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Introduction

EPJC (2021) 81:488

JHEP07(2021)027

➢ At the LHC, H→ZZ→4l and H→  are two of 
the most important channels first in the 
discovery of the Higgs boson, and then in the 
measurements of Higgs boson properties and 
also in searches for new physics

➢ H→ZZ→4l : Large signal-to-background ratio, ”
the golden channel”

➢ H→ : search for a narrow peak on a larger 
falling background in mass distribution

• Final state, /e/,  can be fully reconstructed 
with excellent mass resolution (about 1-2%)

• Tiny signal yield due to small ZZ → 4l BR
• A low background rate, mainly from non-resonant ZZ

• Small signal yield due to tiny BR (0.2%)
• Large backgrounds including 

continuum  (irreducible) and fakes 
from j and jj (reducible)

• Loop-induced decay:  new physics 
could contribute to the loop
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
https://doi.org/10.1007/JHEP07(2021)027
https://www.sciencedirect.com/science/article/pii/S0370269312008581


In this talk
Some latest results of Higgs boson properties from H→ZZ→4l and H→  at 
CMS, including

➢ (Inclusive) cross section  or signal strength 

➢ Simplified template cross sections (STXS)

➢ Fiducial and differential cross sections 

➢ Higgs mass measurements and projections at the HL-LHC
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Also see more CMS Higgs boson property results from:
Jin Wang, “Combined measurement of Higgs properties”
Li Yuan, “Measurement of the Higgs boson width in ZZ final states at CMS”
Chaochen Yuan, “CP violation in ttH and tH in multilepton channels (includes combination) at CMS”
Yuekai Song, “Measurement of top-Yukawa CP and Higgs EFT in ZZ and tautau final states at CMS”
Congqiao Li, “Search for Higgs boson decay to a charm quark-antiquark pair in proton-proton collisions at sqrt(s) = 13 TeV at CMS”
… 



H→ZZ→ 4l : analysis overview
➢ Three final states are considered separately : 4, 4e and 22e

• FSR photons are included in invariant mass computations
• Z candidates ：pairs of leptons of the same flavor and opposite-

charge; “Z1 ” the Z candidate with an invariant mass closest to 
the nominal Z boson mass

➢ Background estimations: gg→ZZ and qq→ZZ from simulation, 
Z+X from data

➢ Matrix-element kinematic discriminants for classification
EPJC (2021) 81:488

• Designed to separate the targeted H boson production mode 
from its dominant background

• Angular correlations, mass … kinematic information
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
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➢ To achieve good mass resolution 
✓ select/reconstruct two photons with precise photon 

energy : MVA regression after calibrations
✓ Find the primary vertex of the Higgs decay: MVA BDT

➢ Fake photon suppression: photon identification BDT
inputs of diphoton BDT after looser cut (>-0.9)

➢ Several different machine learning (ML) algorithms 
(BDTs, DNNs) are used to separate signal from 
background and reduce the contamination from 
other H production modes
✓ Diphoton BDT based on kinematics including mass 

resolution (ggH)
✓ Dedicated selection criteria and classifiers are used to 

select events consistent with the tH, ttH, VH, VBF

➢ Signal are extracted by a simultaneous maximum-
likelihood fit to the diphoton mass in all event classes

H→: analysis overview

http://dx.doi.org/10.1007/JHEP11(2018)185
https://doi.org/10.1007/JHEP07(2021)027


(Inclusive) cross sections or signal strength
➢ First quantity to measure when establishing a channel 

➢ Signal strength modifier (μ) is defined as the ratio 
between the measured signal cross section and the SM 
expectation

➢ Inclusive signal strength modifier is measured to be

EPJC (2021) 81:488

(H→ZZ→4l)

(H→)

JHEP07(2021)027

~10% precision

6

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
https://doi.org/10.1007/JHEP07(2021)027


Simplified template cross sections (STXS) 
➢XS measured in all 

production processes in 
several kinematic regimes 
to maximize sensitivity to 
beyond SM physics while 
limiting model dependence

✓ Target different production 
modes : ggH, qqH (VBF and VH 
hadronic), VH leptonic, ttH and 
tH

✓ In each production mode 
categories are defined to target 
as many STXS bins as possible, 
according to pT(H)/ pT(Hjj)/pT(V), 
Njet, Mjj, …

✓ Event categories ( proposed 
production bins) are merged 
depending on available 
statistics

Full set of STXS stage-1.2 bins
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➢ 19 bins: ggH (10 bins), qqH (6 bins), VH 
leptonic (2 bins) and ttH (1 bin)

➢ 𝝈 results are consistent, within their 
uncertainties, with the expectations for 
the Standard Model H boson

H→ZZ→4l STXS

EPJC (2021) 81:488
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf


➢ “Maximal” merging scenario (17 POI): STXS bins 
are merged until their expected uncertainty is less 
than 150% of the SM prediction
✓ Measurement of ttH and tH simultaneously
✓ First and best tH measurement: a rate of tH production 

of 14 (8) times the SM expectation is observed (expected) 
to be excluded at the 95% CL 

