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Channel Run Event Lumi MZ1 MZ2 4l mass

µµeτ 161217 346679510 396 90.4 70.6 255.1

eeeτ 163659 269046597 355 79.6 45.8 207.1

µµeτ 171178 11119024 12 85.3 54.3 182.0

µµµτ 172014 91568080 58 94.1 63.2 259.7

eeeτ 172252 47105541 40 92.3 52.5 178.8

µµµτ 172635 238215970 159 92.4 31.8 156.1

µµeµ 177184 12646620 10 88.8 66.4 187.6

eeeτ 177718 736335702 469 92.1 58.1 233.7

eeττ 178100 391114712 335 91.0 62.9 310.8

µµeτ 179497 298873305 224 92.8 77.9 231.4

µµττ 177790 157798505 119 93.5 35.3 187.6

µµeµ 179889 291267852 195 60.6 46.6 108.8

µµττ µµµτ µµeτ µµeµ eeττ eeeτ eeµτ eeeµ

H200 0.18 0.27 0.36 0.14 0.16 0.35 0.22 0.13

H400 0.2 0.21 0.29 0.13 0.18 0.26 0.2 0.12

ZZJets 1.1 1.4 1.62 0.78 0.9 1.5 1.2 0.69

WZJets 0.04 0.17 0.15 0.06 0.02 0.14 0.13 0.07

TT 0 0 0 0 0 0 0 0

DYToLL 0.54 0 0.54 0 2.2 2.2 0 0

Data (2011A) 0 2 2 0 0 2 0 0

Data (2011B) 1 0 1 2 1 1 0 0

Standard Iso

µµττ µµµτ µµeτ µµeµ eeττ eeeτ eeµτ eeeµ

H200 0.19 0.33 0.44 0.18 0.16 0.41 0.26 0.16

H400 0.19 0.22 0.3 0.14 0.18 0.27 0.2 0.13

ZZJets 1.09 1.58 1.85 0.92 0.92 1.66 1.33 0.81

WZJets 0.04 0.19 0.16 0.11 0.03 0.16 0.13 0.1

TT 0 0 0 0 0 0 0 0

DYToLL 0 0.97 1.93 0 2.9 0.97 0 0

Data (2011A) 0 2 2 0 0 2 0 0

Data (2011B) 1 0 1 2 1 2 1 0

BR σ (fb)

2lτhadτhad 4.88E-04 2.96

2lτlepτhad 5.25E-04 3.18

2lτlepτlep 1.53E-04 0.93

µµµµ 2.88E-04 1.75

eeµµ 5.75E-04 3.5

eeee 2.88E-04 1.75
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Outline 

  Motivations 

  HZZllττ analysis in a nutshell 

  e, µ and τ identification and isolation 

  Background estimation 

  Results (5.1 fb-1 @ 7 TeV + 12.2 fb-1 @ 8TeV) 

  Conclusions 
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Motivations 

  Discovery of SM Higgs boson would shed light on the electroweak 
spontaneous symmetry breaking 

  It complements the SM Higgs search in HZZ*4l (l = e, µ) channel, the 
‘golden channel’ at CMS experiment 

  Reasonable cross-section and branching ratios 

  Strong signal and backgrounds separation power because of leptons in 
the final states 

  Either discover or exclude! 
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HZZllττ Analysis in a Nutshell 
  Signature: 

  Both Z are on mass shell: 190 < mH < 1000 GeV  

  Leading Z (Z1): µ+µ- or e+e- 

  Sub-Leading Z (Z2): τ+τ- 

  8 final states: µµτhτh, µµτµτh, µµτeτh, eeτhτh, eeτeτh, eeτµτh, µµτµτe, eeτµτe	



  Backgrounds: 
  Irreducible: ZZ (estimated from MC) 
  Reducible: WZ and Z associated with additional jets (estimated from data) 

  Selection strategy:  
  Trigger requirement 
  Leading Z selection 
  Leptons Identification and  isolation 
  Phase space requirements 
  τ discrimination against e’s and µ’s 
  τ isolation 

