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Introduction
● The observation of a new boson at the LHC started an era 

of precision measurements for the characterization of the 
new state 

● Today, two years later, CMS closes chapter on Higgs 
measurements with the final harvest of results from the full 
Run I dataset
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Data sample 

Search era
(+past) 

Observation [5+5 fb-1]

Measurement era
5+20 fb-1 until today
(+future)
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Higgs production @ the LHC
we are here

gluon fusion

vector boson fusion

Assoc. production with W,Z

Assoc. production with tops

● Many production modes with 
distinct signatures
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Higgs decay modes

● H → gg extremely difficult @ the LHC

● Probably expected to see Zγ and μμ with very high 
luminosity

we are here

to vector bosons

to photons via loops

to fermions
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Summary of CMS searches

★ 
“seen”
☆ 
“tried”

H→bbb H→ττ H→WW* H→ZZ* H→γγ H→Zγ H→inv. H→μμ

ggH ★ ★ ★ ★ ☆ ☆

  VBF ☆ ★ ★ ☆ ★ ☆ ☆ ☆

VH ★ ☆ ☆ ☆ ☆ ☆

ttH ☆ ☆ ☆ ☆ ☆

● First of all, we have 
found only one Higgs 
boson around 125 GeV

● Even if we would find  it 
had it been elsewhere...
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H   ZZ*   4 charged leptons→ →
● Signature of 4   high 

quality leptons

● add  tagged photons  
from FSR

● Small and flat (in mass) 
backgrounds

● SM qq/gg → ZZ → 4l
● Z+ bb/cc , top pairs

● Excellent mass 
resolution 

μ

μ

μ

μ

FSR γ

●  Fully reconstructed final state

● Exploit angular information to reject 
background and measure spin-parity 
properties

Phys.Rev.D 89, 092007
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H   ZZ*   4l distributions → →

● Fold angular information in a kinematic discriminant to separate Higgs 
and SM qq → ZZ background

● Data distributions in agreement with expected SM Higgs signal

● Expected significance of 6.7σ (obs. 6.8 σ)

 Phys.Rev.D 89, 092007
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H   ZZ* mass and signal strength→

● M
H
 = 125.6 ± 0.4 (stat) ± 0.2 (syst) GeV

● Consistency between the different four 
lepton final states

● μ= 0.93 +0.26 
-0.23

● Global signal strength and 
strength by production 
mode in agreement with 
SM

Phys.Rev.D 89, 092007
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H   WW*   2l2→ → ν
● Two high quality OS leptons+ 

ME
T

● Final state not fully 
reconstructed

● Broad signal peak

● Large expected yield  for 
properties measurements

● once the mass is known

● Exploit angular correlations to 
reject background 

● Analysis performed in categories

● Based on # jets including 
exclusive VBF tagging (di-jet)

● Based on di-lepton signature

● Using also tri-lepton events to 
probe VH

JHEP 1401 (2014) 096
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H   WW* results  →

0/1 jet
VBF

● Excess observed on top of the broad 
backgrounds

● Expected significance of 5.8σ (obs. 4.3σ)

● Signal strength @ 125.6 GeV = 0.72 +0.20 
-0.18

  

JHEP 1401 (2014) 096
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H   → γγ
● Reconstruct a pair of high 

quality photons

● Smooth falling background 
spectra

● Direct di-photon production
● Events with fake photons

● Excellent mass resolution 
required!

NEW!

Improvements to the analysis

● Latest ECAL calibration

● Run dependent MC

● Better modeling of out of 
time PU

● New background model

● Analysis chain 
re-optimized

● Additional exclusive 
categories

● Improvement on energy 
scale systematics

Improved 
resolution

Improved 
selection

Background 
model

+9%

+9%

+7%

arXiv 1407.2856

Expected sensitivity
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H   → γγ photon and vertex ID
● Built out of ECAL clusters expanding 

on the bending plane 

● Same clusters used for electrons
● Conversion pairs also tagged

● Deploy a multivariate discriminant

● using shower shape and isolation 
information

● MVA vertex selection using di-photon 
kinematics and vertex information

● Validated with Z → μμ after removing 
muon tracks

● And re-reconstructing vertices 

arXiv 1407.2856

NEW!
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H   → γγ event categorization
Discarded events

● Di-photon discriminant defines 
categorization 

● for non-exclusive categories

● based on kinematics and mass 
resolution 

arXiv 1407.2856

NEW!

Exclusive event classes

VBF di-jet

loose

medium

tight

VH di-jet

VH lepton

loose

tight

VH MET

ttH leptonic

ttH multijet

With MVA ala 
untagged
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H   → γγ category composition

● Untagged and di-jet categories split based on output of multivariate 
discriminants

● Resolution varies from 1.0-2.6 GeV in categories

arXiv 1407.2856

NEW!



