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- Quartic couplings are predicted in the standard model
- Arise from non-abelian structure of EWK symmetry
- Much more details in B. Jäger talk this morning

! Fundamental prediction of the Standard Model 
electroweak sector

! Deviations from predictions would indicate                          
new physics - typically parametrized in terms of 
Anomalous Quartic Gauge Couplings (AQGC)

! 2 main ways to study quartic gauge couplings at the LHC:
! Inclusive Analysis:

! Exclusive Analysis:

Quartic Gauge couplings

This talk focuses on 
exclusive analysis

p

p

p

p 3

See next talk
by Veit Scharf

Exclusive productionVector boson 
scattering

Triboson 
production

- See aQGC2013 workshop: https://indico.desy.de/conferenceDisplay.py?confId=7512
- Also MBI2014 workshop by the end of October: http://www.bnl.gov/mbi2014/

https://indico.desy.de/conferenceDisplay.py?confId=7512
https://indico.desy.de/conferenceDisplay.py?confId=7512
http://www.bnl.gov/mbi2014/
http://www.bnl.gov/mbi2014/
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EFT for aQGC

Effective Field Theory for anomalous quartic couplings:
- Look for manifestation of higher scale physics to the electroweak scale
- Construct all operators involving electroweak fields with new interactions in the 

gauge sector, respecting gauge invariance
- Non-linear realization (without Higgs) or more recent linear realization (with 

Higgs):

- Enhances total cross-section, enhances boson pT (depends on U(1)Y and 
SU(2) field strength and derivative of the scalar field)

L = LSM +
X

i

ai
�2

Oi +
X

j

bi
�4

Oj + ...

1

Dimension 6 operators are 
involving aTGC or Higgs 
couplings

Dimension 8 
operators involve 
aQGC

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].
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† (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

Building blocks:
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Dim 8 operators for QGC
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hep-ph/0606118
Eboli, Gonzalez-
Garcia, Mizukoshi, 
2006

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 operators:

a. Operators containing just DµΦ

The two independent operators in this class are

LS,0 =
!

(DµΦ)† DνΦ
"

×
!

(DµΦ)† DνΦ
"

(A5)

LS,1 =
!

(DµΦ)† DµΦ
"

×
!

(DνΦ)† DνΦ
"

(A6)

b. Operators containing DµΦ and field strength

The operators in this class are:

LM,0 = Tr
!

ŴµνŴ
µν

"

×
!

(DβΦ)† DβΦ
"

(A7)

LM,1 = Tr
!

ŴµνŴ
νβ

"

×
!

(DβΦ)† DµΦ
"

(A8)

LM,2 = [BµνB
µν ] ×

!

(DβΦ)† DβΦ
"

(A9)

LM,3 =
#

BµνB
νβ

$

×
!

(DβΦ)† DµΦ
"

(A10)

LM,4 =
!

(DµΦ)† ŴβνD
µΦ

"

× Bβν (A11)

LM,5 =
!

(DµΦ)† ŴβνD
νΦ

"

× Bβµ (A12)

LM,6 =
!

(DµΦ)† ŴβνŴ
βνDµΦ

"

(A13)

LM,7 =
!

(DµΦ)† ŴβνŴ
βµDνΦ

"

(A14)

c. Operators containing just the field strength tensor

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

anomalous couplings:
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LT,0 = Tr
!

ŴµνŴ
µν

"

× Tr
!

ŴαβŴ αβ
"

(A15)

LT,1 = Tr
!

ŴανŴ
µβ

"

× Tr
!

ŴµβŴ αν
"

(A16)

LT,2 = Tr
!

ŴαµŴ µβ
"

× Tr
!

ŴβνŴ
να

"

(A17)

LT,3 = Tr
!

ŴαµŴ µβŴ να
"

× Bβν (A18)

LT,4 = Tr
!

ŴαµŴ αµŴ βν
"

× Bβν (A19)

LT,5 = Tr
!

ŴµνŴ
µν

"

× BαβBαβ (A20)

LT,6 = Tr
!

ŴανŴ
µβ

"

× BµβBαν (A21)

LT,7 = Tr
!

ŴαµŴ µβ
"

× BβνB
να (A22)

LT,8 = BµνB
µνBαβBαβ (A23)

LT,9 = BαµBµβBβνB
να (A24)
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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

exists in SM

γγ→WW exclusive
Triboson VWγWW same sign VBS
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exclusive production 
and triboson production
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Exclusive γγ→WW production
CMS, JHEP07(2013)116
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! Fundamental prediction of the Standard Model 
electroweak sector

! Deviations from predictions would indicate                          
new physics - typically parametrized in terms of 
Anomalous Quartic Gauge Couplings (AQGC)

! 2 main ways to study quartic gauge couplings at the LHC:
! Inclusive Analysis:

! Exclusive Analysis:

Quartic Gauge couplings

This talk focuses on 
exclusive analysis

p

p

p

p 3

See next talk
by Veit Scharf

Extra tracks multiplicity
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γγ→WW exclusive analysis:
- μ± e∓ mET final state
- Starting point: Zero extra track 

requirement (protons escaping 
detection)

γγ→WW (quasi-)exclusive signal:
- Elastic scattering (intact protons)
- Proton dissociative production
where protons escape detection
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Exclusive γγ→WW production
CMS, JHEP07(2013)116
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Main backgrounds estimated from control regions after selection:
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Figure 10. The µ

±e⌥ invariant mass (top left), acoplanarity (top right), and missing transverse
energy (bottom) distributions, for events in the signal region with zero extra tracks on the µ

±e⌥

vertex and p

T

(µ±e⌥) > 30GeV. The backgrounds (solid histograms) are stacked with statistical
uncertainties indicated by the shaded region, the signal (open histogram) is stacked on top of the
backgrounds.

