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Ø A search for heavy resonances decaying into a pair of Z bosons in the ZZ→4ℓ final state is 
presented.

Ø The analysis uses Run 3 pp collision data collected by the ATLAS detector at √s =13.6 TeV in 
the years 2022–2024, corresponding to 165 fb-1.

Ø The search targets narrow-width spin-0 resonance hypotheses, with results interpreted 
separately for gluon–gluon fusion and vector-boson fusion production modes.

Ø The dominant irreducible background is non-resonant ZZ production, modelled using 
simulation.

Ø Reducible backgrounds from Z+jets and ttbar-like processes are estimated using a data-
driven Fake Factor method.

Ø Expected upper limits on σ(pp→H)×BR(H→ZZ) are extracted as a function of the resonance 
mass.



Heavy resonances in the ZZ channel
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Ø After the Higgs boson discovery, its measured properties are consistent with the Standard 
Model, but the possibility of an extended Higgs sector or other BSM extension is not excluded.

Ø In extended Higgs sectors, such as 2HDM or electroweak-singlet models, a heavy spin-0 
neutral Higgs boson can decay into a pair of Z bosons. Spin-2 graviton samples are also 
available for future interpretations.

Ø The search covers the mass range 200 GeV<mH<3 TeV.



The ATLAS detector and lepton performance
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Ø The ZZ→4ℓ channel benefits from the excellent electron and muon reconstruction 
performance of the ATLAS detector.

Ø Lepton efficiencies are measured in data and compared to simulation; data/MC scale factors 
are applied to simulated events.



Event selection
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Ø Heavy-resonance candidates are formed by selecting quadruplets of reconstructed and identified 
charged leptons (electrons and muons).

Ø Two same-flavour, opposite sign (SFOS) pairs of electrons or muons are selected. The quadruplet 
lepton pT thresholds are  pT > 20, 15, 10, 5 GeV respectively.

Ø In each quadruplet, the lepton pair with the invariant mass m12 closest to the Z boson mass is referred 
to as the leading lepton pair. The other (m34) is the subleading.



Signal Modeling
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Ø In the NWA, the natural width of the heavy resonance is much smaller than the detector resolution, so 
the observed signal shape is dominated by the reconstructed m4ℓ resolution.

Ø The m4ℓ signal shape is modelled with an asymmetric double-sided Crystal Ball function.

Ø The DCB has a Gaussian core and power-law tails on both sides, allowing asymmetric resolution 
effects to be described.

Gaussian core Power-law tails
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Signal Modeling: example m4ℓ fits
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ØRepresentative fits to 
reconstructed ggF signal MC are 
shown for the 2μ2e and 4μ final 
states.

ØSignal samples are simulated at 
16 generated mH points, covering 
the range 200 GeV to 3 TeV.
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Signal Modeling: interpolation
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Ø The DCB parameters are extracted at each generated signal mass point from fits to the m4ℓ distribution.

Ø The values of each parameter are fitted with polynomials as functions of mH.



Background modeling
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Ø Irreducible processes consist of events with four prompt leptons, which pass 
event selection criteria but do not originate from a heavy Higgs boson decay.

ØThe main irreducible background is non-resonant ZZ production:

ØSmaller contributions originate from EW ZZjj, ttV and VVV processes.

ØReducible background consists of Z+jets and � � processes and it is estimated 
using a data driven Fake Factor method.
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Irreducible Background shape modelling
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Ø The m4ℓ shapes of the irreducible 
backgrounds are parametrized using 
fits to simulated distributions.

Ø A Generalized Exp Beta Prime 
function is used to describe the m4ℓ ​ 
background shape over the full mass 
range.

 ggf like category, 2μ2e

VBF like category, 4l



Reducible Background estimation
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The reducible backgrounds, consisting of Z+jets and � �, are not always reliably described by simulation so 
a data-driven approach is needed. The Fake Factor method is used.

Method overview
Ø Two 3 lepton Control Regions are defined:

• CRZ (Z+jets enriched): SFOS lepton pair, satisfying the event selection criteria(tight) + 
one lepton that does not require the impact parameter and isolation criteria (baseline).

• CRTop (� � enriched): e + μ tight lepton pair + a baseline lepton.

Ø The Fake Factors “f” are measured for the two CRs as:

Ø They are stored in 2D maps (pT,η) of the fake-candidate lepton. For every data event the 
corresponding value is used as weight, according to the kinematics of the lepton.
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Fake Factor measurement
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Ø Fake efficiencies are measured in 
CRZ and CR top.

Ø Measurement in pT-|η| bins of the 
fake candidate lepton.

Ø CR Z / CR top differences and 
individual CR variations enter as a 
systematic uncertainty. 
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Validation and Signal Region estimation
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Ø Two independent Validation Regions are used for the validation of the estimation:
• Same-Charge VR: The subleading lepton pair is of same charge.
• eμ VR: One of two lepton pairs are eμ. 

Ø Statistics are limited in the individual VRs. A combined VR is used to enhance the statistical power of 
the validation. 

Ø The FF prediction is compatible with data within uncertainties in the combined VR 

Dataset SR yield

Run 3 2022-2024 34.8 ± 7.8 ± 6.4

Combined VR



Statistical analysis: overview
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Ø The analysis relies on an unbinned profile likelihood fit in which the signal and background 
contributions are modeled using analytical probability density functions (PDFs).

Ø The fit is performed simultaneously across four categories: ggF 4μ, ggF 4e, ggF 2μ2e, and 
VBF inclusive.

Ø The total background is dominated by irreducible qqbar→ZZ production, while reducible 
backgrounds contribute at the percent level.

Ø The dominant qqbar→ZZ and gg→ZZ normalizations are floated in the fit.
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Ø Post-fit Asimov validation checks are used to verify the behaviour of the statistical model.

Ø Likelihood scans are used to assess fit stability and the sensitivity of the analysis. 

Statistical analysis: representative checks
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Ø Expected 95% CL upper limits are set on σ(pp→H)×BR(H→ZZ) as a function of mH

Ø Limits are extracted separately for the ggF and VBF production modes.

Ø The green and yellow bands show the ±1σ and ±2σ expected variations.

Statistical analysis: expected limits



Conclusions
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ØA search for heavy resonances in the ZZ→4ℓ final state using Run 3 ATLAS data at 
√s=13.6 TeV is performed.

ØNext steps include:
• a detailed study of systematic uncertainties and their impact on the expected 

sensitivity.

• The combination of the 4ℓ and 2ℓ2v channels for the final interpretation.

• The analysis is proceeding through the final internal review stages before 
unblinding.



Backup



Categorization

Ø Events are separated into ggF- and VBF-enriched categories.
Ø The VBF-enriched category is defined using the jet topology of the event.
Ø VBF-like events are characterized by two energetic jets with large dijet invariant mass and 

large pseudorapidity separation.
Ø Events that do not satisfy the VBF-enriched selection are assigned to the ggF-enriched 

region.
Ø The ggF-enriched region is split according to the 4ℓ final state: 4μ, 4e, and 2μ2e.



 ggf, 4μ

All interpolation fits ggf, 4μ



Irreducible background shape model
The m4ℓ shapes of the irreducible 
backgrounds are parametrized using a 
Generalized Exp Beta Prime function fitted 
to simulated m4ℓ distributions.
Ø A low-mass region, described by f1(m4ℓ)
Ø A high-mass region, described by f2(m4ℓ)
Ø The transition between the two regions is 

controlled by m0, expected to be close to 
the ZZ threshold, 2mZ.

Ø The normalization factor C0 ensures 
continuity at the transition point.

Ø The function parameters are determined 
separately for each background process 
and category.​





Impact plots
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Naive luminosity scaling predicts Run 3 expected  limits ~8% better than Run 2.
Ø Instead, the Run 3 expected limits are worse than lumi-scaled Run 2
Ø The effect has been investigated and is understood as an irreducible-background 

modelling/comparison issue.
Ø Run 2 and Run 3 predictions are not directly comparable due to changes in generator setup, 

generator-weight treatment, and centre-of-mass energy.
Ø The newer Sherpa samples are considered more reliable, and the Run-2/Run-3 comparison is 

difficult to interpret due to changes in generator setup and centre-of-mass energy.
ggF VBF