M.Bachtis CERN­LHC Seminar 15/07/14 16

H   → γγ combined mass spectra

● Visible excess at ~ 125 GeV

● Even unweighted

arXiv 1407.2856

● Expected Significance of 
5.2σ(Obs 5.7σ)

NEW!
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H   → γγ mass measurement 
Photon Calibration @ ~ 45 GeV 

with Z → e+e-  

Boosted Zs: Higher ET  

Data to MC Photon/ Electron differences
based on knowledge on the material,

scintillation light peak in the crystal and
imperfections in the shower simulation

±
0.05 G

e V
±

0.10 G
e V

±
0.

10
 G

eV

arXiv 1407.2856

NEW!
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H   → γγ signal strength 

● Signal strength of 1.14 +0.26 
-0.23 

 
 

● Compatibility between categories, production modes and with 
the SM

arXiv 1407.2856

NEW!
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Mass combination
● Combination of H → γγ and 

H → ZZ

● Floating yields for 
production and decay

● Individual final states 
compatible @ 1.6σ level 

NEW!

CMS PAS HIG-14-009
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H   → ττ
● Reconstruct a tau pair

● Plethora of final states based 
on tau decay modes

● Experimental challenges

● Hadronic tau identification 
● Di-tau mass reconstruction

JHEP 1405 (2014) 104
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H     results→ ττ

JHEP 1405 (2014) 104

● Expected 3.7σ (obs 3.2σ)

● Signal strength =0.78 ±0.27 @125.6 
GeV  
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H   bb and fermion combination→

● Obs.(Exp) Significance of ~2σ 
@ 125 GeV

● Diboson(VZ) peak extracted as 
cross check >6σ

● Combination with di-tau final 
state provides solid evidence for 
fermionic decays of the Higgs 
boson

Nature Phys. 10 (2014)Phys.Rev.D 89, 012003
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Probing directly the top coupling
● Top coupling  can be probed at tree level 

via ttH production

● Very low cross section but unique 
experimental signature → bbWWH

CMS ttH analyses as of today
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ttH combined results

● Expected uncertainty on signal strength ~ 100% 

● Mild excess observed in SS di muon events
● Within two standard deviations wrt SM expectation 

JHEP 05 (2013) 145, CMS PAS-HIG-013-019/020

0.7

NEW!
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Combined signal strength

  

per decay

● Uncertainty at 15% level

● Theoretical systematics start 
to become important

● Compatibility between 
measurements and with SM

per production

ttH → multileptons
and diphotons

CMS PAS HIG-14-009

NEW!
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Measurement of the couplings (I)
In each analysis we measure: 

Defining deviations from the SM couplings of the form:

the signal strength is 

The total width deviation in principle depends on all couplings

For a given set of coupling deviations,a fit is performed 
in all final states

+ BSM contribution
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Measurement of the couplings(II)

● Loops can be resolved (at NLO QCD and LO EWK)

● Or assume effective couplings [model independent]
● Assume undetected states 100% correlated with similar detected
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Simplest model [κ
V
κ

F
]

● Scale all fermions couplings by the same factor and all vector boson 
couplings by the same factor

● Negative sign allowed due to destructive interference in di-photon 
loop

● Compatibile with the SM 
CMS PAS HIG-14-009

NEW!
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Other models
● Six benchmark models studied

● Fermions vs bosons
● Test of Custodial symmetry 

(W vs Z)
● Up vs down fermions 

– Interesting for 2HDMs
● Quarks vs leptons

– Common (Yukawa) 
structure?

● Physics in the loops

– New physics at nearby 
scales?

● Extra width to BSM?
● No significant deviations

CMS PAS HIG-14-009

Only κ
g
κ

γ
 floating

NEW!
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More general model
● Assuming effective loop 

couplings for quarks and 
gluons

● Top coupling from ttH

● Gluon coupling from gluon 
fusion

● Top coupling directly from ttH

● Gluon coupling from gluon 
fusion production

● Compatibility with the SM

● With larger statistics, will 
start looking at deviations... 
 

CMS PAS HIG-14-009

All parameters floating and κ
V
 ≤1

NEW!
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Higgs width from off­shell ZZ
● Off-shell production sizeable at 

high mass

● ~7.6% of the total cross 
section > 2Mz

● Destructive interference 
between H and gg → ZZ

arXiv 1405.3455

On-shell and off-shell production
comparison  constrains the width:

● Mild model dependence

● No new physics at high M
ZZ

● Gluon fusion production and 
ZZ decay

● Four lepton final state

● 2D fit in mass and gluon 
fusion discriminant 

● 2l2ν final state

● 1D fit in transverse mass

Final states
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Results on bounds on Γ
tot

● Expected width < 30 MeV @95%CL 

● Observed width<22 MeV 
● SM Width of 4.15 MeV

 arXiv 1405.3455
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Anomalous couplings in spin 0
Generic decay amplitude  in H → VV defined in terms of complex and 
momentum dependent couplings (up to q2) 

● Zγ* and  γ*γ* only present in the ZZ* case

● Λ
1 
→ scale of new physics affecting tree level VV* coupling

● goal → extract the α
i
 parameters!