8 Results

Examining the SM �� ! W+W� signal region, we find two events passing all the selection

criteria, compared to the expectation of 2.2± 0.4 signal events and 0.84± 0.15 background

events, including the systematic uncertainties listed in table 5.

We convert the observed results into a cross section and upper limit for events with

zero extra tracks within |⌘| < 2.4, using the expression � = N/(✏ ⇥ A ⇥ L), where N is

the number of events observed, and ✏ ⇥ A is the e�ciency times acceptance for a SM-like

signal. Correcting for e�ciency, acceptance, and backgrounds, the best fit signal cross

section times branching fraction is:

�(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 2.2+3.3
�2.0 fb,

– 17 –
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Figure 11. The p

T

(µ±e⌥) distribution for events with zero extra tracks (left) and multiplicity of
extra tracks for events with p

T

(µ±e⌥) > 100GeV (right). The backgrounds (solid histograms) are
stacked with statistical uncertainties indicated by the shaded region, the signal (open histogram)
is stacked on top of the backgrounds. The expected signal is shown for the SM �� ! W+W�

signal (solid lines) and for two representative values of the anomalous couplings aW
0

/⇤2 and a

W

C /⇤2

(dotted and dashed lines).

with a significance of ⇠1�. With statistical uncertainties only, the resulting value of the

cross section times branching fraction is 2.2+3.2
�2.0 (stat.) fb.

The observed upper limit is estimated using the Feldman-Cousins method [52] to be

2.6 times the expected SM yield at 95% CL. The median expected limit in the absence

of signal is 1.5+1.0
�0.6 times the expected SM yield. Converting this to a limit on the cross

section we find at 95% CL:

�(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) < 10.6 fb.

The SM prediction is 4.0 ± 0.7 fb, including the uncertainty in the contribution of proton

dissociation. The dilepton invariant mass, acoplanarity, and missing transverse energy in

the two selected events are consistent with the expectation for the sum of backgrounds and

SM �� ! W+W� signal (figure 10).

The p

T

(µ±e⌥) distribution for events with zero extra tracks, and the extra tracks

multiplicity for events with p

T

(µ±e⌥) > 100GeV, are shown in figure 11. In the anomalous

quartic gauge coupling search region p

T

(µ±e⌥) > 100GeV, zero events are observed in data,

which is consistent with the SM expectation of 0.14, dominated by pp ! p(⇤)W+W�p(⇤).

We find that the selection e�ciency does not vary strongly between the simulated SM

and anomalous quartic gauge coupling samples within the detector acceptance (table 6)

and, therefore, set an upper limit on the partial cross section times branching fraction for

�� ! W+W� ! µ

±e⌥ with p

T

(µ, e) > 20GeV, |⌘(µ, e)| < 2.4 (for single leptons), and

p

T

(µ±e⌥) > 100GeV for the pair. We treat the residual SM pp ! p(⇤)W+W�p(⇤) signal as

a background, resulting in a total of 0.14±0.02 expected events, and include an additional

systematic uncertainty of 10% based on the maximum relative variation of the e�ciency

– 18 –

Signal Cross-section: 

Control regions in µe channel to check MC

■ Probe control regions in µe channel to check 
each of the major backgrounds in the MC

■ After 0 tracks requirement 3 largest 
backgrounds are:         
1) Inclusive WW - probe in control region 1 
2) DY tau-tau - probe in control regions 2 and 3
3) inelastic tau-tau - probe in control region 3

Control region 1 Control region 2 Control region 3

Region 1,3: Data/MC agreement good; Region 2: MC higher, 
but not rescaled since no events pass signal selection

11

CR3: Inelastic and elastic 
γγ→ττ 
0 track, pT(μe) < 30 GeV

CR1: Inclusive WW 
1-6 tracks, pT(μe) > 30 GeV

CR2: DY ττ 
1-6 tracks, pT(μe) < 30 GeV
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Control 
region 2



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Exclusive γγ→WW production
CMS, JHEP07(2013)116
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-1 = 7 TeV, L = 5.05 fbsCMS, 

aQGC extraction: cut and count in pT(μe) > 100 GeV signal region
- 0 events observed
- Set limits on aQGC with and without unitarization (form factors)
- x10 better than Tevatron and x100 better than LEP limits

This was the first 
measure of aQGC 
at LHC

a0, aC related to 
FM0 and FM1 
dim8 operators
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WVγ with semi-leptonic decay
CMS, Phys. Rev. D 90, 032008 (2014)

9

- Final state: lν+jj+γ
- Sensitive to triboson WWγ and WZγ production

- Background: 
- jet faking photons (revert shower shape 

selection)
- Wγ+jets (normalized in data Mjj sideband), 

- Measured cross-section at 8 TeV is < 3.4 x SM 
NLO at 95% CL: will have the sensitivity at 14 TeV.

First triboson measurement at LHC
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- Set limits on aQGC with Effective Field 
Theory

- Use photon pT shape
- WWγγ and WWZγ vertices are tested
- Limits on a0W, aCW are 4x better with γγ→WW 

than with VWγ
- Dim 8 operator fT0 limits for the first time

- Anomalous couplings accessible with WVγ 
channel at 8 TeV are still in non-unitary 
regime. Should be better at 13 TeV.

