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Overview
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• In the SM, ZZ production proceeds mainly through quark-antiquark t- and u-channel scattering 
diagrams. In calculations at higher order in QCD, gluon-gluon fusion also contributes via box diagrams 
with quark loops.  We look at four-lepton production pp → (Z/γ ∗ )(Z/γ ∗ ) → 2ℓ2ℓ’ , (ℓ, ℓ’ = e or µ), 
mainly in non-resonant m4l region requiring on-shell ZZ, defined as 60 GeV < mZ1 ,mZ2 < 120 GeV.

• The EW and QCD vertices result in the production of Z pairs and the production of associated jets 
respectively. Our goal is to measure the ZZ+jets processes.

• CMS Full Run 2 data set is used corresponding to an integrated luminosity of 138 fb−1 at 𝑠𝑠 = 13 TeV.

Example Feynman diagrams for the 𝑞𝑞𝑞𝑞 → ZZ and gg → ZZ processes associated with 1 jet. 

Introduction
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• Previously ZZ production cross section and differential cross sections with inclusive 
jet multiplicities were measured with full Run 2 data at 13 TeV, with on-shell ZZ 
requirement in the fiducial region definition.

• Differential cross sections in the full m4l  range (without on-shell ZZ requirement) 
were also measured with an integrated luminosity of 35.9 fb−1 at 13 TeV.

ZZ Measurement Inclusive in Jet Multiplicities 

Total ZZ cross section 
as a function of 𝑠𝑠

https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/1709.08601


605/15/24

Why ZZ+jets with Full Run 2 Data?

• QCD-induced ZZ production is a large background for EWK studies 
and Higgs production measurement.

• ZZ+jets compared with theoretical predictions provides better 
understanding and important test of the QCD corrections to ZZ 
production.

Distributions of the matrix element 
discriminant (KD) for separating EW 
signal from QCD background in
CMS full Run 2 EW ZZ+2jets 
measurement

ZZ+jets production was previously studied with integrated luminosity of 
19.7 and 35.9 fb−1 at 8 and 13 TeV respectively. 

In the current analysis:
• ZZ+jets production is studied with higher luminosity (138 fb −1).

• In addition to jet variables, we explore differential distributions and 
cross sections for m4l both inclusive and as a function of jet multiplicity, 
with and without the on-shell ZZ requirement.

• We compare to both NLO and nNNLO+PS Monte Carlo predictions. 

https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/1806.11073
https://arxiv.org/abs/2108.05337
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Analysis Strategies
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Fiducial Requirements:

Leptons: - require 4 leptons, pT(ℓ1) > 20 GeV, pT(ℓ2) > 10 GeV, pT(ℓ) > 5 GeV, |ηℓ | < 2.5
- mℓ1, ℓ2 >4 GeV for any OSSF lepton pair

Jets: pT > 30 GeV, |η|< 4.7, ΔR(ℓ,jet) > 0.4

ZZ: - Designate dilepton pair with invariant mass closest to nominal mZ as Z1, the other Z2

- 40 GeV < mZ1 < 120 GeV, 4 GeV < mZ2 < 120 GeV
- On-shell requirement: 60<mZ1, mZ2<120 GeV, but we also look at those m4l distributions

without this requirement
- m4l > 80 GeV

Particle-level Event Selections
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Backgrounds

The requirement of four well-reconstructed and isolated lepton candidates strongly suppresses 
any background. Therefore, this analysis has very low background contributions, dominated by 
Z boson and WZ diboson production in association with jets, and 𝑡𝑡𝑡𝑡 production.

Irreducible Background (𝑡𝑡𝑡𝑡Z, VVV):
Processes which contain 4 prompt leptons from non-signal processes. Estimated with Monte 
Carlo (MC) samples.

Reducible Background (Z+X):
Processes which contain one or more jets or non-prompt leptons misidentified as signal leptons 
in the 4-lepton final state.

Not well modeled by MC. Estimated using data-driven tight-to-loose “fake rates” method. The 
misidentification probability is measured with a sample of Z + ℓcandidate events, and the number 
of background events in signal region is estimated with two control samples of Z + ℓ+ℓ- events 
scaled by the misidentification probability for each lepton failing the full selection.
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Unfolding

• To correct for detector effects and compare experimental results with theoretical predictions, the 
data are “unfolded” using the iterative D’Agostini’s method (with the RooUnfold package).

