur MCs, respectively;
they are described fully in the corresponding publications.
Both programmes are based on Madgraph-generated ampli-
tudes [8] that take into account all leading order diagrams for
the l±νγγ final state. Finite W width effects are included and
all partons are assumed to be massless. Both programmes
produce weighted events, the Lietti MC relying on Vegas [9]
for the phase space integration and the Baur code making
use of a custom three body phase space generator. The im-
portant difference between the programmes is that, whereas
the Baur MC generates only SM events, the Lietti code in-
cludes the AQGC contribution to the WWγγ vertex, para-
metrised by the β0 and βc parameters.

Whilst the Lietti programme forms the basis of the work
reported here, it is prudent to first compare the SM expec-
tations from the two generators in order to validate the pro-
grammes and our usage of them. The generator-level cuts
applied in order to approximately simulate the detector ac-
ceptance in the previous studies are summarised in Table 1.
For the Tevatron (Baur MC), only the W− → e−ν channel
was considered, the W+ channel not being implemented in
the MC. At the LHC (Lietti MC) the complete W± → l±ν
(l = e,µ) final state was studied. The MRS (A) and MRS (G)
sets of proton structure functions were used for the Tevatron
and LHC studies, respectively, with the factorisation scale
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Fig. 4 Distributions of the transverse momenta of the two photons,
p

γ1
T and p

γ2
T (where p

γ1
T > p

γ2
T ), the invariant mass of the two-photon

system, Mγγ and the transverse mass of the (l,ν) system, MT(l,ν)

assuming 30 fb−1 of integrated luminosity. The solid lines show the
expected reconstructed SM signal plus background expectation. Of
this, the dashed line shows the total background contribution from

Wγ + jets and W + jets events assuming a jet rejection factor of
2000. The dotted lines and dashed-dotted lines are the expected recon-
structed signal plus background expectation for β0 = 0.0001 GeV−2

and βc = 0.0001 GeV−2, respectively. The points are for one LHC
“experiment” according to the SM

Table 3 The expected 95% confidence level limits on the coupling
parameters β0 and βc assuming 10, 30 and 100 fb−1 of integrated lu-
minosity and assuming a jet rejection factor of 2000

β0 βc

10 fb−1 (−2.98,3.28) × 10−5 (−5.00,4.92) × 10−5

30 fb−1 (−1.85,2.19) × 10−5 (−3.19,3.21) × 10−5

100 fb−1 (−1.16,1.50) × 10−5 (−2.03,2.14) × 10−5

averaged over the 10 000 experiments to give the final re-
sults, which are presented in Table 3.

With 30 fb−1 of integrated luminosity, the limits are more
than two orders of magnitude tighter than those available
from LEP (OPAL). The limits obtained assuming 10 and
100 fb−1 of data are also shown for comparison.

To understand the effects of the background from the
mis-identified jets, the confidence level limits for the 30 fb−1

case were also found as a function of the jet rejection factor.
The results are shown in Fig. 5, where it can be seen that
increasing the performance beyond 1000 does not signifi-
cantly improve the limits.

4.5 Comparison to unitarity constraints

The effective Lagrangian terms generating the AQGCs spoil
the gauge structure of the model, which can lead to unitar-
ity violation at relatively low energies. To preserve unitarity
up to higher energy scales, the conventional procedure is to
modify the bare coupling parameters with an energy depen-

Fig. 5 The widths of the 95% confidence level intervals for β0 (solid
line) and βc (dashed line) for 30 fb−1 of integrated luminosity as a
function of the jet rejection factor

dent form factor. A typical choice is the generalised dipole
form factor, which in this case would be applied as

β →
(

1 +
M2

γγ

Λ2
FF

)−n

× β. (1)

For values of Mγγ above the form factor scale, ΛFF, this has
the effect of pushing the AQGCs back down towards the SM
prediction. The strength of this effect depends on the choice
of n. For large n the form factor is effectively a cutoff on
the effects of the anomalous couplings at ΛFF, so that for
Mγγ > ΛFF any distribution becomes constrained to its SM
expectation. The undesirable consequence of applying such
a form factor is that any limits found will depend on the
choices of n and ΛFF.