WVγ with semi-leptonic decay
CMS, Phys. Rev. D 90, 032008 (2014)



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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WWγγ and WWZγ QGC summary

110210310410510 1 10 210 310 410 510

July 2013

s Quartic Coupling limits @95% C.L.            Channel             Limits               L                   γγAnomalous WW

LEP L3 limits
D0 limits

 limitsγCMS WW
 WW limits → γγCMS 

-2 TeV2Λ/W
0a

-2 TeV2Λ/W
Ca

-4 TeV4Λ /T,0f

γWW     0.20 TeV-1[- 15000, 15000]   0.43fb

 WW→ γγ     1.96 TeV-1    [- 430, 430]       9.70fb

γWW     8.0   TeV-1      [- 21, 20]       19.30fb

 WW→ γγ     7.0   TeV-1[- 4, 4]           5.05fb

γWW     0.20 TeV-1[- 48000, 26000]   0.43fb

 WW→ γγ     1.96 TeV-1  [- 1500, 1500]     9.70fb

γWW     8.0   TeV-1      [- 34, 32]       19.30fb

 WW→γγ     7.0   TeV-1      [- 15, 15]         5.05fb

γWW     8.0   TeV-1      [- 25, 24]       19.30fb
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Vector boson scattering
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Same sign WW scattering
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Electroweak production QCD production

Signal definition:
- Splitting WWjj production in EWK and QCD is not gauge invariant
- ATLAS defines signal as EWK+interference. Interference is found to be about 

10% constructive.
- CMS defines signal as EWK+QCD (interference compatible with 0 within scale 

uncertainty)
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ATLAS, arxiv:1405.6241
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Signature: 2 same-sign leptons and mET
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Inclusive Region VBS Region
e

±
e

±
e

±
µ

±
µ

±
µ

±
e

±
e

±
e

±
µ

±
µ

±
µ

±

Prompt 3.0 ± 0.7 6.1 ± 1.3 2.6 ± 0.6 2.2 ± 0.5 4.2 ± 1.0 1.9 ± 0.5
Conversions 3.2 ± 0.7 2.4 ± 0.8 – 2.1 ± 0.5 1.9 ± 0.7 –
Other non-prompt 0.61 ± 0.30 1.9 ± 0.8 0.41 ± 0.22 0.50 ± 0.26 1.5 ± 0.6 0.34 ± 0.19
W

±
W

±
jj Strong 0.89 ± 0.15 2.5 ± 0.4 1.42 ± 0.23 0.25 ± 0.06 0.71 ± 0.14 0.38 ± 0.08

W

±
W

±
jj Electroweak 3.07 ± 0.30 9.0 ± 0.8 4.9 ± 0.5 2.55 ± 0.25 7.3 ± 0.6 4.0 ± 0.4

Total background 6.8 ± 1.2 10.3 ± 2.0 3.0 ± 0.6 5.0 ± 0.9 8.3 ± 1.6 2.6 ± 0.5
Total predicted 10.7 ± 1.4 21.7 ± 2.6 9.3 ± 1.0 7.6 ± 1.0 15.6 ± 2.0 6.6 ± 0.8
Data 12 26 12 6 18 10

TABLE II: Estimated background yields, observed number of data events, and predicted signal yields for the three channels
are shown with their systematic uncertainty. Contributions due to interference are included in the W

±
W

±
jj electroweak

prediction.
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FIG. 2: The |�yjj | distribution for events passing all inclu-
sive region selections. The |�yjj | selection is indicated by a
dashed line. The W

±
W

±
jj prediction is normalized to the

SM expectation.

atic uncertainties for the three channels in both the inclu-
sive and VBS signal regions. The systematic uncertainty
on the background prediction is about 20%, dominated
by the jet reconstruction uncertainties (11–15%) and the-
ory uncertainties (4–11%). An excess of events over the
background expectation is observed in both signal regions
and in all three channels; the combined significance over
the background-only hypothesis is 4.5 standard devia-
tions in the inclusive region and 3.6 standard deviations
in the VBS region. The expected significance for a SM
W±W±jj signal is 3.4 standard deviations in the inclu-
sive region and 2.8 in the VBS region.

Figure 1 shows the expected and observed mjj dis-
tribution after all inclusive region selection criteria are
applied, except mjj > 500 GeV. Figure 2 shows the
|�yjj | distribution after the inclusive region selections.
All three dilepton channels are summed in both figures.
The observed excess is consistent with the expected event
topology for W±W±jj production.

We interpret the excess over background as W±W±jj
production, and the fiducial cross sections in the two re-

gions (�fid) are measured by combining the three decay
channels in a likelihood function. Systematic uncertain-
ties are taken into account with nuisance parameters.

The signal e�ciency in each fiducial region is defined
as the number of expected signal events after selections
divided by the number of events passing the respective
fiducial region selections at particle level. The e�ciency
accounts for the detector reconstruction, migration into
and out of the fiducial volume, identification, and trigger
e�ciency; it is 56%, 72%, 77% for the inclusive region and
57%, 73%, 83% for the VBS region in the e±e±, e±µ±,
µ±µ± channels respectively. The e�ciency also accounts
for the contribution of leptonic ⌧ decays, which are not
included in the fiducial cross-section definition: 10% of
signal candidates are expected to originate from leptonic
⌧ decays. The uncertainty on the signal e�ciency is dom-
inated by the jet reconstruction uncertainty of 6%.