  Control from data: 
  Leptons (e, µ, τ) related efficiency 
  Reducible background estimation 
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Event Reconstruction 

 Leptons identification: 
  µ’s: Particle-Flow Id 
 e’s: Multivariate Analysis based Id 

 Lepton isolation (both µ’s and e’s): 
 Relative combined PF isolation (ρ correction with effective 

area) 

4.4. Hadronic Tau Identification and Isolation 84

PF Isolation. A ρ variable is defined for each jet in a given event and the

median of the ρ distribution for each event is taken. The correction to the

isolation variable is then applied according to the formula:

IPF
rel (ρ) =

��
pcharged

T + max(0,
�

Eγ
T +

�
Eneutral

T − ρ× Aeff )

�

P l
T

(4.2)

where effective area Aeff is the geometric area of the isolation cone times

a correction factor which accounts for residual dependence of the isolation

on pile-up as a function of pseudo-rapidity[8].

4.4 Hadronic Tau Identification and Isolation

Hadronic tau identification[55] is needed to discriminate the backgrounds

contributing to the signal region due to mis-identified objects (e, µ and jets)
as described in Section 3.3. To discriminate against backgrounds where a

lepton can be mis-identified like a tau, the muon and the electron discrimi-

nations are used. The HPS algorithm provides three working points for the

muon discrimination, described as following:

• Loose Muon Rejection: Requiring that the highest pT track in the

reconstructed tau should have no track segments in the muon detector.

• Medium Muon Rejection: Requiring that the highest pT track in the

reconstructed tau should have no hits in the muon detector.

• Tight Muon Rejection: Requiring that the highest pT track in the

reconstructed tau should have no hits in the muon detector. In the

Single Hadron category, it is further required that the ratio of the

sum of energy deposits in the ECAL and HCAL associated to this

reconstructed tau and the track momentum of HPS tau should be larger

than 0.2, corresponding to a veto of the energy deposition signature of

a minimal ionizing particle.

For electron rejection, the PF multivariate electron discriminator is used

(PF e/γ
mva)[56]. The HPS algorithm provides three working points for electron

discrimination, described as following:

• Loose Electron Rejection: Requiring PF e/γ
mva < 0.6.

• Medium Electron Rejection: Requiring PF e/γ
mva < −0.1 and the pseudo-

rapidity 1.4442 > |η| > 1.5666.

 Hadron Plus Strips (HPS) τ’s: 
 Combined isolation with Δβ correction 

4.4. Hadronic Tau Identification and Isolation 86

cone
4
. A large cone is used so that there are more statistics available for the

correction. The correction to the neutral isolation is given by the summed

energy, scaled by a correction factor, f∆β
. The isolation is defined as

IPF
(∆β) =

� �
pcharged

T + max(0, Eγ
T + Eneutral

T − f∆β × EPU
T )

�
(4.3)

where EPU
T is the charged particle pT sum from pile-up vertices. The

correction factor f∆β
is optimized from simulations defined as the ratio of

the slope of energy sum of PF charged particles in cone of ∆R < 0.8 and the

slope of energy sum of PF neutral particles in cone of ∆R < 0.5 as a function

of number of pile-up vertices. The optimized value is f∆β
= 0.0729.

The HPS algorithm provides the following four working points for isola-

tion:

• Very loose Combined Isolation: Requires sum of charged and ∆β-

corrected gamma isolation contributions < 3 GeV.

• Loose Combined Isolation: Requires sum of charged and ∆β-corrected

gamma isolation contributions < 2 GeV.

• Medium Combined Isolation: Requires sum of charged and ∆β-corrected

gamma isolation contributions < 1 GeV.

• Tight Combined Isolation: Requires sum of charged and ∆β-corrected

gamma isolation contributions < 0.8 GeV.

