
 38th International Conference on High Energy Physics
August 4th 2016 - Chicago

Measurements of Higgs boson production  
and properties in the ZZ decay channel  

using the CMS detector
Simon Regnard   

(LLR – École polytechnique, Palaiseau)

on behalf of the CMS collaboration



Simon Regnard (LLR / École polytechnique) ICHEP - Chicago - August 4th 20162

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

The H→ZZ*→4l (l=e,μ) channel at the LHC:
‣ Large S/B ratio, excellent resolution, complete reconstruction of the final state.
‣ ‘Golden channel’ for discovery and property measurements.

Overview

In this talk = new CMS Run II results  
from 12.9 fb-1 collected in 2016
‣ similar sensitivity to H(125) as Run I dataset

New w.r.t. previous (Moriond’16) results:
‣ search for the 5 main production modes  

using improved event categorization,
‣ measurements of mass and fiducial cross 

section,
‣ tests for width and anomalous HZZ couplings  

➔ talk by Ulascan Sarica

+ search for a new high-mass resonance. 
        ➔ talk by Benedikt Vormwald
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Run II analysis strategy
‣ Analysis relies on (efficiency)4 of selecting leptons!

✦ electron (muons) reconstructed down to 7 (5) GeV,
✦ reoptimized isolation, electron MVA ID & FSR recovery algorithm,
✦ new relaxed electron selection for the high-mass search,
✦ thorough corrections for efficiencies in data, measured by Tag&Probe.

‣ Time-dependent lepton momentum calibrations,

‣ Improved ZZ candidate arbitration,
✦ choose best value of kinematic discriminant.

‣ Background estimation:
✦ Main background = non-resonant qq→ZZ and 

gg→ZZ. Apply NNLO/NLO (resp. NNLO/LO) 
QCD k-factors as a function of mZZ.

✦ Reducible background (Z+X):  
data-driven estimation from control regions, 
2 independent methods (see backup slide 13).
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Observables, event categorization

‣ Hunt for H(125) production modes 
➔ define 6 event categories
relying on number of jets, b-tags, 
additional leptons, and cuts on 
the 4 production discriminants  
(details in backup slide 15).
Expectation in [118, 130 GeV] 

‣ Encode angular information in matrix-element based discriminants  
(calculated with MELA, based on JHUGen and MCFM)
✦ discriminant sensitive to                    kinematics: 

✦ new discriminants for production mode topology: 
   D2jet & D1jet (for VBF), DWH, DZH

VBF production  
angles
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Result of event selection
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‣ Good data/simulation agreement 
over the whole range of m4l  
in the 3 final states (4e, 4μ, 2e2μ).

‣ Highest-mass candidate: 802 GeV.

yields for m4l > 70 GeV
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Rediscovering the H(125)
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‣ Extract p-values and signal strength  
from simultaneous fit of the 2D likelihood  
 
in 3 final states x 6 categories. 

‣ at mH = 124.3 GeV (minimum of p-value), 
6.4σ obs. (6.3σ exp.) significance

‣ at mH = 125.09 GeV (Run I LHC comb.), 
6.2σ obs. (6.5σ exp.) significance

118 < m4l < 130 GeV
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Mass measurement
‣ Exploit event-by-event mass uncertainties Dmass

✦ defined by propagating per-lepton momentum error to the 4-lepton candidate; 
corrected in data and MC using Z events. 

‣ 3D fit based on                              , profiling μ; Dmass brings 8% exp. improvement.

more on the mass measurement in the talk by Ulascan Sarica
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‣ Combined signal strength at mH = 125.09 GeV: 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‣ extract signal strength  
in every category

Probing H(125) production modes
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‣ extract strength of 
production processes, 
in a 2-parameter and 
a 4-parameter model
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VBF-2jet-tagged event
VBF-2jet-tagged H→ZZ*→2e2μ candidate

m4l = 124.93 GeV         Dbkgkin = 0.694
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‣ Fiducial volume: closely matches 
reconstruction level (see backup) 