✓ BSM bins (in ggH and qqH) : in agreement with SM

H→ STXS
➢ “Minimal” merging scenario (27 POI):  merged as 

few bins as possible that parameters do not become 
too anti-correlated (less than around 90%)
✓ Additional splitting of ttH (5 bins) and ggH BSM (3 bins)
✓ Merged ggH and VBF bins: less model dependence 

and reduced correlations

All 𝝈 results are in agreement with the SM predictions

JHEP07(2021)027BSM bins 

tH
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https://doi.org/10.1007/JHEP07(2021)027


Fiducial and differential cross sections 
➢ Fiducial cross sections aim at providing a set 

of model independent results

➢ Fiducial volume is based on generator-level 
quantities

EPJC (2021) 81:488

Fiducial phase 
space of H→

fid=75.44±4.13 fb (SM prediction)
H→

fid=2.84±0.15 fb (SM prediction)
H→ 4l

H→ 4l
Inclusive fiducial XS

CMS-PAS-
HIG-19-016

EPJC (2021) 81:488

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
http://cds.cern.ch/record/2803740?ln=en
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf


H→ cross section in dedicated regions of the fiducial phase space : 
selection criteria on top of the fiducial requirements

Fiducial cross sections 
H→ ZZ→ 4l fiducial cross section in each year  
of 2016-2018 and in different final states

EPJC (2021) 81:488

CMS-PAS-HIG-19-016
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
http://cds.cern.ch/record/2803740?ln=en


➢ Differential fiducial XS of H→: large range 
of variables measured

H→ ZZ→ 4l

H→

CMS-PAS-HIG-19-016

EPJC (2021) 81:488
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Differential fiducial cross sections 
➢ Differential cross sections of H→ZZ→ 4l

as a function of pH
T , H rapidity (|yH|), Nj, 

and the leading jet (pj
T)

-- measurements with more observables with 
Run2 ultra-legacy data are still ongoing (HIG-21-
009)… stay tune!

http://cds.cern.ch/record/2803740?ln=en
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf


Differential fiducial cross sections (cont.) 

Leading jetH→ ZZ→ 4l

H→

EPJC (2021) 81:488

CMS-PAS-HIG-19-016

➢ H→:  For the first time, the cross section has 
been measured as a function of C

j using up to 
six additional jets in the event, and|

*| for the 
diphoton system

-- designed to probe the low diphoton pT region while 
minimizing the impact of experimental uncertainties

sensitive to Resummation (theory)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
http://cds.cern.ch/record/2803740?ln=en
doi:10.1103/PhysRevD.91.054023


Double-differential fiducial cross section : H→
➢Two double-differential cross section measurements have been performed

CMS-PAS-HIG-19-016
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http://cds.cern.ch/record/2803740?ln=en


Higgs boson mass
➢ Importance of mH in several aspects of our 

understanding of fundamental physics 

➢ Free parameter to be measured from the two high
resolution channels: H→ ZZ→ 4l 𝑎𝑛𝑑 H→

✓ ATLAS+CMS Run I precision on mH of 2 per mille

✓ For both channels dominated by statistical 
uncertainty in Run1

✓ Precise higher order corrections to the theory 
predictions of the Higgs interactions depend 
on the value of mH

✓ Input to precision global fit of the SM

PRL 114, 191803
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803


Higgs boson mass measurements
➢ Measured with 2016 legacy data : analyses with 

full Run2 ultra-legacy data are still on going 

➢ H→ ZZ→ 4l
✓ A mass constraint on the intermediate Z resonance Z1

✓ Likelihood scan of 3D of four-lepton mass, mass uncertainty 
and kinematic discriminant

➢ H→
✓ events categorized into 3 VBF and 4 Untagged (mainly ggH

and all other events) categories
✓ Special efforts made to correct the energy scale more 

precisely than before
-- Improved detector calibration -> good agreement of the input 

variables to the energy regression correction
-- More precise (granular Run--R9-pT dependent) scale correction

Stat. unc. dominant in 4l channel

Stat. unc. comparable with the syst. unc. for  channel

Best precision to date (and more to come)
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PLB 805 (2020) 135425 

CMS 2016 precision:  ~0.13%
CMS 2016 + Run1 precision: ~0.11%

https://doi.org/10.1016/j.physletb.2020.135425


➢ Detector performance such as acceptance, 
efficiency and resolution are considered to 
be the same values as in Run2

➢ Scale integrated luminosity to 3000 𝑓𝑏-1

➢ H→ ZZ→ 4l

➢ H→

CMS-PAS-FTR-21-007

✓ 9 categories based on the relative mass error
✓ Z1 mass constraint and beam spot constraint
✓ 2D (four-lepton mas, kinematic discriminant) 

likelihood scan
✓ Mass precision ~30 MeV

CMS-PAS-FTR-21-008

✓ Projection based on 2016 results
✓ Several improvements implemented in 

the photon energy calibration procedure : 
studied with ultra-legacy Run2 data

✓ Mass precision ~70 MeV

Higgs boson mass projections at HL-LHC
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http://cds.cern.ch/record/2804004?ln=en
http://cds.cern.ch/record/2804042?ln=en