The isolation efficiency (ratio of number of of hadronic taus passing the

isolation requirements to the total number of hadronic taus) for all the HPS

tau working points are presented in Figure 4.1, parametrized in generated

tau pT and number of pile-up vertices. The reconstructed taus that match

to the generated taus within the cone of ∆R < 0.1 with pT > 0 GeV and

|η| < 2.3 are selected. In addition, the isolated taus are required to have

pT > 20 GeV. The Medium and Tight combined isolation working points are

used for this analysis [Section 4.6] with corresponding efficiency of 40–50%.

A flat behavior of both the working points is observed with respect to pile-up

vertices. Similar studies have been performed using data and a systematic

4All the decay products of tau are supposed to be found in the signal cone.

 Removal of overlap with 4l (l = e, µ) analysis: 
 Rejection of the event if additional loose e, µ or τ is found 
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Event Selection 
  Leading Z (µ+µ- or e+e-) Selection: 

  pT > 20 and 10 GeV for leading and sub-leading leptons respectively 
  Relative combined PF isolation < 0.25 
  60 < mZ1  < 120  GeV 

  Sub-leading Z (τ+τ-) Selection: 
  Fully hadronic (Zτh

+τh
-): 

  pT > 20 GeV for both the τh’s 
  Tight combined isolation with Δβ correction 
  30 < mZ2  < 90  GeV  

  Semi leptonic (Zτl
+τh

- or τl
-τh

+): 
  pT > 20 and 10 GeV for τh and lepton respectively 
  Medium combined isolation with Δβ correction 
  Relative combined PF isolation < 0.15(0.1) for µ(e) 
  30 < mZ2  < 90  GeV  

  Fully leptonic (Zτl
+τl

-): 
  pT > 10 GeV for both µ and e 
  Relative combined PF isolation < 0.25 for both µ and e 
  0 < mZ2  < 90  GeV 

  e: |η|< 2.5 

  µ: |η|< 2.4 

  τh: |η|< 2.3 
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Cut Flow Data to MC Comparison 

µµτhτh	

 eeτhτh	



 Good data to simulation agreement is observed at each 
selection step 

8 TeV 8 TeV 
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Reducible Bkg. Estimation (step I) 

 Measurement of Jet  τh, e, µ FR In the control region 
defined as: 
  Leading Z: as per base-line selection 
  Sub-leading Z: 

  Same charge for the two objects 

  No mass window 
  No isolation requirement for both objects 

  FR = No. of jets passing isolation / Total no. of jets 

  Measured for:  
  both τh working points (Tight and Medium) 
  Tight(<0.15) and Medium(<0.25) working points for µ’s 
  Tight(<0.10) and Medium(<0.25) working points for e’s 
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Control Regions (Jet  τh FR) 

µµτhτh	

 eeτhτh	



8 TeV 8 TeV 

 Good data to simulation agreement is observed 

  Z+jets is the dominant contribution 
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FR Measurements (Jet  τh FR) 

4.7. Background Estimation 120
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Figure 4.24: Data to MC comparison for the fake rates as a function of τ pT

for the medium (left) and tight (right) τ isolation working points with the
resulting fit overlaid, for 2011 and 2012.

7 TeV 7 TeV 
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Reducible Bkg. Estimation (step II) 

  By applying the measured FR in 
the region defined as: 
  Leading Z: as per base-line selection 
  Sub-leading Z: 

  Opposite charge for the two objects 
  No isolation check for the two objects 

  Categorization of the region: 
  Cat0: Leading Z + two fakeable objects 

(O1 and O2) 

  Both O1 and O2 are required to be 
anti-isolated 

  Cat1: Leading Z + one real object (O2) + 
one fakeable object (O1) 

  O2 is isolated and O1 is anti-isolated 

  Cat2: Leading Z + one real object (O1) + 
one fakeable object (O2) 

  O1 is isolated and O2 is anti-isolated 

  Final estimation: 

Cat0 (FF) Cat1 (FP) 

Cat2 (PF) Signal region 
(PP) 