‣ Maximum likelihood fit to the uncategorized 
m4l distribution, assuming mH = 125.0 GeV

‣  
(SM expectation:                                )

‣ Differential cross section for pT(H) and N(jets)

Fiducial cross-section
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Summary
Complete set of Higgs boson property measurements  
from H(125)→ZZ*→4l at √s = 13 TeV:

✦ standalone rediscovery, 6.2σ observed at mH = 125.09 GeV 
(6.5σ expected)

✦  
✦ combined signal strength
✦ First direct study of production mechanisms  
➔ measurements of μggH, μVBF, μVH, and μttH

✦ fiducial cross section  
+ differential measurements

Expect ~3x more integrated luminosity by end of 2016.

Supporting note:  
CMS-PAS-HIG-16-033
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Additional material
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Reducible background estimation

‣Opposite-sign (OS) method:

✦ 2 control regions: 2P2F and 3P1F  
(P=pass, F=fail tight lepton selection)

✦ Lepton fake rates measured in Z+1l region 
(tight selection on MET and mll to 
suppress conversions & prompt leptons)

✦ Yield from 3P1F, corrected by 3P1F 
component and genuine ZZ events

‣Same-sign (SS) method:

✦ Use 2P2LSS regions (2 leptons pass 
looser selection and are same-sign)

✦ Electron fake rate explicitly corrected for  
the amount of photon conversions in CR

Estimation in event categories = SS method.

Z+X background (≥1 non-prompt lepton in final state)  
estimated from 2 independent methods using orthogonal control regions:
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‣ Decay:

‣ Production:

Matrix-element discriminants
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Event categories
6 mutually exclusive categories, 
defined applying following criteria in this exact order:

1. exactly 4 leptons + {2-3 jets with ≤1 b-tag or ≥4 jets with 0 b-tag} 
+ high D2jet value ➔ VBF-2jet tagged category

2. exactly ≥4 leptons + {2-3 jets with ≤1 b-tag or 4 jets with 0 b-tag} 
+ high DWH or DZH value; 
or 2-3 jets + 2 b-tags 
➔ VH-hadronic tagged category 

3. ≤3 jets + 0 b-tag + {exactly 5 leptons or  
≥1 pair of additional opposite-sign leptons}; 
or 0 jet + ≥5 leptons 
➔ VH-leptonic tagged category 

4. ≥4 jets + ≥1 b-tag; 
or ≥5 leptons ➔ ttH tagged category 

5. exactly 4 leptons + exactly 1 jet  
+ high D1jet value  
➔ VBF-1jet tagged category 

6. other events ➔ untagged category
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Systematic uncertainties
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m4l distributions
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mZ1 and mZ2 distributions
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Decay discriminant
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Production discriminants

1jetD
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
05

0

1

2

3

4

5

6  Data
 H(125), VBF
 H(125), other

*γZZ, Z→q q
*γZZ, Z→ gg

 Z+X

N(jets) = 1
 < 130 GeVl4118 < m

 (13 TeV)-112.9 fbCMS Preliminary

2jetD
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
05

1−10

1

10

210
 Data
 H(125), VBF
 H(125), other

*γZZ, Z→q q
*γZZ, Z→ gg

 Z+X

 2≥N(jets) 
 < 130 GeVl4118 < m

 (13 TeV)-112.9 fbCMS Preliminary

WHD
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
05

1−10

1

10

210  Data
 H(125), VH
 H(125), other

*γZZ, Z→q q
*γZZ, Z→ gg

 Z+X

 2≥N(jets) 
 < 130 GeVl4118 < m

 (13 TeV)-112.9 fbCMS Preliminary

ZHD
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

0.
05

1−10

1

10

210  Data
 H(125), VH
 H(125), other

*γZZ, Z→q q
*γZZ, Z→ gg

 Z+X

 2≥N(jets) 
 < 130 GeVl4118 < m

 (13 TeV)-112.9 fbCMS Preliminary



Simon Regnard (LLR / École polytechnique) ICHEP - Chicago - August 4th 201621

 (GeV)l 4m
100 110 120 130 140 150 160 170

   
   