• For each distribution to be unfolded, a response matrix is obtained from simulated signal samples. 
It represents the correlation map between the distributions obtained after the full detector 
simulation and the particle-level distribution they originate from.

• Unfolded results are compared with theoretical predictions at particle-level, with the dominant 𝑞𝑞𝑞𝑞
→ ZZ predictions obtained from the MADGRAPH5_aMC@NLO (simulated with up to 1 jet emission 
at NLO QCD) and POWHEG (inclusive in jets at NLO) MC generators, respectively. 

• Results are also compared with the recent nNNLO+PS predictions, which consist of NNLO 
predictions for quark-initiated channel combined with parton showers using the MiNNLOPS
method, and NLO predictions for loop-induced gluon fusion channel matched to parton showers.

• We will be looking at differential cross sections normalized to ZZ fiducial cross section.

https://arxiv.org/abs/2108.05337
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Systematic Uncertainties
• Uncertainties of this analysis are dominated by statistical uncertainty.

• Most systematic uncertainties are propagated through unfolding by recomputing the response 
matrix with the sample used to build the matrix shifted or reweighted to reflect a 1σ shift in the 
quantity in question, then taking the difference in the normalized unfolded results.

portion of unc. per unfolded distribution  = (Table numbers are indicative only)

For jet variables For m4l (in on-shell ZZ region)
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Results

More details and plots available in the paper draft

Submitted for publication to JHEP last month

http://arxiv.org/abs/2404.02711
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RECO-level Differential Distributions
m4l  and Number of Jets Distribution

The 0 and 2 jet bins are well 
described by predictions, but we 
see significant discrepancy at 1-jet 
bin and this disagreement is 
propagated in other distributions.

Description of events with ≥3 jets 
requires NNLO and even higher 
corrections, therefore the 
difference between data and 
predictions at high jets 
multiplicity is expected. 

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MG5_aMC@NLO 𝑞𝑞𝑞𝑞 → ZZ sample is used in these 
plots, along with other contributions. Overflow included in the last bin.

m4l distribution well described by the predictions, except for the increasing data/MC 
discrepancy towards high masses, which can be mitigated with EW corrections.
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m4l Distributions for Inclusive and ≥ 4 Jets Region

RECO-level Differential Distributions

We also look at full available m4l range featuring 3 mass regions: Z boson, Higgs boson and non-resonant 
ZZ production region. Requiring only 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV, without on-shell ZZ 
requirement. With increased number of jets we see bigger discrepancy with respect to MC predictions.

After checking data and MC agreement at reconstruction level, we proceed with unfolding the data.

Inclusive ≥ 4 Jets
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Number of Jets and m4l Differential Cross Sections
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each unfolded distribution normalized by bin width 
and by the ZZ fiducial cross section. Overflow included in last bin.

Njets distribution has similar 
behavior in 1-jet bin and high jet 
multiplicity as at RECO level, and 
in general, data/prediction 
agreement is improved with 
nNNLO+PS predictions.

m4l distribution has shape well 
described by predictions at low 
m4l, whereas the predictions 
overestimate the measured 
values in the moderate to high 
m4l regions. This discrepancy can 
be mitigated with EW corrections
(yellow line). 
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Summary:

• ZZ+jets differential distributions and normalized differential cross sections were 
measured using full Run 2 data collected in the CMS experiment.

• The theoretical predictions in general agree with the data, but in some regions 
discrepancies between predicted and measured values were observed.

• The discrepancies in 1-jet bin and high m4l region are mitigated with improved 
theoretical predictions, demonstrating the necessity for better Monte Carlo 
modelling in events with complex multi-boson final states and extra jets.

Thank you!
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Backup
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RECO Event Selections
Leptons:
• Require 4 leptons, pT(ℓ1) > 20 GeV, pT(ℓ2) > 10 GeV

but in 4e channel the pT cuts are raised: pT(e1) > 23 GeV, pT(e2) > 12 GeV
• pT(ℓ) > 7(5) GeV, |ηℓ | < 2.5(2.4) for e(μ)
• SIP3D = |IP/σIP| < 4 for each lepton
• Lepton ID, isolation (next slide) and lepton efficiency scale factors in sync with CMS HZZ group
• QCD suppression: m ℓ1, ℓ2 > 4 GeV for all opposite-sign lepton pairs regardless of flavor
Jets:
• Jets clustered with anti-kt algorithm R=0.4, pT > 30 GeV, |η|< 4.7, jet IDs from CMS JetMET POG  
Cross cleaning: ΔR(ℓ1, ℓ2) > 0.02, ΔR(e,μ) > 0.05, ΔR(ℓ, jet) > 0.4
ZZ:
• Basic mass requirement: 40<mZ1<120 GeV, 4<mZ2<120 GeV
• On-shell requirement: 60<mZ1, mZ2<120 GeV,

but also look at those m4l distributions without this requirement
• m4l > 80 GeV
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RECO Event Selections (cont.)

Lepton Electron Muon
Loose ID pT > 7 GeV, |η|< 2.5, 

dxy<0.5cm, dz< 1cm, 
SIP<4

pT > 5 GeV, |η|< 2.4, dxy<0.5cm, dz< 1cm, SIP<4,   
muon track quality requirements     

Tight ID Electron MVA based on 
XGBOOST

Loose Muons+ (PF* Muon or (pT > 200 GeV and 
additional track quality requirements)) (2016,2017)
Muon MVA derived by HZZ group including SIP and 
Isolation (2018)

Isolation Included in MVA Riso < 0.35, using PF* combined relative isolation with 
cone size R=0.3 and Δβ correction

Lepton ID and WPs

*particle-flow (PF) algorithm: Standard CMS reconstruction and identification algorithms combining the signals 
from all sub-detectors.



2005/15/24

Simulated Samples

}
}

Kfac 1.1 to NNLO

Kfac 1.7 to
NLO

1:Referred to as MadGraph qqZZ sample: QCD NLO 0,1 jets with up to 2 partons emission, nominal qqZZ
2:POWHEG qqZZ sample: QCD NLO with up to 1 parton emission, for comparison

1
2
2

1

http://dx.doi.org/10.1016/j.physletb.2014.06.056
http://dx.doi.org/10.1103/PhysRevD.92.094028
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Simulated Samples (cont.)

Results in this analysis are also compared with the recent nNNLO+PS1 predictions, which
consist of NNLO predictions for quark-initiated channel combined with parton showers using
the MiNNLOPS method, and NLO predictions for loop-induced gluon fusion channel matched
to parton showers, with event generators for the two channels implemented in the POWHEG
framework.

Spin correlations, interferences and off-shell effects are included by calculating the
full process pp → 2ℓ2ℓ’ and considering all contributions to the four-lepton final state.

1:https://arxiv.org/abs/2108.05337

https://arxiv.org/abs/2108.05337
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Systematic Uncertainties
Most systematic uncertainties are propagated through unfolding by recomputing the 
response matrix with the sample used to build the matrix shifted or reweighted to reflect a 1σ 
shift in the quantity in question, then taking the difference in the normalized unfolded results.

Trigger efficiency
Estimated to be 2%, and expected to cancel out in normalized differential cross sections.

Lepton efficiency
The response matrix is remade with the lepton efficiency scale factors shifted up and down 
by the tag-and-probe fit uncertainties.

JES/JER 
The jet pT is varied by shifting the JES/smearing up and down by their uncertainties 
obtained from CMS JetMET POG recipes.

Reducible background
The reducible background is shifted up and down by the lepton fake rate uncertainty (40%).

Pileup
The response matrix is remade with the total inelastic cross section — which defines the 
pileup weights applied to Monte Carlo — shifted up and down by 4.6%.



Luminosity
The response matrix is remade with the MC normalized to the integrated luminosity
shifted up and down by its total uncertainty.

Generator choice
The response matrix is remade with qq → ZZ sample generated by POWHEG.

ggZZ theoretical cross sections
The MCFM samples (gg → ZZ) normalization is changed by the scale and PDF uncertainties 
of their cross section ( +18% ), and the resulting shape difference is taken.

QCD scales
The response matrix is remade with the MadGraph5_aMC@NLO qq → ZZ sample reweighted 
to reflect the distribution with μF and μR independently varied up and down by a factor of 2, 
keeping usual constraint ¼ < μR /μF < 4.

PDF + αs
The PDF + αs uncertainties are evaluated by reweighting the MadGraph5_aMC@NLO sample 
to members of PDF and αs variations, and then redoing the unfolding and combining the 
results according to the procedure described in PDF4LHC 2015.
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Systematic Uncertainties (cont.)

−14%
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Systematic Uncertainties (cont.)

The contributions of each source of systematic uncertainty in the normalized 
differential cross sections measurements of jet variables.
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Systematic Uncertainties (cont.)
The contributions of each source of systematic uncertainty in the 
normalized differential cross sections measurements of m4l with jet 
multiplicity from 0 to ≥3 in the events, with 60<mZ1, mZ2<120 GeV.
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Systematic Uncertainties (cont.)

The contributions of each source of systematic uncertainty in the normalized 
differential cross sections measurements of m4l with jet multiplicity from 0 to 
≥3 in the events, without requiring 60<mZ1, mZ2<120 GeV.
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Differential Distributions
pT Distributions for Leading and Subleading-pT Jets

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, 
along with other samples shown in the MC slide. Overflow included. 
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|η| Distributions for Leading and Subleading-pT Jets
Differential Distributions

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, 
along with other samples shown the MC slide. Overflow included. 



Differential Distributions
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mjj and |Δηjj| Distributions

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, 
along with other samples shown in the MC slide. Overflow included. 
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m4l Distributions for Inclusive and 0 Jet Region
Differential Distributions

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, 
along with other samples shown in the MC slide. Overflow included. 
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m4l Distributions for 1 and 2 Jets Region
Differential Distributions

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, 
along with other samples shown in the MC slide. Overflow included. 
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m4l Distributions for 3 and ≥4 Jets Region
Differential Distributions

Require 60 GeV < mZ1 ,mZ2 < 120 GeV. The MadGraph qqZZ sample is used in this plot, along with other samples 
shown in the MC slide. Overflow included. Substantial normalizing difference at high jet multiplicity, shapes 
agree within uncertainties (see later). We now also look at the full m4l region.
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m4l Distributions Inclusive and for 0 Jet Region
Differential Distributions

Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Number of events is normalized with 
bin width to give events/GeV. The MadGraph qqZZ sample is used in these plots, along with 
other samples shown in the MC slide. Binning: 80-100-120-130-180-230-300-450-600-800-1300 
(overflow included).
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m4l Distributions for 1 and 2 Jets Region
Differential Distributions

Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Number of events is normalized with 
bin width to give events/GeV. The MadGraph qqZZ sample is used in these plots, along with 
other samples shown in the MC slide. Binning: 80-100-120-130-180-230-300-450-600-800-1300 
(overflow included). Same binning for next slide.
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m4l Distributions for 3 and ≥4 Jets Region
Differential Distributions

Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Number of events is 
normalized with bin width to give events/GeV. The MadGraph qqZZ sample is used in 
these plots, along with other samples shown in the MC slide. With increased number 
of jets we see bigger discrepancy with respect to MC predictions.
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pT Differential Cross Sections for Leading and Subleading-pT Jets
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each plot normalized by bin width and by the 
corresponding fiducial cross section. Overflow included.
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|η| Differential Cross Sections for Leading and Subleading-pT Jets
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each plot normalized by bin width and by the 
corresponding fiducial cross section. Overflow included.
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mjj and |Δηjj| Differential Cross Sections
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each plot normalized by bin width and by the 
corresponding fiducial cross section. Overflow included.



3905/15/24

m4l Differential Cross Sections for 0 and 1 Jet Region
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each plot normalized by bin width and by the 
corresponding fiducial cross section. Overflow included.
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m4l Differential Cross Sections for 2 and ≥3 Jets Region
Require 60 GeV < mZ1 ,mZ2 < 120 GeV. Each plot normalized by bin width and by the 
corresponding fiducial cross section. Overflow included.



4105/15/24

m4l Differential Cross Sections for Inclusive and 0 Jet Region
Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Each plot normalized by bin 
width and by the corresponding fiducial cross section. Overflow included.

Binning: 80-
100-120-130-
180-230-300-
450-600-800-
1300
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m4l Differential Cross Sections for 1 and 2 Jets Region
Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Each plot normalized by bin 
width and by the corresponding fiducial cross section. Overflow included.

Binning: 80-
100-120-130-
180-230-300-
450-600-800-
1300
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m4l Differential Cross Sections for ≥3 Jets Region
Require 40 GeV < mZ1 < 120 GeV, 4 GeV <mZ2 < 120 GeV. Each plot normalized by bin 
width and by the corresponding fiducial cross section. Overflow included.

Binning: 80-
100-120-130-
180-230-300-
450-600-800-
1300
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Event Yields
The observed and expected yields of Run 2 ZZ events in different mass ranges, 
and estimated yields of background events are shown. Statistical (first) and 
systematic (second) uncertainties are present.

Shown for each jet 
multiplicity

Shown for each final 
state and the total
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