F2= f2/1-f2 

F1= f1/1-f1 F1= f1/1-f1 

F2= f2/1-f2 

Leading Z + 

N1 N0 

N2 

σ (pp→H) (pb) BR (H→ZZ
∗
) σ (pp→H→ZZ

∗→4l) (fb)

H150 15.56 8.25E-02 13.23

H200 8.21 2.55E-01 21.26

H250 5.48 2.97E-01 16.50

H300 4.10 3.07E-01 12.75

µµττ µµµτ µµeτ µµµe eeττ eeeτ eeµτ eeeµ

H200 0.04 0.07 0.08 0.03 0.03 0.08 0.06 0.03

ZZ 0.15 0.27 0.27 0.11 0.13 0.22 0.2 0.1

WZ 0 0.03 0.02 0.01 0 0.01 0.05 0.01

ZBB/ZCC 0.01 0.01 0 0.02 0 0 0 0

Z+jets 0.11 0 0.1 0 0.09 0.08 0 0

IPF
rel (ρ) =

��
pcharged

T + max(Eγ
T + Eneutral

T − ρ.Aeff , 0.0)

�

pl
T

(1)

IPF
(∆β) =

� �
pcharged

T + max(Eγ
T + Eneutral

T − 0.0729× EPU
T , 0.0)

�
(2)

F (pT (τ)) = C0 + C1e
C2pT (τ)

(3)

FR =
τhpassmediumorloosediscriminators

initialnumberofτh
(4)

where

τp ∼ τh pass medium or loose discriminators

τi ∼ initial number of τh

NB =
NSF (pT (τ1)F (pT (τ2)

1− F (pT (τ1))F (pT (τ2))
(5)

NB =
NSF1F2

1− F1F2
(6)

NB =
NSF1

1− F1
(7)

NB =
NSF2

1− F2
(8)

Nest
tot = N0×F1×F2+(N1−N0×F2)×F1+(N2−N0×F1)×F2 = N1×F1+N2×F2−N0×F1×F2

4
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Final Results 

 Total events  in data: 45 

 Total bkg. expected: 39.4 
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Table 3: Estimated ZZ backgrounds for all the eight final states. The errors
quoted here are only statistical.

Decay Nest

ZZ
(2011) Nest

ZZ
(2012) Nest

ZZ
(2012 with SIP)

channel
µµτhτh 0.68 ± 0.02 2.69 ± 0.03 2.65 ± 0.03
eeτhτh 0.63 ± 0.02 2.38 ± 0.03 2.30 ± 0.03
eeτeτh 0.71 ± 0.02 2.68 ± 0.03 2.60 ± 0.03
µµτeτh 0.68 ± 0.02 2.65 ± 0.03 2.62 ± 0.03
µµτµτh 0.92 ± 0.02 3.72 ± 0.03 3.63 ± 0.03
eeτµτh 0.82 ± 0.02 3.19 ± 0.03 3.05 ± 0.03
eeτeτµ 0.53 ± 0.02 2.28 ± 0.03 2.24 ± 0.03
µµτµτe 0.59 ± 0.02 2.27 ± 0.03 2.21 ± 0.03
TOTAL 5.55 ± 0.05 21.86 ± 0.08 21.31 ± 0.08

Decay Nest

ZZ
Other Total mH Observed

channel backgrounds background 200 GeV
2012

µµτhτh 2.40 ± 0.04 4.23 ± 0.41 6.63 ± 0.41 0.66 ± 0.02 9
eeτhτh 2.21 ± 0.04 4.65 ± 0.46 6.86 ± 0.46 0.56 ± 0.02 10
eeτeτh 2.48 ± 0.04 4.00 ± 0.95 6.48 ± 0.95 0.72 ± 0.02 11
µµτeτh 2.42 ± 0.04 2.18 ± 0.62 4.60 ± 0.62 0.72 ± 0.02 0
µµτµτh 3.06 ± 0.04 1.15 ± 0.36 4.21 ± 0.36 0.92 ± 0.02 2
eeτµτh 2.67 ± 0.04 1.48 ± 0.40 4.15 ± 0.40 0.81 ± 0.02 4
eeτeτµ 1.70 ± 0.04 1.87 ± 0.95 3.57 ± 0.95 0.57 ± 0.02 3
µµτµτe 2.06 ± 0.04 0.84 ± 0.78 2.90 ± 0.78 0.60 ± 0.02 6
TOTAL 18.97 ± 0.09 20.39 ± 3.35 39.36 ± 3.35 5.56 ± 0.06 45

