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Outline

Observation of EWK production of ZZjj at the ATLAS experiment
• EWK – QCD Tree-Level feynman diagrams
• Phase-space definition
• Observation
• Measurement of fiducial cross-section
(see detailed presentation on an overview of the VBS ZZjj analysis of Run-II data at the ATLAS 
experiment, by Ioannis Maznas )

Anomalous Quartic Gauge Couplings (aQGC)
• Decomposition method
• Choice of the discriminant variable
• Sensitivity of QGC operators
• Limit setting strategy

2



Electroweak (EWK) signal

TGC vertex in s-channel TGC vertex t-channel QGC vertex

Higgs boson exchange in s-channel Higgs boson exchange in t-channel

Measurement of Vector Boson pair production provides an excellent test of the ElectroWeaK Symmetry Breaking
(EWKSB) sector of the Standard Model (SM).
The VBS topology consists of two high energy jets in the back and forward regions, with two vector bosons.

Crucial channel for Higgs discovery

• A precision measurement helps in Higgs property

measurement

• Search of high mass Higgs bosons

• Proves the SM Higgs mechanism

Quartic Gauge Couplings (QGCs)

• Only charged QGCs allowed at SM

tree-level (WWWW, WWZZ, WWZγ, WWγγ)

• Constraint on anomalous QGCs
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Quantum Chromodynamics (QCD) background

The main background processes for the ZZ → 𝑗𝑗𝑙𝑙𝑙𝑙 VBS channels are the QCD background and the fake
(misidentified leptons) background.

Fake background:
• 𝑍 + 𝑗𝑒𝑡𝑠
•  𝑡𝑡

For the 𝑙𝑙𝑙𝑙 channel, there are small contributions 
from non-prompt backgrounds, from fake leptons 
from Z+jets and top processes. When looking at the 
EWK processes alone, the QCD component becomes 
the major background and a QCD-enriched control 
region is defined to constrain the contribution.



Total and Fiducial Phase Space

Total phase space and Fiducial phase space are defined for the cross-section measurement in 𝑙𝑙𝑙𝑙 channel.

Total PS definition
• 𝐩𝐓
𝐥 > 𝟓 𝐆𝐞𝐕

• 𝛈𝐥 < 𝟐. 𝟕

• 𝑍𝑍 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠,𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑖𝑛𝑔 𝐦𝐙𝟏 −𝐦𝐙𝐩 + 𝐦𝐙𝟐 −𝐦𝐙𝐩 . 

The one SFOS pair with dilepton mass closest to Z mass is labelled as Z1
• 𝟔𝟔 < 𝐦𝐙 < 𝟏𝟏𝟔 𝐆𝐞𝐕
• 𝐦𝐥+𝐥− > 𝟏𝟎 𝐆𝐞𝐕 𝑓𝑜𝑟 𝑆𝐹𝑂𝑆 𝑑𝑖𝑙𝑒𝑝𝑡𝑜𝑛 𝑝𝑎𝑖𝑟𝑠
• At least two AntiKt4 truth jets with 𝐩𝐓 > 𝟐𝟎 𝐆𝐞𝐕 and 𝛈 < 𝟓
• Leading jets from detector A and C side: 𝛈𝐣𝟏 × 𝛈𝐣𝟐 < 𝟎
• 𝐦𝐣𝐣 > 𝟐𝟎𝟎 𝐆𝐞𝐕

Fiducial PS definition (in addition to Total PS selections)
• 𝛈𝐞 < 𝟐. 𝟒𝟕, 𝛈𝛍 < 𝟐. 𝟕

• 𝐩𝐓
𝐥 > 𝟐𝟎, 𝟐𝟎, 𝟏𝟎, 𝟕 𝐆𝐞𝐕 for the leading, sub-leading, third and fourth lepton

• 𝚫𝐑 𝐥, 𝐥 > 𝟎. 𝟐

• 𝐩𝐓
𝐣
> 𝟑𝟎 𝟒𝟎 𝐆𝐞𝐕 for jets with 𝛈𝐣 < 𝟐. 𝟒 (𝟒. 𝟓)

• 𝚫𝛈(𝐣𝐣) > 𝟐
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Observation & Measurement summary
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Observed data and expected event yields in 139 𝑓𝑏−1 of data 
in the 4ljj signal region. All the minor backgrounds are 
summed together as ‘Others’. Uncertainties in the predictions 
include both the statistical and
systematic components.

Measured and predicted fiducial cross-section in the 4ljj channel 
for the inclusive ZZjj processes.