The measured fiducial cross section for strong and elec-
troweak W±W±jj production in the inclusive region is
�fid = 2.1± 0.5(stat)± 0.3(syst) fb. The measured fidu-
cial cross section for electroweak W±W±jj production,
including interference with strong production in the VBS
region, is �fid = 1.3± 0.4(stat)± 0.2(syst) fb. The mea-
sured cross sections are in agreement with the respective
SM expectations of 1.52± 0.11 fb and 0.95± 0.06 fb.

Additional contributions to W±W±jj production can
be expressed in a model-independent way using higher-
dimensional operators leading to anomalous quartic
gauge boson couplings (aQGCs). The measured cross
section in the VBS fiducial region is used to set lim-
its on aQGCs a↵ecting vertices with four interacting
W bosons. The Whizard event-generator [39] is used
to generate W±W±jj events with aQGCs using a K-
matrix unitarization method [40]. Following existing no-
tations [40, 41], deviations from the SM (which includes
a SM Higgs with mH=126 GeV) are parameterized in
terms of two parameters (↵4, ↵5). The reconstruction
e�ciency is derived using simulated Whizard samples
combined with Pythia8. The di↵erence with respect to
Sherpa for the SM case is taken as additional system-
atic uncertainty. The reconstruction e�ciency increases

Inclusive region: dijet mass Mjj>500 GeV
- Measurement performed with combining 
the 3 subchannels eμ, μμ, ee

Main backgrounds:
- Jet faking leptons (data-driven from loosely 

isolated leptons)
- Prompt: WZ/Wγ* (from MC)
- Conversions: Wγ (from MC) where γ 

converts + opposite sign leptons misidentified 
(rate measured from Z→ee data)

4
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atic uncertainties for the three channels in both the inclu-
sive and VBS signal regions. The systematic uncertainty
on the background prediction is about 20%, dominated
by the jet reconstruction uncertainties (11–15%) and the-
ory uncertainties (4–11%). An excess of events over the
background expectation is observed in both signal regions
and in all three channels; the combined significance over
the background-only hypothesis is 4.5 standard devia-
tions in the inclusive region and 3.6 standard deviations
in the VBS region. The expected significance for a SM
W±W±jj signal is 3.4 standard deviations in the inclu-
sive region and 2.8 in the VBS region.

Figure 1 shows the expected and observed mjj dis-
tribution after all inclusive region selection criteria are
applied, except mjj > 500 GeV. Figure 2 shows the
|�yjj | distribution after the inclusive region selections.
All three dilepton channels are summed in both figures.
The observed excess is consistent with the expected event
topology for W±W±jj production.

We interpret the excess over background as W±W±jj
production, and the fiducial cross sections in the two re-

gions (�fid) are measured by combining the three decay
channels in a likelihood function. Systematic uncertain-
ties are taken into account with nuisance parameters.

The signal e�ciency in each fiducial region is defined
as the number of expected signal events after selections
divided by the number of events passing the respective
fiducial region selections at particle level. The e�ciency
accounts for the detector reconstruction, migration into
and out of the fiducial volume, identification, and trigger
e�ciency; it is 56%, 72%, 77% for the inclusive region and
57%, 73%, 83% for the VBS region in the e±e±, e±µ±,
µ±µ± channels respectively. The e�ciency also accounts
for the contribution of leptonic ⌧ decays, which are not
included in the fiducial cross-section definition: 10% of
signal candidates are expected to originate from leptonic
⌧ decays. The uncertainty on the signal e�ciency is dom-
inated by the jet reconstruction uncertainty of 6%.

The measured fiducial cross section for strong and elec-
troweak W±W±jj production in the inclusive region is
�fid = 2.1± 0.5(stat)± 0.3(syst) fb. The measured fidu-
cial cross section for electroweak W±W±jj production,
including interference with strong production in the VBS
region, is �fid = 1.3± 0.4(stat)± 0.2(syst) fb. The mea-
sured cross sections are in agreement with the respective
SM expectations of 1.52± 0.11 fb and 0.95± 0.06 fb.

Additional contributions to W±W±jj production can
be expressed in a model-independent way using higher-
dimensional operators leading to anomalous quartic
gauge boson couplings (aQGCs). The measured cross
section in the VBS fiducial region is used to set lim-
its on aQGCs a↵ecting vertices with four interacting
W bosons. The Whizard event-generator [39] is used
to generate W±W±jj events with aQGCs using a K-
matrix unitarization method [40]. Following existing no-
tations [40, 41], deviations from the SM (which includes
a SM Higgs with mH=126 GeV) are parameterized in
terms of two parameters (↵4, ↵5). The reconstruction
e�ciency is derived using simulated Whizard samples
combined with Pythia8. The di↵erence with respect to
Sherpa for the SM case is taken as additional system-
atic uncertainty. The reconstruction e�ciency increases

QCD+EWK

EWK



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Same sign WW scattering
ATLAS, arxiv:1405.6241

Set limits on aQGC:
- Statistical procedure: cut and count in VBS region
- Limit on WWWW quartic coupling

- Use α4, α5 parameters from EFT non-linear 
realization [Phys. Rev. D 22, 200], connected to 
FS0, FS1 dim8 operators

-

- Cross-section unitarized with k-matrix 
unitarization [JHEP11(2008) 010]

“VBS region”: Mjj>500 
GeV and dijet rapidity 
difference |Δyjj|>2.4
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JHEP11(2008)010
Resonance σ φ ρ f a

Γ 6 1 4
3 ( v2

M2 ) 1
5

1
30

Table 1: Partial widths for resonance decay into longitudinally polarized vector bosons, computed
using the GBET. All values have to be multiplied by the factors g2/64π and M3/v2, where g is the
coupling in the corresponding resonance Lagrangian.

