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The HZZ4 leptons channel
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 HZZ(*)4 leptons (e, µ):
 Clean experimental signature, large S/B, excellent resolution, full reconstruction of final states

 Allows wide variety of precise measurements: mass, width, couplings (SM-like, BSM, on-shell, 

off-shell), CP-violation studies, high mass searches, … 

 4 primary isolated leptons (e, )

 Narrow resonance (1-2% resolution) 

over ~flat background

 BUT: low signal yields (~7 events / fb)

 Extremely demanding channel for selection (4):

 Low pT leptons: major experimental challenge 

• Reconstruction/Identification

• Background rejection & control



HZZ4 leptons Run II: Recent highlights
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 HIG-16-041, JHEP 1711 (2017) 047
 Inclusive and differential fiducial cross-sections

 2016 data (35.9 fb-1)

 Most precise LHC measurement of mH (1.7 per-mille!)
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 HIG-18-002, Accepted by PRD:
 on-shell/off-shell properties.

 Combination of 2011 to 2017 data

 Most precise LHC constraints on H.
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 Select events with 4 primary isolated leptons (**)

 Muons (electrons) down to 5 (7) GeV

 40<mZ1<120 GeV, 12<mZ2<120 GeV

 mZZ>70 GeV

Full Run II Analysis Strategy
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This talk: measurements will full Run II dataset (2016+2017+2018): 137.1 fb-1 (*)

(**) Details on exact ZZ choice algorithm in back-up

 Measurements:

 Couplings

 Simplified Template Cross-Sections (STXS)

 Differential cross-sections

 Extensive usage of Matrix-Element Method (MEM) 

 MEM-based kinematic discriminants

• Separation of Higgs vs background

• Separation of various Higgs production modes

 Main Backgrounds:

 Irreducible (qq/ggZZ) from simulation

 Reducible (Z+jets, ttbar, …) “Z+X”: from data

(*) Full analysis of 2018 data + re-categorization of 2017 (HIG-18-001) 

and 2016 (JHEP 1711 (2017) 047) public results



Simplified Template Cross-Section (STXS), Stage 1.1
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(*) https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGFiducialAndSTXS#Stage_1_1

 Simplified Template Cross-Section (from LHC XS group):
 Measure cross-sections in truth-level phase space regions

• separated into production modes

 Target maximal sensitivity while minimizing theory dependence

 Designed to be “easily” combined across channels & experiments

 Results can be input to EFT interpretations

 Measurement using “Stage 1.1” latest recommendation (*)

 Split modes into dominant kinematic regions:

“bins” with no sensitivity are merged

|yH|<2.5 at generator level



Experimental Categorization (1)
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 First, separate Higgs production modes (7 categories)

 Events split according to N(b)-jets, Nleptons

 + cuts on dedicated MEM-based discriminants (D1jet, D2jet, DVH) 

VBF-2jets-tagged VH-hadronic-tagged VH-leptonic-tagged VBF-1jet-tagged UntaggedttH-hadronic-tagged

ttH-leptonic-tagged

VBF 1 jet vs H+1 jet VBF 2 jets vs H+2jets WH/ZH vs H+2 jets



Experimental Categorization (2)
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 Second, further split for STXS measurement (22 categories in total)

 Events split according to mjj, pT(H), N-jets, etc…

VBF-2jets-tagged VH-hadronic-tagged VH-leptonic-tagged VBF-1jet-tagged UntaggedttH-hadronic-tagged

ttH-leptonic-tagged



Results: m4l distribution (inclusive)
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From early Run I 

to full Run II

~8 Higgs events

~227 Higgs events

We’ve come a long way since the discovery…

July 2012

ggH VBF WH ZH ttH bbH tqH
Total 
Signal

qqZZ ggZZ Z+X
Total 

expected
Observed

195,1 17,1 4,9 4,9 2,1 2,1 0,3 226,5 82,4 7,1 36,5 352,6 356

Expected and Observed events in 118 < m4l < 130 GeV



Results: m4l distribution (22 categories)

9

Expected and Observed number of events in 118 < m4l < 130 GeV range, 

for each of the 22 categories for STXS measurement

ggH-tagged VBF-tagged VH-tagged ttH-tagged



Signal Extraction
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Signal extraction in each category: 22 x 3 (4e, 4mu, 2e2mu) 

2D fit, m4l vs MEM-based Kinematic Discriminant

𝐷𝑏𝑘𝑔
𝑘𝑖𝑛 : ggH vs qqZZ (decay information only) 

for un-tagged, VBF-1 jet, VH-leptonic, ttH cat.

𝐷𝑏𝑘𝑔
𝑉𝐵𝐹+𝑑𝑒𝑐: VBF vs ggH, SM bkg

(decay + production info) 

for VBF2jets-tagged cat.

𝐷𝑏𝑘𝑔
𝑉𝐻+𝑑𝑒𝑐: VH vs ggH, SM bkg

(decay + production info) 

for VH-hadronic-tagged cat. 



