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Outline

Measurements of differential cross-sections for the EWK production of
𝑍𝑍𝑗𝑗 → 4𝑙𝑗𝑗 in 13 TeV p-p collisions with the ATLAS detector

• EWK – QCD Tree-Level Feynman diagrams
• Event Selection
• Event Categorization - Observables

Anomalous Quartic Gauge Couplings (aQGC)
• Decomposition method
• Sensitivity of QGC operators
• Expected limits at detector-level
• Unitarity violation: Clipping Scan



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 ZZjj → 𝑙𝑙𝑙𝑙𝑗𝑗 VBS channels are the QCD ZZjj component and the fake
(misidentified leptons) background.

Fake background:
• 𝑍 + 𝑗𝑒𝑡𝑠
•  𝑡𝑡

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.
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Event Selection

Event Selection Cut Requirement

Event Preselection Trigger
Vertex

Fire at least one lepton trigger
At least one vertex with 2 or more tracks

Dressed object kinematics Lepton Kinematics 𝒑𝑻
𝒆 > 𝟕 𝑮𝒆𝑽 ,   𝒑𝑻

𝝁
> 𝟕 𝑮𝒆𝑽,   𝒑𝑻

𝒋
> 𝟑𝟎 𝑮𝒆𝑽

𝜼𝒆 < 𝟐. 𝟒𝟕 ,  𝜼𝝁 < 𝟐. 𝟕, 𝜼𝒋 < 𝟒. 𝟓

Quadruplet Selection Lepton Kinematics
Lepton Separation
Pair Requirement
Minimal Δmz

ZZ mass

𝒑𝑻 > 𝟐𝟎 𝑮𝒆𝑽 for two leading leptons
𝜟𝑹𝒊𝒋 > 𝟎. 𝟎𝟓 between leptons in quadruplet

Two SFOS lepton pairs with 𝒎𝒍𝒍 > 𝟓 𝑮𝒆𝑽
Select quadruplet with smallest 𝒎𝟏𝟐 −𝒎𝒁 + 𝒎𝟑𝟒 −𝒎𝒁
Leading Pair: pair with highest |𝑦𝑖𝑗|

𝒎𝟒𝒍 > 𝟏𝟑𝟎 𝑮𝒆𝑽

Dijet Selection Different Detector Sides
Rapidity Separation
Leading Jet 𝑝𝑇
Dijet Mass

𝜼𝒋𝟏 × 𝜼𝒋𝟐 < 𝟎

𝚫𝐘𝐣𝐣 > 𝟐

𝒑𝑻,𝒋𝟏 > 𝟒𝟎 𝑮𝒆𝑽

𝒎𝒋𝒋 > 𝟑𝟎𝟎 𝑮𝒆𝑽

Event Categorization VBS Enhanced Region
VBS Suppressed Region

𝜻 < 𝟎. 𝟒
𝜻 > 𝟎. 𝟒
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Event Categorization

𝜁 =
|𝑦𝑞𝑢𝑎𝑑𝑟𝑢𝑝𝑙𝑒𝑡 − 0.5 ∙ 𝑦𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡 + 𝑦𝑠𝑢𝑏−𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡 |

𝑦𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡 − 𝑦𝑠𝑢𝑏−𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑗𝑒𝑡

Differential measurements are made in events with a signal quadruplet and a dijet in two distinct signal regions 
based on the kinematic quantity named centrality:

where 𝑦 is the rapidity.

VBS Enhanced Signal Region 𝜻 < 𝟎. 𝟒
VBS Suppressed Signal Region 𝜻 > 𝟎. 𝟒

A minimum number of events is required in each bin of the observables’ 
distributions (15 for the VBS-Suppressed and 20 for the VBS-Enhanced region)
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Anomalous Quartic Gauge Couplings 
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 VBS processes provide a great source of information on the structure of QGCs

 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:



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.



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.  



Distributions of observables

Distributions of the expected yields 
at detector-level of the 
𝑚4𝑙 , 𝑝𝑇,𝑗𝑗 , 𝑝𝑇,4𝑙 , 𝑆𝑇,4𝑙𝑗𝑗 and 𝑚𝑗𝑗
observables for the VBS Enhanced 
Region.

ATLAS Work-in-progress ATLAS Work-in-progress ATLAS Work-in-progress

ATLAS Work-in-progress ATLAS Work-in-progress
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Construction of the profile likelihood function with 
the aQGC parameters

where 𝑛𝑖 is the observed number of events, 𝜇𝑖(𝜆, 𝜃) is the expected 
number of events in the 𝑖𝑡ℎ bin, 𝜆 = 𝑓𝑇/Λ

4 is the value of the aQGC
under examination and 𝜃 is a list of nuisance parameters.

The 95% confidence interval for the parameter 𝜆 corresponds to 

− 𝟐𝜟𝒍𝒐𝒈 𝓛 𝝀 = 𝟏. 𝟗𝟔𝟐

Limit Setting strategy
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To find the quadratic function 𝑁𝑖
𝑎𝑄𝐺𝐶
𝜆, 𝜽 , we fit 

independent quadratic (pure aQGC) and linear (SM-
aQGC interference) samples.
Since for 𝑓𝑇0 = 0, the event yield is 0, only one extra 
point is needed.

𝜇𝑖 𝜆, 𝜽 = 𝑁𝑖
𝑆𝑀 𝜽 + 𝑁𝑖

𝑎𝑄𝐺𝐶
(𝜆, 𝜽)

ℒ =  

𝑖=1

𝑁𝑏𝑖𝑛

ℒ𝑝𝑜𝑖𝑠𝑠(𝑛𝑖|𝜇𝑖 𝜆, 𝜽 ) × ℒ𝑔𝑎𝑢𝑠𝑠 𝜽 𝑖

Νumber of expected events in each bin 𝑖:

where 𝑁𝑖
𝑎𝑄𝐺𝐶
𝜆, 𝜽 = 𝑁𝑖

𝑙𝑖𝑛𝑒𝑎𝑟 𝜆, 𝜽 + 𝑁𝑖
𝑞𝑢𝑎𝑑
(𝜆, 𝜽)



EFT dim-8 expected limits at detector-level for 𝒎𝟒𝒍

Unphysical enhancement of the event 
yield (and cross-section) at high energies. 
Need of a unitarization method.

ATLAS Work-in-progress
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EFT dim-8 expected limits at detector-level for 𝒎𝒋𝒋

ATLAS Work-in-progress
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EFT dim-8 expected limits at detector-level

Expected 95% CL limits of 𝐹𝑇 couplings, by using non-unitary predictions 
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Unitarity violation – Clipping Scan 𝒎𝟒𝒍

The clipping scan 
is not considered 
a unitarization
method but a 
way of achieving 
unitarity by 
discarding any 
predictions made 
for energy above 
a certain point

ATLAS Work-in-progress ATLAS Work-in-progress ATLAS Work-in-progress



Unitarity violation – Clipping Scan 𝒎𝒋𝒋

ATLAS Work-in-progress ATLAS Work-in-progress ATLAS Work-in-progress



Current limits for 𝑓𝑇 operators
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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



comments?

Thank you! 



Backup
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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