3.3 Low-energy effects

Below the first new resonance, physics is described by the chiral Lagrangian with a double

perturbative expansion in the electroweak and strong couplings, and in E/Λ. The LO in

E/Λ is generated by the Lagrangian (3.3). The NLO in E/Λ is generated by one-loop

corrections and by higher-order operators αiLi with coefficients αi. The list of NLO terms

with isospin symmetry SU(2)C consists of [33]

L1 = α1gg′ tr [BµνW
µν ] , (3.13a)

L2 = iα2g
′ tr [Bµν [Vµ,Vν ]] , (3.13b)

L3 = iα3g tr [Wµν [Vµ,Vν ]] , (3.13c)

L4 = α4(tr [VµVν ])2, (3.13d)

L5 = α5(tr [VµV
µ])2. (3.13e)

The first two terms introduce isospin breaking in the same form as the SM, i.e., only

via the coupling to the Bµ hypercharge gauge boson, just as the lowest order Lagrangian

does. This breaking disappears in the limit g′ ≪ g. L1 corresponds to the S parameter,

which is well constrained by LEP data. L2 and L3 affect three-boson couplings and are

also constrained by LEP; these bounds will be improved by weak-boson pair production

at the LHC. The last two terms are observable only in weak-boson scattering and are thus

unconstrained so far.

There are several sources that contribute to the α parameters. First of all, they

arise as counterterms for the one-loop correction, and therefore logarithmically depend on

a renormalization scale. Calculable contributions are generated by integrating out heavy

degrees of freedom, in particular the resonances introduced above. Ultimately, the values of

αi result from matching the underlying theory to the chiral Lagrangian; e.g., in a technicolor

model contributions to αi can be estimated from technifermion loops. In the analogous

case of low-energy QCD, such estimates are feasible, while in the electroweak case, the

underlying theory is unknown.

Here, we consider the contributions that result from integrating out resonances at tree

level. Formally, we can cast the interactions of a resonance Φ in the form

LΦ = z

!

1

2
Φ(M2 + A)Φ + ΦJ

"

, (3.14)

with a coefficient z and composite operators A and J . The specific formulae include sums

over spin and isospin indices.

– 10 –
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Same sign WW scattering
CMS, SMP-13-015
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Signal definition: EWK+QCD with interference
Fiducial region:
Mjj>500 GeV and dijet rapidity difference |Δηjj|>2.5

Backgrounds:
- Jets faking electrons (non-prompt): estimated 
from loosely isolated leptons
- WZ: estimated from data 3 leptons control region

4

The normalization of the fake lepton processes has a 36% systematic uncertainty [17], which
has two sources: the dependence on the sample composition, and the method used to estimate
it. The WZ normalization uncertainty is 35%, and it is completely dominated by the amount of
events in the trilepton control region.

A QCD scale systematic uncertainty of 50% on the VVV normalization is considered, and 5%
on the signal normalization. A correlated PDF uncertainty of 6 � 8% on the normalization of
the signal and WZ processes is included. All of the systematic uncertainties on normalizations
are described by log-normal distribution. A summary of all systematic uncertainties is shown
in Table 2.

Table 2: Summary of all relative systematic uncertainties.

Source Signal WW DPS WZ Wrong sign VVV Non-prompt
Luminosity 2.6 2.6 - 2.6 2.6 -
Lepton efficiency 3.6 3.6 3.6 3.6 3.6 -
Momentum resolution 0.2 0.2 0.2 0.2 0.2 -
b-tagging 2.0 2.0 - 2.0 2.0 -
Emiss

T 1.0 1.0 1.0 1.0 1.0 -
JES 3.0 3.0 3.0 3.0 3.0 -
PDF 7.7 7.0 7.1 - - -
QCD scales EWK 5.0 - - - - -
QCD scales VVV - - - - 50.0 -
WZ normalization - - 37.0 - - -
Wrong sign normalization - - - 10.0 - -
Nom-prompt normalization - - - - - 36.0
Statistical uncertainty 2.0 57.0 15.0 55.0 18.0 19.0

The cross section is extracted for a fiducial dilepton same-sign signal region. An inclusive mea-
surement would be dominated by non-EWK processes with the same final states. The fiducial
region is defined by p`T > 10 GeV, |h`| < 2.5, pj

T > 20 GeV, |h j| < 5.0, mjj > 300 GeV
and |Dhjj| > 2.5. The measured cross sections are corrected to the acceptance in this region
using the MADGRAPH MC generator, which is also used to estimate the predicted cross sec-
tion. The MADGRAPH prediction of the same-sign W pair cross section is corrected by a k-
factor estimated using VBFNLO [25–27]. The measured fiducial cross section is s(W±W± jj) =
4.0+2.4

�2.0 (stat)+1.1
�1.0 (syst) fb with an expectation of 5.8 ± 1.2 fb. In addition to the dilepton same-

sign signal region, a WZ ! `n`` control region is studied by requiring an additional lepton
with pT larger than 10 GeV. The measured fiducial cross section is s(WZjj) = 10.8± 4.0 (stat)±
1.3 (syst) fb with an expectation of 14.4 ± 4.0 fb. The overall correction factor is 7.4% for the
same-sign W pair and 3.6% for the WZ fiducial cross section.