 

NEW!
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Analysis strategy in ZZ* and WW* 
● Instead of the couplings themselves define ratios of cross 

sections:

● In the ZZ* final state possible 
to perform 8D fit to extract the 
results

● Dimensionality can be 
reduced to 2D /3D by 
exploiting kinematic 
discriminants

● Both real and complex 
couplings are studied 

● In the WW* final state, angular 
information is packed in  the 
transverse mass and the 
dilepton mass distributions

● Use 2D templates 
● Only real couplings studied

NEW!
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Probing a single coupling in ZZ*

● Real phases (0 or π)

● Good agreement between different techniques

● Better observed exclusion in fa3

 

NEW!
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Probing 2D couplings

NEW!

● 2D fit of fa
2
 vs fa

3
 with real phases

● Good agreement between discriminants and multidimensional fit

● 2D fit of fa2 vs fΛ
1
 using the kinematic discriminant method

● For real phases and after profiling the phases
● As expected lower sensitivity when profiling

● Observation consistent with the SM
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Hypotheses tests for J=1,2 
Combining ZZ* and WW* final states 

 

Several pure states have been considered

All alternative hypotheses excluded > 99% CL
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Search for LFV Higgs decays
Search for H → τ

had
μ

μ

ν
τ

ν
μ

ν
τ

τ
had

τ
had

μ

μ
ν

μ

ν
τ

ν
e

ν
τ

μ

ν
e

ν
τ

ν
τ

e e

Search for H → τ
e
μ

SM LFV

LFVSM

● Main backgrounds: Z/H → ττ

● Similar strategy as in the di-tau 
analysis

● Exploit collinearity between tau and 
MET

● Use collinear approximation

CMS PAS HIG-14-005

NEW!

generator level
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LFV Higgs mass distributions

CMS PAS HIG-14-005

NEW!

0 Jet 1 Jet VBF

τ
had

μ

τ
e
μ
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Limits on BR(H    μ)→ τ NEW!

● Expected  limit on BR(H → μτ) =  0.75% @ 95% CL

● Observed limit=1.57% @95% CL
● Mild excess on data at the level of 2.5σ 
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FV Yukawa couplings

● Promising future in the LFV Yukawa sector 
CMS PAS HIG-14-005

NEW!
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Invisible Decays
● Higgs → a portal to dark matter 

searches
● CMS searches in VBF  and ZH

● Z → l+l- /bb

arXiv 1404.1344
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Invisible Decays: Results

● Expected limit of 
44% in the invisible 
BR @ 95% CL

● Observed limit 
51%

● BR results reinterpreted in the context of Higgs portal of DM 
interactions

● LHC Higgs search improves reach at low DM mass 

arXiv 1404.1344
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Improving ttH with  H   bb→
● Improved sensitivity by introducing event probability

● Based on ME probabilities

● 30% improvement in the 
expected limit wrt previous CMS 
result!

CMS PAS HIG-14-010

NEW!
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Prospects for H   μμ→

● Analysis a la di-photon 

● Expected limit of 5.1 x SM [25x more data to probe it]

● Leptons not universal regarding Higgs decays ! 
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Conclusions
● CMS closes chapter of Higgs measurements

● After the publication of the combination paper the main 
Run I analyses will be finished

● Focus on preparation for data taking next year

● Excellent results with many measurements in many 
final states and production modes

● With the current statistical precision we observe a 
Higgs boson fully consistent with the SM
● Regarding couplings and spin-parity properties

● Focus on using the new particle as tool to probe 
new physics  (directly or indirectly)
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Additional material



[http://cern.ch/go/PT9c]



[http://cern.ch/go/PT9c]



[http://cern.ch/go/PT9c]



[http://cern.ch/go/PT9c]



[http://cern.ch/go/PT9c]



@CMSexperiment 
@ICHEP2014

a.david@cern.ch
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[http://cern.ch/go/PT9c]



@CMSexperiment 
@ICHEP2014

a.david@cern.ch
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[http://cern.ch/go/PT9c]



@CMSexperiment 
@ICHEP2014

a.david@cern.ch
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[http://cern.ch/go/PT9c]



Diphoton background model



Di­photon background model



Summary of couplings 



Production mode scaling



Di­photon  analyses Compatibility 



Production modes
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