Anomalous Quartic Gauge Couplings 
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 Neutral couplings ZZZZ, 𝑍𝑍Ζ𝛾, ΖΖ𝛾𝛾, Ζ𝛾𝛾𝛾 are forbidden in the Standard Model

 Effects increase with  𝑠
 Presence of aQGCs lead to enhancement of the cross section and modification of event kinematics in high 𝑝𝑇, 

high 𝐸𝑇 or high mass regions

 study of variables that carry system’s energy (𝑝𝑇 , 𝑚𝑧𝑧)
 Shape difference between SM and aQGC MC kinematic distributions

 Common choice: effective field theory (EFT) with higher order dimensions operators

 Effective Langrangian Approach

ℒ𝐸𝐹𝑇 = ℒ𝑆𝑀 + 

𝑑>4

 

𝑖

𝒄𝑖
(𝑑)

Λ𝑑−4
𝒪𝑖
(𝑑)

 Set of dim-8 operators affecting quartic boson vertices:



Overview of EFT studies
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 Use of MadGraph5 v2.6.1 @LO with Éboli & Gonzalez-Garcia UFO model for 

generation of 𝑝𝑝 → 𝑍𝑍𝑗𝑗 → 𝑙+𝑙−𝑙+𝑙−𝑗𝑗 samples with the decomposition method

 Determine the most sensitive discriminant (kinematic variable) to use for the EFT 

studies 

 Create a grid of aQGC points for checking the sensitivity of the operators 𝑂𝑀, 𝑂𝑆
and 𝑂𝑇

 aQGC limit extraction strategy: Construction of the likelihood function with the 

aQGC parameters

𝐿 𝑁𝑖
𝑜𝑏𝑠; 𝑁𝑖

𝑒𝑥𝑝
, 𝑓𝑇 = 

𝑖=1

𝑁𝑏𝑖𝑛

𝑃 𝑁𝑖
𝑜𝑏𝑠, 𝑁𝑖

𝑒𝑥𝑝
= 

𝑖=1

𝑁𝑏𝑖𝑛
𝑒−𝑁𝑖
𝑒𝑥𝑝

𝑁𝑖
𝑒𝑥𝑝 𝑁𝑖

𝑜𝑏𝑠

𝑁𝑖
𝑜𝑏𝑠 !



Decomposition method of QGCs
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EFT dim-8 predictions can be generated in independent samples including the EFT components. The total EFT

amplitude can be expressed as:

𝐴𝑆𝑀 + 

𝑖

𝑐𝑖 ∙ 𝐴𝑖

2

= 𝐴𝑆𝑀
2 + 

𝑖

𝑐𝑖 ∙ 2 𝑅𝑒(𝐴𝑆𝑀
∗ ∙ 𝐴𝑖) + 

𝑖

𝑐𝑖
2 ∙ 𝐴𝑖

2 +  

𝑖,𝑗, 𝑖≠𝑗

𝑐𝑖𝑐𝑗 ∙ 𝑅𝑒(𝐴𝑖
∗ ∙ 𝐴𝑗)

Standard Model

Interference of SM-aQGC
(linear term)

Pure QGC contribution
(quadratic term)

Interference between QGC operators
(cross terms)

Total EFT amplitude

Minor differences between the samples 
generated with the total EFT versus the 
sum of the EFT components.



Discriminant variable selection
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 BDT studies, point 𝑚4𝑙 (in 𝑝𝑝 → 4𝑙𝑗𝑗) or 𝑚𝑍𝑍 (in 𝑝𝑝 → 𝑍𝑍 → 4𝑙𝑗𝑗) as the most sensitive discriminant for the 

QGC identification

 Signal: pure QGC sample (  𝑓𝑇0 Λ
4 = 0.7 TeV−4) Background: SM EWK sample

 Input variables used: 𝑝𝑇
𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑍

, 𝑝𝑇
𝑠𝑢𝑏−𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑍

, 𝑚𝑍𝑍, Δηjj , ΔηZZ , Δφll , Δ𝜑𝑍𝑍 , 𝑝𝑇
𝑙𝑒𝑝𝑡𝑜𝑛
, …



Sensitivity of QGC operators
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ℒ𝐸𝐹𝑇 = ℒSM +  

𝒋=𝟎,𝟏

𝒇𝐌,𝒋

𝚲𝟒
𝓞𝐌,𝒋 +  

𝑗=0,1

𝑓S,𝑗

𝛬4
𝒪S,𝑗 +  

𝑗=0,1

𝑓Τ,𝑗

𝛬4
𝒪Τ,𝑗

 𝑝𝑝 → 𝑍𝑍𝑗𝑗 samples
 No 𝑍 → 𝑙𝑙 applied
 No fiducial cuts applied
 No SM amplitudes includes

 only linear and quadratic terms



Sensitivity of QGC operators
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ℒ𝐸𝐹𝑇 = ℒSM +  