Summary
➢ H→ZZ→4l and H→  are two of the most important channels in the measurements of 

Higgs boson properties

➢ Higgs boson cross sections were measured with full Run2 data ~138 fb-1

✓ Inclusive cross section precision is ~10% for each of 4l and  channel
✓ Fiducial cross sections were measured in the dedicated phase regions 
✓ Differential fiducial cross sections as a function of the interesting observables related to Higgs boson production and 

decay, and double differential observables are measured
✓ All measured results are consistent, within their uncertainties, with expectations of the Standard Model Higgs boson

➢ Higgs boson mass measurement have entered a precise era at LHC
✓ Current most precise 𝒎𝑯 measurement ~0.11% with 2016 data (36 fb-1)
✓ Full Run2 measurements still ongoing … stay tune!
✓ HL-LHC is expected to bring a more precise results :  ~0.02%

➢ Run3 results … stay tune!
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Thanks for your attention!
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Backup
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Higgs production
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Phys. Rev. D 101 (2020) 012002 ➢ Significant increase in production cross 
section from 8 TeV (Run1 2012) to 13 TeV
(Run2)
✓ σ13TeV/σ8TeV of Higgs:  ggH ~2.3, VBF ~2.4, VH 

~2.0 and ttH ~3.9
✓ background increased by a factor of ~2



Significant response changes (crystal+photodetector) due to LHC irradiation
Monitoring of each channel via a dedicated laser system, is performed every 40
minutes and corrections are provided within 48 hours.
These are crucial to maintain stable ECAL energy scale and resolution over time
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Some detailed Analysis strategy of H→

Data & MC

Trigger

Photon reconstruction and energy calibration

Preselection

Vertex identification and probability estimation

Photon identification

Diphoton BDT

Selections of event categories : exclusive-/untagged

Statistical analysis with “combine”

Results

Signal/bkg modeling

Analysis flow

JHEP 11 (2018) 185

Photon Energy 
scale and 
resolution 
validated with 
Z→ee

BDT for vertex 
identification : 
validated on 
Z→μμ and +j

Photon ID BDT 
to discriminate 
prompt/fake 
photons

Diphoton BDT 
to discriminate 
signal and bkg

Common tools for different H→ measurements
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http://dx.doi.org/10.1007/JHEP11(2018)185


➢ Vertex assignment correct within 1 cm → has
negligible impact on mass resolution

➢Multivariate approach (BDT) for vertex identification

➢ A second MVA estimates probability of correct vertex
choice, used for di-photon classification using BDT

➢Method validated on Z→μμ events where vertex found 
after removing muon tracks and +j for converted 

kinematic correlations and track distribution imbalance

conversion information

m : primary vertex identification

Averaged 
efficiency is 
about 81%

Validation of vertex id algorithm 
on Z→μμ events omitting μ tracks

Comparison of the true vertex id eff and the 
average estimated vertex probability as a 
function of the number of primary vertices

JHEP 11 (2018) 185
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http://dx.doi.org/10.1007/JHEP11(2018)185


H→ZZ→4l 

Impact of the main sources of systematic uncertainty
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Nature 607 (2022) 60 
Nature 607 (2022) 52 

➢A global signal strength scaling all channels: 

➢ Improvement in relative precision: 14% (Run 1) ➔ 6% (Run 2) 
• Theory uncertainty: 7% (Run 1) ➔ 4% (Run 2) 

Signal strengths, cross sections 



H→ZZ→4l STXS bins

STXS stage 1.2 bins used in H→ZZ→4l analysis 
EPJC (2021) 81:488

Correlation matrices
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf


The composition of the analysis 
categories in terms of a merged 
set of STXS bins is  shown.

The colour scale corresponds to
the fractional yield in each 
analysis category group (rows) 
accounted for by each STXS 
process (columns)

Each row therefore sums to 
100%. Entries with values less 
than 0.5% are not shown
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H→ STXS bin correlations

“Maximal” 
merging 
scenario

“Mimimal” 
merging 
scenario
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Binning for 4l (left two) VS  (right) of 1D differential xsec
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HIG-21-009H→ ZZ→ 4l H→

CMS-PAS-HIG-19-016

EPJC (2021) 81:488

http://cds.cern.ch/record/2803740?ln=en
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf


Fiducial cross sections
H→

The event yields divided by the total H→ cross-section 
multiplied by the integrated luminosity for the bins in the 
particle-level, reconstruction-level observables summed 
across all resolution categories for the year 2018 for the 
observables pT and njets are shown

CMS-PAS-HIG-19-016
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http://cds.cern.ch/record/2803740?ln=en


Higgs width: a problem difficult to tackle directly!

H→ ZZ→ 4l : 36 fb-1

JHEP11(2017)047

 H < 1.1 (1.6) GeV obs. (exp.) at 95% CL
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https://doi.org/10.1007/JHEP11(2017)047


H→ZZ→4l mass and width projections at HL-LHC
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