   
  

ZH
D

0

0.2

0.4

0.6

0.8

1

1.2

Ev
en

ts
 / 

bi
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
 4e
µ 4
µ 2e2

untagged
VBF-1j tagged
VBF-2j tagged

VH-lept. tagged
VH-hadr. tagged

H taggedtt

 (13 TeV)-112.9 fbCMS Preliminary

 (GeV)l 4m
100 110 120 130 140 150 160 170

   
   

   
  

W
H

D

0

0.2

0.4

0.6

0.8

1

1.2

Ev
en

ts
 / 

bi
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 4e
µ 4
µ 2e2

untagged
VBF-1j tagged
VBF-2j tagged

VH-lept. tagged
VH-hadr. tagged

H taggedtt

 (13 TeV)-112.9 fbCMS Preliminary

 (GeV)l 4m
100 110 120 130 140 150 160 170

   
   

   
  

2j
et

D

0

0.2

0.4

0.6

0.8

1

1.2

Ev
en

ts
 / 

bi
n

0

0.1

0.2

0.3

0.4

0.5
 4e
µ 4
µ 2e2

untagged
VBF-1j tagged
VBF-2j tagged

VH-lept. tagged
VH-hadr. tagged

H taggedtt

 (13 TeV)-112.9 fbCMS Preliminary

 (GeV)l 4m
100 110 120 130 140 150 160 170

   
   

   
  

1j
et

D

0

0.2

0.4

0.6

0.8

1

1.2

Ev
en

ts
 / 

bi
n

0

0.05

0.1

0.15

0.2

 4e
µ 4
µ 2e2

untagged
VBF-1j tagged
VBF-2j tagged

VH-lept. tagged
VH-hadr. tagged

H taggedtt

 (13 TeV)-112.9 fbCMS Preliminary

Production discriminants vs. m4l
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Categories: signal & background yields

118 < m4l < 130 GeV



Simon Regnard (LLR / École polytechnique) ICHEP - Chicago - August 4th 201623

VH-hadronic-tagged event
VH-hadronic-tagged H→ZZ*→2e2μ candidate

m4l = 124.74 GeV         Dbkgkin = 0.578
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Fiducial cross section measurement

Number of expected events expressed as:
Summary of different SM signal models:
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Combined mass-width measurement

‣ Using on-shell only  
(105 < m4l < 140 GeV) 
 
ΓH =             GeV (68% CL) 
ΓH < 3.9 GeV (95% CL)

‣ Using on-shell & off-shell 
(100 < m4l < 1600 GeV)
✦ Ratio of on-shell to off-shell cross 

section is very sensitive to the 
width; modest model-dependence.

✦ Signal parameterization includes 
interference.

ΓH =                  GeV (68% CL) 
ΓH < 41 MeV (95% CL)

 mH unconstrained

 mH unconstrained
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Anomalous HZZ couplings
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‣ Anomalous contributions to the tensor 
structure of HZZ interactions 
characterized by coef. a2, a3, & Λ1. 

‣ Described with effective on-shell 
fractional cross sections & phases

‣ Unbinned ML fit to 3D distributions of 
3 dedicated discriminants



Simon Regnard (LLR / École polytechnique) ICHEP - Chicago - August 4th 201627

‣ Dedicated matrix-element discriminants:

‣ Usage in measurements:

Anomalous HZZ couplings: discriminants
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Anomalous HZZ couplings: distributions
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Search for high-mass resonance

float VBF fraction assume pure VBF production

‣ General search for a scalar resonance gg/VBF→X(mX,𝛤X)→ZZ→4l
✦ any mass 130 < mX < 2500 GeV, any width 𝛤X

‣ Parameterization based on MCFM+JHUGen, includes interference between 
X(mX,𝛤X), H(125) off-shell tail, background as one process.

‣ Unbinned ML fit to the m4l distribution in [100, 3000 GeV] 
➔ constrain cross section σX of pure signal process:


