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Introduction 

q  m4l distribution at the time of the 
discovery (summer 2012) 

q  Several channels were combined 
(H→γγ, H→ZZ→4l, 
H→WW→2l2ν, ..) 

q  H→ZZ→4l alone was 3.2σ (3.8σ 
expected) at 125.6 GeV 

 
In this talk 
q How did we achieve this? 
q Where do we stand now?  
q Recent measurements? 

 

PLB 716 (2012) 30  



3 

SM Higgs production 

q  Several production processes: ggF, 
VBF, VH, ttH 

q  ggF dominates but exclusive modes  
start to be accessible 

q  Lower cross section but additional 
handles to reduce backgrounds 

q  VBF: 2 tagging jets with large η 
separation and invariant mass 

q  VH: leptons from associated V=W,Z 
q  ttH: leptons, jets, missing ET from 

associated tt pair 

 
q  Large increase with energy (in 

particular for ggF and ttH) 
q  Large QCD corrections 
q  Precision era for QCD corrections: 

N3LO for inclusive, NNLO for 
exclusive modes 
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SM Higgs decay 

Variety of accessible decays at the 
mass chosen by nature! 

q  H→bb: dominates, very high background 
q  recent 3.8σ (7+8+13 TeV, VH, ttH, VBF 

and ggF!)  

 

q  H→ττ: high BR, high background (Z→ττ) 
q  recent 5.9σ (7+8+13 TeV, inclusive and 

boosted topologies)  

 

q  H→γγ: high resolution channel, small BR, 
large background 

q  >5σ alone already at run I, exploring 
production modes, differential cross 
sections  

 arXiv:1709.07497 
arXiv:1708.00373 
CMS-HIG-17-015 

More on H→tt, ttH, 
H→bb in backup 
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SM Higgs decay 

q  H→ΖΖ→4l: high resolution channel, very 
small BR (Z→ll), small background 

q  >5σ alone already at run I, exploring 
production modes, differential cross 
sections 

q  Other decay modes also explored 
(ΖΖ→2l2q, ΖΖ→2l2ν) mostly for high 
mass searches  

 

q  H→µµ: high resolution channel, very small 
BR, large background (DY) 

q  Run I limit (promising results from 
ongoing 13 TeV analysis) 

 
Variety of accessible decays at the 
mass chosen by nature! 
Permits to study the couplings to 
VV, fermions and top! 

PLB 744 (2015) 184 
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Higgs results at Run I 

Eur. Phys. J. C 75 (2015) 212 

q  Couplings to bosons: 
20-25% precision 

q  Couplings to 3rd generation 
fermions: 30-50%  

q  Coupling to µ: upper limits 
 Higgs couplings to SM particles expected mass dependency 

Measure this with more precision at run II, run III and HL-
LHC 
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H->ZZ->4l 

The H→ZZ→4l channel is the most sensitive 
channel for Higgs measurements 

H→ZZ→4l 

PLB 716 (2012) 30  

q  Very clean, large S/B ratio, excellent resolution, full reconstruction of the final state  
q  Golden channel for the discovery and measurements of Higgs properties 
q  Couplings to bosons, mass, spin/CP, width 

q  Best sensitivity @ 125 GeV 
q  H→γγ upward fluctuation at the 

time of discovery, now 
H→ZZ→4l ahead and it will stay 
like this  

q  Best single-channel mass 
measurement 

q  Recent result: mH=125.26±0.20 
(stat) ±0.08 (syst) GeV 
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H->ZZ->4l 

q  Topology: 4 identified and isolated leptons, very clean 
q  Analysis relies on (efficiency)4 of selecting leptons 
q  One off-shell Z: high lepton identification down to low pT, the hard part 
q  Precise momentum calibration needed for  the mass measurement (relies on Z→2l) 

H→ZZ→4l 

mH=126.9 GeV 
mZ1=75.9 GeV (µµ) 
mZ2=29.2 GeV (ee) 
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Reconstruction: electrons Reconstruction: electrons 

q  Electrons measured within |eta|<2.5, pT>7 GeV 
❏  Main challenge is bremsstrahlung, up to ~2X0 of material 

before ECAL 
q  Superclusters in ECAL + dedicated track finding and GSF fit 

❏  Collect energy spread in phi 
❏  Cope with change of curvature and non-Gaussian E-loss 

q  Momentum from regression and combined E-p measurement 

q  E-scale and resolution 
checked with Z→ee 

calibration 
within  0.3%! 

arXiv:1706.09936 

JINST 10 (2015) P06005 

Measure data/MC for 
different bins of PU/pT/η/
electron category: 0.3% 
residuals, propagated to m4l 
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Reconstruction: electrons Electron identification & isolation 

q  Multivariate discriminant  
q  Observables sensitive to bremsstrahlung, geometrical and 

momentum track-cluster matching, shower shape in 
ECAL,  tracking observables 

q  Performance optimized for H→ZZ→4l 
q  Efficiencies measured using Z→ee events (tag & probe) 

e/jet discriminant (endcaps) Efficiency (central barrel) 

matching variable: Δη (barrel) 

tracker variable: fbrem (0.8<|η|<1.44 

JINST 10 
(2015) P06005 

ε>90% for pT>20 GeV 
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Reconstruction: muons Reconstruction and identification: muons 

q  Muons measured within |η|<2.4, pT>5 GeV 
❏  Combine inner tracks and tracks from muon chambers 

q  Calibration checked using Z decays  
q  Residuals propagated to m4l to estimate the scale uncertainty 
q  Identification: inner and muon tracks quality and matching 
q  Efficiency measured using Z and J/Ψ (tag & probe) 

muon efficiency 
measurements below 
15 GeV uses J/Ψ  

calibration 
within  0.1%! 

arXiv:1706.09936 

ε>95% for pT>5 GeV 
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Analysis strategy 

q  >= 4 prompt and isolated leptons 
❏  pT>20/10 GeV for the two highest pT leptons 

(consistency with trigger) 
❏  Leptons selected if pT>7(5) GeV for e(µ)  

q  Construct Z candidates including FSR 
recovery (ΔR<0.5, updated algorithm) 

q  Select Z1 as closest to nominal Z mass with 
40 < mZ1 < 120 GeV 

q  Select Z2 from remaining highest pT leptons 
and 12 < mZ2<120 GeV 

q  Require m(ll)>4 GeV to suppress QCD 
resonances (any combination) 

 

Event selection 

PRD 89 (2014) 092007 
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Analysis strategy 

q  qq→ZZ→4l events form the dominant 
and irreducible background 
❏  Estimated from MC with NNLO/LO 

correction 

q  Additional reducible background from Z
+jets, ttbar. WZ+jet (Z+X) 
❏  Estimated from data using control 

regions (2 different methods) 

q  Higgs signal manifests as a sharp bump 
over a smooth background distribution 

q  Maximum likelihood fit to extract the 
Higgs signal 

Measurement strategy 

Z→4l peak 

H→4l peak 

ZZ continuum 

Reducible background 

arXiv:1706.09936 
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q  Construct a likelihood discriminant using 
matrix  that encodes angular information to 
discriminate qq→ZZ background 
❏  Also used in mass, spin/CP measurements 

Analysis strategy Measurement strategy 

q  Use per-event mass uncertainties to exploit the 
knowledge of lepton measurement quality 
q  From per-lepton momentum uncertainties, 

calibrated  using Z events, and propagated to m4l 

q  6 categories to 
maximize the 
sensitivity to the 
different production 
modes  

arXiv:1706.09936 
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Results Mass measurement 

q  3D fit that exploits event-by-event mass uncertainties: (m4l, Dkin, δm4l)  
q  Mass measurement also uses Z1 mass constraint 

Compatibility between 
the 3 channels: 
p-value = 2.5% 

Most precise run I + run II result: total uncertainty of 210 MeV, still dominated by statistics 

ATLAS+CMS run I combination:    

arXiv:1706.09936 

mH = 125.26 ± 0.20 (stat) ± 0.08 (syst)  
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Results Higgs production 

Combined signal strength at mH=125.09 GeV (run I combination): 