The limits so far found refer to the bare couplings and
cannot be assumed to be unitarity-safe. Rather than guar-
anteeing this by including some arbitrary, energy dependent

• 95% C.L. limits (14 TeV and assuming a jet rejection factor of 2000)

• LEP limits (Phys. Rev. D 70, 032005 (2004)):
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I. INTRODUCTION

In the standard model !SM" self-interactions of the vector
boson fields arise due to the " 1

4W!"•W!" term in the elec-
troweak Lagrangian. In addition to the tri-linear couplings,
this term leads to quartic gauge couplings !QGCs" of the
form WWWW, WWZZ, WW$$ and WWZ$ . The strength
of the coupling at these vertices is specified by the SU(2)
&U(1) gauge invariant form of the electroweak sector.
Studying processes to which these QGCs can contribute may
therefore yield further confirmation of the non-Abelian struc-
ture of the SM or signal the presence of new physics at as yet
unprobed energy scales. At LEP energies it is only possible
to probe quartic gauge couplings which produce at most two
massive vector bosons in the final state. The processes at
LEP which are sensitive to possible anomalous quartic gauge
couplings !AQGCs" are shown in Fig. 1.
The formalism for the extra genuine quartic terms rel-

evant at LEP has been discussed widely in the literature
&1–7'. Genuine quartic terms refer to those that are not as-
sociated with any tri-linear couplings, which are already con-
strained by analyses using the e!e"→W!W" process. In
the parametrization first introduced in &1' the two lowest
dimension terms that give rise to quartic couplings involving
at least two photons are:
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Dimension-8 Effective Lagrangian

• General form of linearized effective Lagrangians

• Some operators which gives rise to the WWWW, WWZZ, WWAZ, WWAA, 
AAZZ, AZZZ, and ZZZZ vertices

• Two MC generators implemented this theory frameworks
‣ FeynRules http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling 
‣ UFO models for LHC available to interface with Madgraph generator

+Delphes or PGS
‣ LO cross sections currently
‣ VBFNLO: NLO calculator for pp collider only, LHA event files available at LO

5

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
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LO Cross Section From Magraph

• Estimate LO cross section for pp->W+,g,g W+ -> e+, neu
• Fiducial definition
‣ pT (electron, g) > 20 GeV
‣ |eta (electron, g)| < 2.5
‣ dR(g,g) > 0.4
‣ dR(e,g) > 0.7

• Use aQGC models with LM2 and LM3 operators
‣ F2 ~ a0/(Λ2 *<V>2), <V>=250 GeV when compared to dimension-6 Lagrangian

‣ F3 ~ aC/(Λ2 *<V>2)

6

Cross section W(e+,nu) g g (fb)
W(e+,nu) g jet

(pb)
F2=F3=2e-10 GeV

(fb)
F2=F3=-2e-10 GeV

(fb)

8 TeV 1.127±0004 1.168±0.004 1.461±0.003 1.416±0.004

13 TeV 1.510±0.005 1.887±0.006 3.689±0.007 3.587±0.007
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Kinematic Plots

7

aQGC is sensible at 
high scale

Signal region for a 
counting experiment
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Expected Limits at 8 TeV

• Perform counting experiment and find the expected cross section limits
‣ Total mass of electron and photons distribution is used to count number of 

events
‣ Signal region m(electron, g, g) > 500 GeV
‣ Cross section limits are derived using Bayesian approach with Poisson statistic

• Inputs:

8

ρ(σ|k, I) =

� ∞

0
dL

� 1

0
d�

� ∞

0
db ρ(σ,L, �, b|k, I) . (3.10)

6. Use the resulting posterior probability distribution to calculate quantities of interest.

The full information of the Bayesian analysis is contained in the posterior density

function for σ. However, for some problems, less information is sufficient. For example,

in a search for some new phenomenon, the relevant issue is usually the upper limit

on the cross section (σUL), calculated by integrating Eq. (3.10). This upper limit,

specified at some level of confidence of 100× β%, is defined by:

β =

� σUL

0
dσ ρ(σ|k, I) . (3.11)

When the posterior distribution for σ is peaked significantly away from zero, it may

be more appropriate to quote the mean and the variance of the distribution — and to

claim discovery!

6

Lumi Lumi Err
Selection 
Efficiency

Selection 
efficiency 

error
Background

Background 
Error

22 ivn. fb 4% 73% 5% ~1.54 10%

Cross section limits within fiducial definition: 0.212 fb
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Limits on F2

• Simplified 1D limit setting for F2
‣ Set F3 = 0 and find the cross section in 

fiducial cuts as a function of F2

• Expect that limits on F parameters are 
in the range ~ 10-10 GeV-4 at 8 TeV with 
current LHC data

9

F2 ~ [-1.5e-10,1.5e-10] GeV-4
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Summary

• W+gamma gamma is a good channel to perform early/preliminary 
studies on the aQGC at LHC.

• The aQGC parameters in effective Lagrangian can be constrained by 
order of two or tree tighter than LEP limits using current 8 TeV LHC 
data.

• The workflow from aQGC model->Madgraph->Delphes is pretty straight 
forward -> extent the studies to higher LHC energy scenario. 
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