The observed (expected) significance is 2.0 s (3.1 s). If the 10% of the QCD W±W± component
is considered as background, and hence subtracted from the signal fraction, the observed (ex-
pected) signal significance reduces to 1.9 s (2.9 s). In the absence of evidence for vector boson
scattering production, a 95% confidence level (CL) upper limit of 1.5 times the SM expectation
with an expected upper limit of 0.7 times the SM expectation is set.

Various extensions of the SM alter the couplings of vector bosons to each other. In Refer-
ence [28] it is shown that there are nine independent C and P conserving dimension eight
effective operators modifying the quartic couplings between the weak gauge bosons. The vari-
able m`` is found to be the most sensitive variable among those considered, e.g. m``, mlljj, and
mjj. Figure 2 (left) shows the m`` distribution for three values of FT,0/L4 (where L is the new
physics scale), a coefficient of one of the nine effective operators, together with the sum of all
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ence [28] it is shown that there are nine independent C and P conserving dimension eight
effective operators modifying the quartic couplings between the weak gauge bosons. The vari-
able m`` is found to be the most sensitive variable among those considered, e.g. m``, mlljj, and
mjj. Figure 2 (left) shows the m`` distribution for three values of FT,0/L4 (where L is the new
physics scale), a coefficient of one of the nine effective operators, together with the sum of all

Also measure WZ cross-section:
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Limits on aQGC: 
- Use dilepton mass shape
- Do not unitarize aQGC cross-sections
- Use linearized EFT dim 8 operators (FS, FM, FT)

Signal extraction:
- Use dijet mass shape (4 bins x positive and 

negative signs)
- Significance: expected 3.1σ, observed 2.0σ

4

The normalization of the fake lepton processes has a 36% systematic uncertainty [17], which
has two sources: the dependence on the sample composition, and the method used to estimate
it. The WZ normalization uncertainty is 35%, and it is completely dominated by the amount of
events in the trilepton control region.

A QCD scale systematic uncertainty of 50% on the VVV normalization is considered, and 5%
on the signal normalization. A correlated PDF uncertainty of 6 � 8% on the normalization of
the signal and WZ processes is included. All of the systematic uncertainties on normalizations
are described by log-normal distribution. A summary of all systematic uncertainties is shown
in Table 2.

Table 2: Summary of all relative systematic uncertainties.

Source Signal WW DPS WZ Wrong sign VVV Non-prompt
Luminosity 2.6 2.6 - 2.6 2.6 -
Lepton efficiency 3.6 3.6 3.6 3.6 3.6 -
Momentum resolution 0.2 0.2 0.2 0.2 0.2 -
b-tagging 2.0 2.0 - 2.0 2.0 -
Emiss

T 1.0 1.0 1.0 1.0 1.0 -
JES 3.0 3.0 3.0 3.0 3.0 -
PDF 7.7 7.0 7.1 - - -
QCD scales EWK 5.0 - - - - -
QCD scales VVV - - - - 50.0 -
WZ normalization - - 37.0 - - -
Wrong sign normalization - - - 10.0 - -
Nom-prompt normalization - - - - - 36.0
Statistical uncertainty 2.0 57.0 15.0 55.0 18.0 19.0

The cross section is extracted for a fiducial dilepton same-sign signal region. An inclusive mea-
surement would be dominated by non-EWK processes with the same final states. The fiducial
region is defined by p`T > 10 GeV, |h`| < 2.5, pj

T > 20 GeV, |h j| < 5.0, mjj > 300 GeV
and |Dhjj| > 2.5. The measured cross sections are corrected to the acceptance in this region
using the MADGRAPH MC generator, which is also used to estimate the predicted cross sec-
tion. The MADGRAPH prediction of the same-sign W pair cross section is corrected by a k-
factor estimated using VBFNLO [25–27]. The measured fiducial cross section is s(W±W± jj) =
4.0+2.4

�2.0 (stat)+1.1
�1.0 (syst) fb with an expectation of 5.8 ± 1.2 fb. In addition to the dilepton same-

sign signal region, a WZ ! `n`` control region is studied by requiring an additional lepton
with pT larger than 10 GeV. The measured fiducial cross section is s(WZjj) = 10.8± 4.0 (stat)±
1.3 (syst) fb with an expectation of 14.4 ± 4.0 fb. The overall correction factor is 7.4% for the
same-sign W pair and 3.6% for the WZ fiducial cross section.

The observed (expected) significance is 2.0 s (3.1 s). If the 10% of the QCD W±W± component
is considered as background, and hence subtracted from the signal fraction, the observed (ex-
pected) signal significance reduces to 1.9 s (2.9 s). In the absence of evidence for vector boson
scattering production, a 95% confidence level (CL) upper limit of 1.5 times the SM expectation
with an expected upper limit of 0.7 times the SM expectation is set.

Various extensions of the SM alter the couplings of vector bosons to each other. In Refer-
ence [28] it is shown that there are nine independent C and P conserving dimension eight
effective operators modifying the quartic couplings between the weak gauge bosons. The vari-
able m`` is found to be the most sensitive variable among those considered, e.g. m``, mlljj, and
mjj. Figure 2 (left) shows the m`` distribution for three values of FT,0/L4 (where L is the new
physics scale), a coefficient of one of the nine effective operators, together with the sum of all
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Also provide 
exclusion limits on 
H±± in George-
Machacek model

Limits on FM 
operators 
respect 
unitarity



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Projections
Vector boson scattering in WZ
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physics involving massive particles. Applying additional selections on the WZ transverse mass
to be greater than 1 TeV and 1.2 TeV for the 300 fb�1 and 3000 fb�1 scenarios, respectively, the
simulated data are used to determine the sensitivities to the LT1 aQGC operator. Samples were
generated for several aQGC coupling values and the levels of aQGC enhancement for arbitrary
values were determined using the expected quadratic scaling of the cross section enhancement
with aQGC coupling. For 300 fb�1 the expected sensitivity to aQGC is fT1/L4 = 0.8 TeV�4

at 3s and fT1/L4 = 1.0 TeV�4 at 5s using the CMS Phase-1 detector. For 3000 fb�1 the ex-
pected sensitivity to aQGC is fT1/L4 = 0.45 TeV�4 at 3s and fT1/L4 = 0.55 TeV�4 at 5s using
a proposed CMS Phase-2 detector in a configuration without extended tracking and lepton ac-
ceptance. These results are summarized in Table 2. Extended tracking acceptance is found to
substantially reduce background rates due to events with forward pileup collision jets that pass
the analysis selection. The sensitivity to new physics from aQGC is increased 6-7%, which for a
fixed coupling constant fT1 corresponds to a improvement in sensitivity to new physics energy
scale of 30%.

Table 2: Sensitivities for SM EWK scattering discovery and aQGC. The integrated luminosities
for SM EWK discovery at 3s and 5s are reported while aQGC prospects for discovery are given
in terms of the LT1 operator coupling constant fT1/L4.

Significance 3s 5s
SM EWK scattering discovery 75 fb�1 185 fb�1

fT1/L4 at 300 fb�1 0.8 TeV�4 1.0 TeV�4

fT1/L4 at 3000 fb�1 0.45 TeV�4 0.55 TeV�4

5 Conclusions

The potential of the CMS experiment to observe vector boson scattering and associated new
physics processes with high luminosity LHC collisions at 14 TeV has been studied. We find
that approximately 75 fb�1 of integrated luminosity is sufficient for 3s evidence of the SM
pp ! WZjj vector boson scattering process, while 185 fb�1 is sufficient for 5s observation.
This would be the first observation of a scattering process that involves, in the SM, vector boson
scattering via QGC and Higgs boson exchange. The potential to indirectly detect massive new
particles that may contribute to the vector boson scattering process is investigated using an
effective field theory via the LT1 operator. For 300 fb�1 the expected sensitivity to aQGC is
fT1/L4 = 0.8 TeV�4 at 3s and fT1/L4 = 1.0 TeV�4 at 5s using the CMS Phase-1 detector. These
values are already sensitive to realistic coupling constants for new physics at the TeV scale.
For 3000 fb�1 the expected sensitivity to aQGC at 3s is fT1/L4 = 0.45 TeV�4, and at 5s is
fT1/L4 = 0.55 TeV�4 using a proposed CMS Phase-2 detector configuration without extended
acceptance. Observation of anomalous couplings of this type may indicate new physics in the
electroweak symmetry breaking sector.

CMS FTR-13-006

was used to generate SM and non-SM VBS WZ production. Each W boson was required to decay to an

electron and neutrino or a muon and neutrino, and each Z boson was required to decay to an electron or

muon pair.

5.2 Event Selection

Events are considered VBS WZ candidates provided they meet the following criteria:

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated into an opposite

sign, same flavor pair and an additional single lepton

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

5.3 Statistical Analysis

The statistical analysis is identical to that employed in Sec. 4.3. Figure 2 shows the signal significance

as a function of fT1/Λ
4. In Table 2 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. As in the ZZ → 4ℓ channel, the reconstructed 3ℓν mass is the

process
√

ŝ, and the study of its distribution directly probes the energy-dependence of the new physics.

300 fb−1 3000 fb−1

fT1/Λ
4 1.3 TeV−4 0.6 TeV−4

Table 2: Summary of expected sensitivity to anomalous VBS WZ signal at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT1/Λ
4.

6 VBS W±W± → ℓ±νℓ±ν

The potential for new physics via dimension-8 gauge-invariant operators is presented in the scattering of

same-sign W bosons (ssWW). The dimension-8 operator

LS ,0 =
fS 0

Λ4
[(Dµφ)

†Dνφ)] × [(Dµφ)†Dνφ)] (3)

is chosen to parameterize the new physics in terms of the magnitude of the coefficient fS 0/Λ
4. This

analysis is new since the European Strategy submission.

The two leading jets are used to tag the vector boson scattering process pp → W±W± + 2 j →
l±νl±ν + 2 j where l is electron or muon. We protect against pile-up jets by requiring the tagging jets to

have pT > 50 GeV.

6.1 Monte Carlo Predictions

The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [18, 19, 20] calculations within 2% for the SM

VBS process and within 10% for non-zero values of fS 0/Λ
4.

5

ATLAS PHYS-PUB-2013-006
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model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)

6

Same-sign WW(ll) scattering:
A factor 10 improvement on FS0 
limit expected with HL-LHC

Triboson Zγγ
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon

pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZγγ is used for hypotheses testing by comparing the sum of the SM and background

processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in

Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Zγγ production

while the fake background Zγ j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-

nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

triboson production using higher dimension operators to parameterize BSM contributions. All heavy

gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented

for 300 fb−1 and 3000 fb−1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients by more than a factor of two, and almost a factor of three

for the T9 operator, from 2.0 TeV−4 to 0.7 TeV−4. Optimization of the analyses with 3000 fb−1 would

lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-

ered with 300 fb−1, the coefficients can be measured with a precision of 5% or better with 3000 fb−1 of

integrated luminosity, enabling a precision study of this BSM sector.