Signal strength in each category Signal strength per production mode 

arXiv:1706.09936 
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Differential cross sections 

q  Higgs measurements using H→ZZ→4l (and H→γγ) have entered precision era 
q  In addition to mass precision of ~0.17%, now measure differential cross sections 

Statistics still limited, but good agreement with theory so far 

Differential cross-sections 

arXiv:1706.09936 
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The Higgs lineshape Spin/CP 

q  Spin/CP well established since run 1 
q  Likelihood discriminants built for several BSM 

hypotheses 

All results consistent with 0+  
   Pseudo-scalar and spin-1 hypotheses excluded at 99% CL 
   All tested spin-2 hypotheses excluded at 95% CL or more 

PRD 89 (2014) 092007 
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The Higgs lineshape Anomalous couplings 

Results consistent with SM 

q  Study anomalous HVV couplings combining 7, 8 
and 13 TeV data 

 

q  SM: a1=1, ai=0 for i>1 
q  Effective  fractional cross-sections fai and phase 

φai 68% and 95% CL 

CMS-HIG-17-011 (submitted to PLB) 

Decay discriminant has a 
small forward-backward 
asymetry giving rise to a 
preference at ~0.3 in run 2 
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The Higgs width 

q  The decay width is a fundamental parameter  
❏  Relates to the couplings to all (massive) 

particles in the spectrum, therefore 
sensitive to BSM physics 

q  ΓH ~ 4 MeV in the SM @ 125 GeV 

 
 

  

q  Current (excellent) experimental resolution far off 
for a direct measurement 
q  σm/m~1-3% for H → ZZ → 4l 

q  Constraint from resonance width in H → ZZ → 4l:  

 
 

  

ΓH < 1.1 GeV @ 95% CL 

Higgs width 

arXiv:1706.09936 

LHCXSWG 
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N. Kauer and G. Passarino, JHEP 08 (2012) 116 

q  Enhancement in the decay from the 
vicinity of the ZZ threshold 

q  Enhancement in the production (ggF 
only) at the 2mt threshold 

q  Net result: ~8% of the total cross 
section above 2mZ (off-shell region) 
q  Enhanced by experimental cuts in 

the on-shell region => ~20% 

 

H→VV* 

H*→WW     
H*→ZZ     

8 TeV 

Threshold effects 
at 2mZ and 2mt 

Recover CPS 
(~BW) trend 

gluon-gluon fusion production 

Off-shell Higgs production 

q  Well-known very peculiar line-shape 
for H → ZZ: long tail H*→ ZZ 
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Off-shell and on-shell yields 

q  In the narrow width approximation: 

~mH 

q  The off-shell cross section is independent of ΓH (stay true in CPS) 
q  The combined measurement of the on-shell and off-shell production and decay yields 

is equivalent to a measurement of the width 
q  Assuming no BSM particles in the ggF loop 

 

mZZ>>mH 

Higgs width from off-shell production 

F. Caola & K. Melnikov Phys. Rev. D 88 (2013) 054024  
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ResultsResults (run I) 

JHEP 09 (2016) 051 

 (GeV)4lm
300 400 500 600 700 800

Ev
en

ts
 / 

bi
n

0

2

4

6

8

10 Data
 = 1)µ, SM

HΓ× = 10HΓAll contributions (
 = 1)µ, SM

HΓ = 
H

Γ ZZ (→gg+VV 
 ZZ→ qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 > 0.65ggMELA D

PLB 736 (2014) 64 

Latest combination using 
H→ZZ→4l, H→ZZ→2l2nu and 
H→WW→2l2nu off-shell events 
(+ on-shell H→ZZ→4l events) 

q  ΓH < 13 MeV @ 95% CL (ΓH < 26 MeV expected) 
q  Very tight constraint on ΓH (assuming no new particles in the ggF loop) 
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ResultsHiggs width Run II results (H→ZZ→4l) 

Direct measurement (95% CL): 
ΓH < 1.1 GeV (1.6 GeV expected) 

