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Motivation

ØThe longitudinally polarization measurement of massive W and Z bosons is a direct 
way to probe the EWSB mechanism.

ØThe first observation of joint longitudinal polarization states of two vector bosons 
using WZ production process [2211.09435].

ØExpected to establish the first evidence of joint longitudinal polarization states of ZZ 
bosons in ATLAS.

ØMeasurement of CP-sensitive observables in ZZ production can be used to explore 
the new source of CP violation in gauge boson sector.
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Measurement of ZZ joint longitudinal polarization
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Introduction
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ØGoal: Establish the first evidence of joint longitudinal polarization states of ZZ bosons in 
ATLAS.  

ØPhase space: On-shell ZZ region
•  �4�> 180 GeV &&  |���-��| <10 GeV

ØSignal: Longitudinal longitudinal components (LL) in the ZZ events
• The polarization is defined in the ZZ rest frame.

ØBackground: TT (Both Z bosons are transverse), TL (One Z boson  is transverse and 
another is longitudinal polarized), ttZ, triboson (ZWW, ZZZ, ZZW) and fake(Zjets/ttbar)

LongitudinalTransverse 
（left-handed）

Transverse
(right-handed)



Analysis strategy
① To improve the sensitivity
ØMultivariate Analysis (MVA) Method: Boost decision tree (BDT) to enhance the 

separation power between signal and bkg 

② To improve the accuracy of qqZZ polarized samples
ØNLO polarized samples are not available
ØReweighted to the lastest MoCaNLO program calculation (JHEP10(2021)097) 

• NLO QCD and EW correction on the qqZZ polarized samples.
• Loop induced ggZZ correction

③ To get the final results (signal strength and significance)
ØTool: TRExFitter
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https://link.springer.com/article/10.1007/JHEP10(2021)097
https://trexfitter-docs.web.cern.ch/trexfitter-docs/


ØDue to limited statistics, very challenging to extract the LL component

ØStarted with BDT method
• Signal: LL
• Background: TT+TL

ØInput variables: 5 purely angular observables

ØLargely improve the sensitivity
• Significance (LO, LL vs TT+TL, stat only): 4.38 σ 

• For comparison, single angular variable: 2.58 σ

Multivariate Analysis
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The higher order polarized samples
ØOnly LO polarized qqZZ and inclusive ggZZ samples available 

ØA three steps reweighting method is established to incorporate the 
higher order correction using MoCaNLO program (JHEP10(2021)097)

• Step1: 1D reweighting for each individual polarization state
• Step2: 1D reweighting for the interference effect
• Step3: 2D reweighting for the residual higher order corrections

ØThe BDT distribution comparison before and after reweighting procedure
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The shape impact from this reweighting proceduce 
on each polarized state with a maximum variation of 
about 10% for qqZZ sample

https://link.springer.com/article/10.1007/JHEP10(2021)097


NLO correction and interference effect
ØA three steps reweighting method is used to consider the NLO correction

• Step1: 1D reweighting for each individual polarization state

üqqZZ process:
pReweighting as a function of cos�1

pThe impact of the 1D reweighting corrections on the BDT discriminant is mostly of about 20% on the 
normalisation, and the shape variation is only of 2 − 4%. 

pThe difference induced by different reweighting variables is treated as a systematic 
uncertainty
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* “MoCaNLO”: differential xs 
from theorists’ calculation



NLO correction and interference effect
• Step2: 1D reweighting for the interference effect

ü The simulated polarized samples do not consider the interference effects which is not negligible
ü Interference effect:

p Reweighting as a function of cos�1

p The difference caused by reweighting variable choice is not negligible and considered as modeling uncertainty

• Step3: 2D reweighting for the residual higher order corrections
ü To consider NLO correction modelling effect (reweighting with 1 variable can hardly catch full structure of 

high-order contributions)
üReweighting as a function of cos��

∗  and ∆∅�1�2

ü The impact of this 2D reweighting on the BDT discriminant is mostly on the shape with a maximum variation 
of about 10%.