8
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Exclusive production
- γγ→WW so far the best limits on WWγγ coupling

Triboson
- VWγ: first triboson measurement at LHC. Cross-section measurement will be 

possible at Run II

Vector boson scattering
- WW same sign: first EWK measurement, 5σ will be possible at Run II
- Limits on WWWW QGC

Projections
- Similar ATLAS and CMS sensitivity at the TeV level of the new physics scale
- Expected improvement on WW same sign: factor 10 on FS0 at 3ab-1 HL-LHC
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Luminosity conditions

Analyses presented in this talk are using:
- 5.1 fb-1 of 7 TeV data in 2011
- Up to 19.6 fb-1 of 8 TeV data in 2012
Pileup mean interaction ~21 in 2012 (~10 in 2011)

Event with 70 reconstructed vertices (special run)

26
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Dim6 - dim8 formalisms
FM0,1,2,3 => a0,aC

- Operators LM0,1,2,3 (parameters FM0,1,2,3/Λ4) are dimension 8, SU(2) is linearly 
realized with presence of a Higgs boson [Eboli et al., hep-ph/0606118].

- Old results from LEP were presented in a dimension 6 framework without Higgs 
boson (non-linear realization): a0 /Λ2 and aC /Λ2 related WWγγ / ZZγγ vertices 
[Belanger, Boudjema, hep-ph/9908254]

- It can be shown that there is a relation between the two set of operators [CMS 
SMP-13-009], if using:

- FM0 = 2.FM2
- FM1 = 2.FM3
- Conversion factor: a0,C/Λ2 = 2.7.E-5. GeV-2 . FM0,1 /Λ4

6

There are only two four-dimension operators:

L0
4 =

1

4
g0gW (W⃗µ · W⃗µ)2

LC
4 =

1

4
gCgW (W⃗µ · W⃗ν)(W⃗µ · W⃗ ν) (13)

They are parameterized by the corresponding couplings g0 and gC . Using the explicit form of the SU(2)C triplet we see that
these Lagrangians do not involve photons. Clearly, it is not possible to construct any operator of dimension 5 since an even
number of Lorentz indices is needed to contract the field indices. Thus the lowest order interaction Lagrangians which involve
two photons are dim-6 operators. There are two of them:

L0 = −
πα

4Λ2
a0FαβFαβ(W⃗µ · W⃗µ) (14)

LC = −
πα

4Λ2
aCFαµFαν(W⃗µ · W⃗ ν) (15)

parameterized with new coupling constants a0, aC , and the fine-structure constant α = e2/(4π). The new scale Λ is introduced
so that the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale of new physics.
Expanding the above formula using the definition of the SU(2)C triplet and expressing the product

W⃗µ · W⃗ν = 2

!

W+
µ W−

ν +
1

2 cos2 θW
ZµZν

"

(16)

we arrive at the following expression for the effective quartic Lagrangian

L0
6 =

−e2

8

aW
0

Λ2
FµνFµνW+αW−

α −
e2

16 cos2 θW

aZ
0

Λ2
FµνFµνZαZα

LC
6 =

−e2

16

aW
C

Λ2
FµαFµβ(W+αW−

β + W−αW+
β ) −

e2

16 cos2 θW

aZ
C

Λ2
FµαFµβZαZβ (17)

In the above formula, we allowed the W and Z parts of the Lagrangian to have specific couplings, i.e. a0 → (aW
0 , aZ

0 ) and
similarly aC → (aW

C , aZ
C ). From the structure of L0

6 in which the indices of photons and W are decoupled, we see that this
Lagrangian can be interpreted as the exchange of a neutral scalar particle whose propagator does not have any Lorentz index. A
such Lagrangian density conserves C−, P−, and T−parities separately and hence represents the most natural extension of the
SM.
The current best experimental 95% CL limits on the above anomalous parameters come from the OPAL Collaboration where

the quartic couplings were measured in e+e− → W+W−γ, e+e− → νν̄γγ (forWWγγ anomalous couplings), and e+e− →
qq̄γγ (for ZZγγ couplings) at center-of-mass energies up to 209GeV. The corresponding 95% confidence level limits on the
anomalous coupling parameters were found [13]

−0.020GeV−2 < aW
0 /Λ2 < 0.020GeV−2

−0.052GeV−2 < aW
C /Λ2 < 0.037GeV−2

−0.007GeV−2 < aZ
0 /Λ2 < 0.023GeV−2

−0.029GeV−2 < aZ
C/Λ2 < 0.029GeV−2 (18)

On the other hand, there has not been any direct constraint on the anomalous quartic couplings reported from the Tevatron so far.

2. Coupling form factors

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the anomalous parameters are non-
zero, as illustrated in Figure 4. As it was already mentioned, the tree-level unitarity uniquely restricts the WWγγ coupling to
the SM values at asymptotically high energies. This implies that any deviation of the anomalous parameters aW

0 /Λ2, aW
C /Λ2,

aZ
0 /Λ2, aZ

C/Λ2 from the SM zero value will eventually violate unitarity. Therefore, the cross section rise have to be regulated
by a form factor which vanishes in the high energy limit to construct a realistic physical model of the BSM theory. At LEP
where the center-of-mass energy was rather low, the wrong high-energy behavior did not violate unitarity; however, it must be
reconsidered at the LHC. We therefore modify the couplings as introduced in (17) by form factors that have the desired behavior,
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