Off-shell measurement (95% CL): 
ΓH < 41 MeV (32 MeV expected) 

mH unconstrained 
for both meausrements 

Model independent Some model dependency 

arXiv:1706.09936 



Conclusion 

PRD 89 (2014) 092007 
(Nobel announcement) 

PLB 716 (2012) 30 
(discovery) 

2005 

2012 

2013 

2016 

… 

1993 

Higher energy, more data 
arXiv:1706.09936 

Prospective studies (Eur. Phys. J 
C 952 (2005) 41) 

Discovery 
PLB 716 (2012) 30 

Nobel announcement 
PRD 89 (2014) 092007 

After prospective and discovery, moving 
on towards refined measurements: 
production modes, differential cross 
sections, constraints on the width and 
anomalous couplings 
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Conclusions Backup 
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A 4e candidate A four lepton event 
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q  Pgg,a (Pqq,a) are the probabilities gg → ZZ signal + backgd + interference   
(qq → ZZ) from MCFM matrix elements  
 

 

MELA discriminant 

q  In the matrix element likelihood approach (MELA), design  a specific 
discriminant for gg → ZZ production 

q  7 kinematic variables characterize the production and decay (mZ1, mZ2 and 
5 angles) 
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Mass constraint 

arXiv:1706.09936 

Signal strength results 
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Mass constraint 

arXiv:1706.09936 

Expected and observed events 
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Mass constraint 

arXiv:1706.09936 

Fiducial region definition 
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Mass constraint 

arXiv:1706.09936 

Mass constraint 
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The idea 

q  Off-shell yield ~ (coupling product)2 

q  A scaling of the width and couplings 
leaves the on-shell region unchanged 
while it affects the off-shell yield 

q  Note: the analysis presented here is a combined measurement of the off-shell and on-
shell regions (improved wrt Moriond) 

q  Interferences between the signal and the 
background needs to be taken into account 
(sizeable at high mass, unitarization) 

PLB 736 (2014) 64 

F. Caola & K. Melnikov Phys. Rev. D 88 (2013) 054024  

The Higgs lineshape 
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The idea 

q  Four decay topologies for H→ττ: eµ, eτh, µτh, τhτh 

q  Three production modes: 0-jet (gg), VBF, boosted 

q  Irreducible source of systematics: W+jets, DY Z/γ→ll, ττ, ttbar, QCD 

arXiv:1708.00373 

Higgs coupling to taus

Signal strength µ = 1.09 +0.27
-0.26 , significance 4.9σ (4.7σ)  

Combined with Run 1: µ = 0.98 ± 0.18, significance 5.9σ (5.9σ)  

First single experiment observation: fermion Yukawa, lepton, 3rd generation 
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The idea Higgs coupling to top quarks 

µ = 1.5 ± 0.3 (stat) ± (0.4 syst)  
3.5σ (3.2) evidence for ttH in multileptons 

q  Multilepton analysis: WW, ZZ and ττ with at least one top decaying leptonicaly 
q  2l SS, 3l, and >=4l categories 

q  Irreducible backgrounds: ttW, ttZ, WW CMS HIG-17-004 
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The idea 

CMS HIG-17-004 

Higgs coupling to b quarks 

3.3σ obs. (2.8) exp. Significance with 13 TeV data 
Combination with 7 and 8 TeV: 3.8s obs. (3.8 exp.) 

q  H→bb: expected BR=58%, large backgrounds in main production mode 
q  Studied in associated production: VH, H→bb, V=W,Z 

q  Irreducible backgrounds: Zbb, Wbb, Zb, Wb, Z+jets, W+jets 

arXiv:1709.07497 
Submitted to PLB 
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The idea Higgs coupling to b quarks 

1.5σ obs., consistent with expectation 

q  First search for inclusive gg→H→bb using boosted topologies 
q  Previously considered impossible because of the huge QCD background (~103) 
q  Higgs pT>450 GeV reconstructed as a single fat jet 
q  Using state-of-the-art jet substructure techniques and dedicated b tagging 

arXiv:1709.05543 
Submitted to PLB 

q  Z→bb as control 
q  5.1σ observation, first observation 

in single jet toplogy 