9The difference between unpolarized and inclusive sample is treated as residual modeling uncertainty



ggZZ polarized sample and other NLO uncertainty
ØggZZ polarized samples

• Reweighting the inclusive ggZZ samples to get different polarization states

• Differential fraction for each component is taken from theorists’ work 

• Interference effect is negligible for ggZZ process

• Alternative way: reweighting like the qqZZ, the difference taken as systematic uncertainty

ØNLO theoretical uncertainties:

• Besides the systematics mentioned in NLO correction procedure, still theoretical uncertainties for NLO 
polarized samples (inputs also from theorists’ work):
p NLO EW: difference between multiplicative & additive methods

p NLO QCD for qqZZ and ggZZ: 7-point variation with NLO correction 10



Systematics uncertainties
ØExperimental uncertainties

ØTheoretical uncertainties
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• Lepton ID, reconstruction and isolation efficiency

• Trigger efficiency

• Lepton resolution and scale

• Pileup scale

• Luminosity

• QCD sclale 

• PDF+��

• Parton shower

• ttV and VVV cross-section variation

• Variation related to NLO k-factor 
variation for ggZZ

• Fake related uncertainties

• Variation related to EWK NLO reweighting for inclusive qqZZ

• Uncertainties related to the higher order correction
p Interference modeling

p NLO redicual non-closure uncertainties

p NLO EW uncertainty

p NLO reweighting observable choice

p ggZZ modeling uncertainty



Results
ØSignal strength: 

• ��� = 1.15 ± 0.27(stat.) ± 0.11(syst.)

ØSignificance: 4.3 σ (3.8 σ)
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This analysis still dominant by statistical uncertainty 

Evidence established

Ø The fiducial cross-section of ZLZL process 
is measured as 2.44 ± 0.59 fb, consistent 
with SM prediction 2.09 ± 0.10 fb.



Measurement of CP properties in ZZ production
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Introduction
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ØGoal: Search for CP-violation in ZZ(4l) on-shell events

Ø Focus on aTGC which appears at dim-8 and onward
• aTGC: ZZZ, yZZ (PLB817(2021)136311)
ü CP-conserving: �5�, �5�, ℎ3�, ℎ4�
ü CP-violating:      �4�, �4�, ℎ1�, ℎ2�

Ø “f” operators predominately sensitive in on-shell ZZ region

ØOnly interference term considered to constrain anomalous CP-odd neutral triple gauge 
couplings (�4� and �4�)

• Quadratic term will violates the unitarity and will also not induce asymmetries in the 
discriminating variable

ØUse CP odd sensitive observable to do the constraint

https://linkinghub.elsevier.com/retrieve/pii/S0370269321002513


Analysis strategy
Ø Construct CP sensitive angular observable (����,1���,3) with the polar and azimuthal 

angles of Z boson
• Angular observable: ���,1(3)=sin∅1(3)* cos�1(3)

Ø Use unfolding to correct the detector effects
• Bayesian iteration unfolding method

• Iteration number 2 is used
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SM prediction �4� prediction The 2�  → 1�  mapping

• The measured data agree closely with 
the prediction at the reco level

• The bins 1 to 7 and 24 to 30 are the most 
sensitivity bins 

https://arxiv.org/pdf/1604.06677.pdf


Results
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Ø The measured cross-section from the data 
agrees closely with both SM predicted 
cross-sections (Sherpa and Powheg)

Ø The differential cross-section of a CP-
sensitive angular observable (����1���2) 
used to constrain anomalous CP-odd 
neutral triple gauge couplings.

The first constraints on CP-odd aNTGC parameters using only linear interference terms 
with a dedicated CP-sensitive observable



Summary
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ØThe polarization and CP properties in ZZ → 4l production are measured with full 
Run2 data at ATLAS

ØEstablished the first evidence of joint longitudinal polarization states of ZZ 
bosons in ATLAS.

• Signal strength: 
                  ��� = 1.15 ± 0.27(stat.) ± 0.11(syst.)

• Significance: 4.3 σ (3.8 σ)

ØThe differential cross-section of a CP sensitive angular observable (����1���2) used 
to constrain anomalous CP-odd neutral triple gauge couplings (�4� and �4�).

Stay tuned for new Run 3 results！



Backup
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Phase space and samples
• Data: Full Run2 dataset @13 TeV
• MC Samples: 

• Event selection
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On Shell

qqZZ ggZZ & Other bkg

LO



The definition of angular variables
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Multivariate Analysis
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Multivariate Analysis
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Systematics uncertainties
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Zjj analysis
• Data: Full Run2 dataset @13 TeV
• ∆∅�� variable is used to search for 

anomalous weak-boson self-interactions 
using dimention-six EFT
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The results are almost unaffected with/without the 
pure dimension-six contributions.