Measurement: Signal strength & STXS Stage 1.
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Signal Strength STXS Stage 1.1
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Systematic errors on par with statistics !

ggH-tagged

VBF-tagged

VH-tagged

ttH-tagged

Overall uncertainty: ~10%



Measurement: Fiducial Cross-Sections
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 Unfold cross-section to truth-level fiducial volume, closely matches reconstruction level (see back-up)

 Experimentally: maximum likelihood fit of the signal and background parameterizations to the observed 4l 

mass distribution in every bin to measure.
 No categories used, 

 mH=125.09 GeV assumed

Example of m4l fit in a given bin in pT



Fiducial Cross-sections (inclusive)
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Fiducial Cross-sections (differential)

14Ony jets with ||<2.5 considered

 Unfolding performed by including response matrix in the likelihood

 Comparisons to predictions from POWHEG and NNLOPS 

pT(H): Sensitive to perturbative QCD modelling, 

production mode, Yukawa couplings,…
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Summary & Prospects
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First CMS Higgs results with Full Run II statistics.
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 Vector boson and Fermions couplings modifiers:

 First measurement of STXS Stage 1.1

 Fiducial (total) cross-section:

• In perfect agreement with SM predictions:

 And differential cross-section: pT(H), Y(H), N(jets), pT (leading jet)

 Harvest of Run II is just starting:
 Paper in the pipeline with improved reconstruction and calibrations and reduced systematics

 + other measurements to come: mass, width, tensor structure

 Several measurements reported:

 Overall signal strength:
Total Uncertainty ~10% 

(systematics and statistics at the same level)
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BACK UP

SLIDES



Reminder: Higgs production & decay at colliders
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48.58 pb 3.78 pb

1.373 pb (WH)

0.8839 pb (ZH)
0.5071 pb (ttH)

0.488 pb (bbH)

Glusion fusion (ggH) Vector Boson Fusion (VBF)

Associated 

production with 

Vector Boson (VH)

Associated 

production with 

quarks (ttH, bbH)

Main production Modes Main decay Modes

(for mH=125 GeV, LHCXSWG 4)



HZZ4l: Selection
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HZZ4l: First Categorization
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Expected and Observed number of events (118<m4l<130 GeV)
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Signal Purity
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Fiducial phase space & Acceptance
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Systematic Uncertainties
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Signal Strength
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Differential cross-sections (1/2)
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 Increasing luminosity of Run II now allows precision measurement on differential cross-section.

 Combination of H and HZZ measurements (also boosted Hbb for high pT)

pT(H)

Sensitive to perturbative QCD modelling, 

production mode, yukawa couplings,…

Y(H)

Probes of PDFs, production mode,…

N(jets)
Test of modelling QCD radiation, 

production mechanism

30-40% precision up to 350 GeV 30-50% precision across the spectrum20% precision in 0-jet bin

Measurement largely dominated by statistics ! Great improvements to come 
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HIG-18-001
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Differential cross-sections (2/2)
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 Higgs pT spectrum very sensitive to modifications of the couplings

 Can give information on couplings not possible via inclusive 

measurements

 Couplings to b, c & top quarks in k-framework

Results are dependant on the 

assumptions about Branching Ratios

(here, assume BR scaling with couplings)



Higgs width & anomalous couplings (1)
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Higgs boson width (4.1 MeV @ 125 GeV) not directly measureable due to limitations from detector resolution (~1 GeV)

 Can be probed by analysing on-shell & off-shell distributions: 

Anomalous couplings enhance off-shell 

yield, change m4l & other kinematics



Higgs width & anomalous couplings (2)
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RunI + Run II combination

Best LHC result



Luminosity vs Results
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>150 fb-1 delivered by LHC

~36-77 fb-1 analysed

HZZ4l CMS-PAS-HIG-18-001, HIG-18-002

2016-HH Combo CMS-PAS-HIG-17-030

2016 H-combo CMS-PAS-HIG-17-031

VHbb arXiv:1808.08242

ttH Phys. Rev. Lett. 120 (2018) 231801

Hµµ arXiv:1807.06325

H Phys. Lett. B 779 (2018) 283

HWW arxiv:1806.05246

H arxiv:1804.02716

2016 Differential Xsec CMS-PAS-HIG-17-028
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Simplified Template Cross-Section
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Fiducial & Simplified template cross-section
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• ME from JHUGen or MCFM

• Several discriminants (see later) built to separate: 

 gg vs qq4 leptons

 ggH vs VBF or VH or ttH

 Different JPC hypothesis, … 

Tools for discovery and measurements (2)
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 Signal Extraction via Matrix Element Methods (MEM):

 Event-by-event discriminator built upon Matrix Elements. Combined with reco level info.

 Matrix Element Likelihood Analysis (HZZ4l):

• Simplified MEM. No integration, no transfer function

LO ME from 

Madgraph5_aMC@NLO
Transfer Function 

(relates parton and 

reco quantities)

PDF’sPhase Space Momentum 

conservation

 MEM weights used in ttHmultileptons (see later) as input to BDT.



Signal Strength
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