𝑗=0,1

𝑓M,𝑗

Λ4
𝒪M,𝑗 +  

𝒋=𝟎,𝟏

𝒇𝐒,𝒋

𝜦𝟒
𝓞𝐒,𝒋 +  

𝑗=0,1

𝑓Τ,𝑗

𝛬4
𝒪Τ,𝑗

 𝑝𝑝 → 𝑍𝑍𝑗𝑗 samples
 No 𝑍 → 𝑙𝑙 applied
 No fiducial cuts applied
 No SM amplitudes includes

 only linear and quadratic terms



Sensitivity of QGC operators
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ℒ𝐸𝐹𝑇 = ℒSM +  

𝑗=0,1

𝑓M,𝑗

Λ4
𝒪M,𝑗 +  

𝑗=0,1

𝑓S,𝑗

𝛬4
𝒪S,𝑗 +  

𝒋=𝟎,𝟏

𝒇𝚻,𝒋

𝜦𝟒
𝓞𝚻,𝒋

 𝑝𝑝 → 𝑍𝑍𝑗𝑗 samples
 No 𝑍 → 𝑙𝑙 applied
 No fiducial cuts applied
 No SM amplitudes includes

 only linear and quadratic terms

𝓞𝚻,𝒋 are the most sensitive operators of the 

ZZ production.  



Limit Setting strategy
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To find the quadratic function 𝑁𝑎𝑄𝐺𝐶 , we fit 

independent pure QGC and SM-EFT interference 
samples.
Since for 𝑓𝑇0 = 0, the event yield is 0, only one extra 
point is needed.

𝑁𝑡𝑜𝑡 = 𝑁𝑠𝑚 + 𝑁𝑎𝑄𝐺𝐶

𝐿 𝑁𝑖
𝑜𝑏𝑠; 𝑁𝑖

𝑒𝑥𝑝
, 𝑓𝑇𝑘 = 

𝑖=1

𝑁𝑏𝑖𝑛

𝑃 𝑁𝑖
𝑜𝑏𝑠, 𝑁𝑖

𝑒𝑥𝑝
=  

𝑖=1

𝑁𝑏𝑖𝑛
𝑒−𝑁𝑖
𝑒𝑥𝑝

𝑁𝑖
𝑒𝑥𝑝 𝑁𝑖

𝑜𝑏𝑠

𝑁𝑖
𝑜𝑏𝑠 !

Total number of expected events:

where 

and the 8-dim operator

Construction of the extended likelihood function with 
the aQGC parameters

where 𝑁𝑖
𝑜𝑏𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠 𝑝𝑒𝑟 𝑏𝑖𝑛

𝑁𝑖
𝑒𝑥𝑝
= 𝑁𝑖
𝑒𝑥𝑝
𝑓𝑇𝑘 = 𝑁𝑖

𝑆𝑀 + 𝑁𝑖
𝑎𝑄𝐺𝐶

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠 𝑝𝑒𝑟 𝑏𝑖𝑛

Defining the value of 𝑓𝑇𝑘 operator by minimizing −𝑙𝑜𝑔𝐿

and 

𝑁𝑎𝑄𝐺𝐶 = 𝑏 ∙ 𝑓𝑇𝑘+c ∙ 𝑓𝑇𝑘
2

𝑓𝑇𝑘= 𝑓𝑇0, 𝑓𝑇1, 𝑓𝑇2, 𝑓𝑇5, 𝑓𝑇6, 𝑓𝑇7, 𝑓𝑇8, 𝑓𝑇9



Current limits for 𝑓𝑇 operators

15

CMS: Expected and observed lower and upper 95% CL limits on 
the couplings of the quartic operators T0, T1 and T2, as well as 
the neutral current operators T8 and T9. All coupling 
parameter limits are in 𝑇𝑒𝑉−4, while the unitarity bounds are 
in 𝑇𝑒𝑉.
arXiv:2008.07013



Summary and future plans
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 Decomposition method of QGCs works fine : production of independent samples for the linear and 
quadratic term

 High BDT importance  for the 𝑚𝑍𝑍 : discriminant for future limit setting
 Sensitivity studies for the selection of QGC operators : 𝒪Τ,𝑗 are far the most sensitive. Limit setting 

for the operators 𝑓𝑇0, 𝑓𝑇1, 𝑓𝑇2, 𝑓𝑇5, 𝑓𝑇6, 𝑓𝑇7, 𝑓𝑇8, 𝑓𝑇9

 On-going analysis of ATLAS Run-II data and extraction of the differential cross section for the 𝑍𝑍𝑗𝑗 → 4𝑙𝑗𝑗
channel

 Unitarization: clipping method will be applied during the analysis with a mass cut-off calculated by VBFNLO
 Optimization of the binning in 𝑚𝑍𝑍 distribution and use of the high-mass region bins to set constraints on the 
𝒪Τ,𝑗 QGC operators

comments?

Thank you! 



Backup
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Event Generation
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 Use of MadGraph5 v2.6.5 @LO with Éboli & Gonzalez-Garcia UFO model for generation of MC samples: 

𝒑𝒑 → 𝒍+𝒍−𝒍+𝒍−𝒋𝒋 and 𝒑𝒑 → 𝒁𝒁𝒋𝒋 → 𝒍+𝒍−𝒍+𝒍−𝒋𝒋

Generation of intermediate states including:
WWZZ, ZZZZ, WWAZ,  WWAA, ZZZA, ZZAA, 
ZAAA, AAAA 

Time/CPU consuming

Well-defined intermediate state
Low cost in terms of time and CPU
Needs validation (𝑝𝑝 → 4𝑙𝑗𝑗 𝑣𝑠 𝑝𝑝 → 𝑍𝑍𝑗𝑗 → 4𝑙𝑗𝑗)

 Study of 𝑝𝑝 → 4𝑙𝑗𝑗 and 𝑝𝑝 → 𝑍𝑍 → 4𝑙𝑗𝑗 truth information in Les Houches samples and compare the 

intermediate state bosons for each case in a) Total PS b) Fiducial PS and c) QCD-enriched control region.

http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling#no1


Matrix-Element Re-weighting validation
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𝑊𝑛𝑒𝑤 =
𝑀𝑛𝑒𝑤

2

𝑀𝑜𝑟𝑖𝑔
2 ∙ 𝑊𝑜𝑟𝑖𝑔

where,    𝑊𝑜𝑟𝑖𝑔 = 𝑓1 𝑥1, 𝜇𝐹 ∙ 𝑓2 𝑥2, 𝜇𝐹 ∙ 𝑀𝑜𝑟𝑖𝑔
2
∙ ΩPS

a) b)

c) d)

a) Pure QGC sample 𝒇𝑻𝟎 = 𝟏 𝑻𝒆𝑽
−𝟒 reweighted to

SM-EFT Interference with 𝒇𝑻𝟎 = 𝟏 𝑻𝒆𝑽
−𝟒

(good agreement)

b) Pure QGC sample 𝒇𝑻𝟎 = 𝟏 𝑻𝒆𝑽
−𝟒 reweighted to

pure QGC with 𝒇𝑻𝟎 = 𝟎. 𝟑 𝑻𝒆𝑽
−𝟒

(great agreement)

c) Pure QGC sample 𝒇𝑻𝟗 = 𝟏. 𝟓 𝑻𝒆𝑽
−𝟒 reweighted 

to pure QGC with 𝒇𝑻𝟎 = 𝟎. 𝟑 𝑻𝒆𝑽
−𝟒

(not possible)

d) Pure QGC sample 𝒇𝑻𝟗 = 𝟏. 𝟓 𝑻𝒆𝑽
−𝟒 reweighted 

to pure QGC with 𝒇𝑻𝟖 = 𝟎. 𝟓 𝑻𝒆𝑽
−𝟒

(great agreement)

Possibility of re-weighting between values of the 
same operator or between operators of the same 
group (𝑓𝑇0, 𝑓𝑇1, 𝑓𝑇2 − 𝑓𝑇5, 𝑓𝑇6,𝑓𝑇7 − 𝑓𝑇8, 𝑓𝑇9



Full vs Fast Simulation
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ATLAS Work in Progress

Comparison between the same truth information reconstructed with ATLAS 

fast (AFII) and full simulation methods of 𝑚4𝑙 distributions on a) 

reconstruction level  and on truth level for the b) total and c) fiducial phase 

space.

ATLAS Work in Progress ATLAS Work in Progress

a)

b)c)

Small discrepancy between the two methods. AFII is less time/CPU consuming,
providing adequate precision. 
Request of VBS aQGC leptonic samples production with AFII simulation: ATLAS 
PMG - ATLMCPROD-9268



Unitarity constraints

The contribution of effective operators leads to unitarity violation at high energies.
ATLAS recommends the generation of un-unitarized MC samples and then apply the “Step-function form-factor” 
method (aka clipping).

Mass cut-off calculated by 
VBFNLO Form Factor tool

𝒇𝑻𝟎 (𝑻𝒆𝑽
−𝟒) Cut-off bound (TeV)

-1 2
-0.9 2.1
-0.8 2.2
-0.7 2.2
-0.6 2.3
-0.5 2.4
-0.4 2.6
-0.3 2.7
-0.2 3
-0.1 3.6

0 -
0.1 3.6
0.2 3
0.3 2.7
0.4 2.6
0.5 2.4
0.6 2.3
0.7 2.2
0.8 2.2
0.9 2.1
1 2

Pure QGC sample with 𝑓𝑇0 = −1,1 𝑇𝑒𝑉
in total (black) and fiducial (red) phase space

EFT-SM Interference sample 
with 𝑓𝑇0 = −1,1 𝑇𝑒𝑉
in total (black) and fiducial
(red) phase space