Table 4: Estimated ZZ backgrounds for all the eight final states. The errors
quoted here are only statistical.

Decay H200 (Simran) H200 (Raman)
channel
µµτhτh 0.70 ± 0.01 0.73 ± 0.01
eeτhτh 0.61 ± 0.01 0.60 ± 0.01
eeτeτh 0.73 ± 0.01 0.78 ± 0.01
µµτeτh 0.75 ± 0.01 0.81 ± 0.01
µµτµτh 1.05 ± 0.01 1.10 ± 0.01
eeτµτh 0.90 ± 0.01 0.91 ± 0.01
eeτeτµ 0.63 ± 0.01 0.60 ± 0.01
µµτµτe 0.62 ± 0.01 0.67 ± 0.01
TOTAL 6.0 ± 0.03 6.20 ± 0.03

5
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Systematic Uncertainties 

Final Results: 2011+2012 (5.05 + 5.26 /fb)

Decay Nest

ZZ
Other Total mH Observed

channel backgrounds backgrounds 200 ± 15 GeV

µµτhτh 1.47 ± 0.02 2.00 ± 0.30 3.47 ± 0.30 0.36 ± 0.01 2

eeτhτh 1.38 ± 0.02 1.62 ± 0.29 3.00 ± 0.29 0.33 ± 0.01 2

eeτeτh 1.58 ± 0.02 1.20 ± 0.36 2.78 ± 0.36 0.38 ± 0.01 8

µµτeτh 1.50 ± 0.02 1.25 ± 0.47 2.75 ± 0.47 0.39 ± 0.01 1

µµτµτh 1.96 ± 0.03 0.69 ± 0.17 2.65 ± 0.17 0.49 ± 0.01 0

eeτµτh 1.77 ± 0.02 0.82 ± 0.18 2.59 ± 0.18 0.45 ± 0.01 2

eeτeτµ 1.14 ± 0.02 0.84 ± 0.41 1.98 ± 0.41 0.28 ± 0.01 2

µµτµτe 1.25 ± 0.02 0.47 ± 0.26 1.72 ± 0.26 0.33 ± 0.01 3

TOTAL 12.07 ± 0.06 8.89 ± 0.91 20.96 ± 0.91 3.01 ± 0.03 20

Systematics uncertainties common to all channels

Source Uncertainty

Luminosity measurements 2011 2.2%

Luminosity measurements 2012 5.0%

Trigger efficiency 1.5%

Channel specific systematic uncertainties

Channel µ ID/Iso e ID/Iso τh ID/Iso τES

µµτhτh 1.01/1.01 - 1.1 1.04

eeτhτh - 1.02/1.01 1.1 1.04

eeτeτh - 1.04/1.02 1.06 1.03

µµτeτh 1.01/1.01 1.02/1.01 1.06 1.03

µµτµτh 1.02/1.02 - 1.06 1.03

eeτµτh 1.01/1.01 1.02/1.01 1.06 1.03

eeτeτµ 1.01/1.01 1.04/1.02 - -

µµτµτe 1.02/1.02 1.02/1.01 - -

Events in Data: 2011+2012 (5.05 + 5.26 /fb)

1
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Higgs mass mean mean event yield (µµτµτh) event yield (µµτµτh)
(GeV) (without re-weighting) (with re-weighting) (without re-weighting) (with re-weighting)
400 299.3 314.1 0.23 0.12
600 430.8 471.1 0.048 0.027
650 442.1 477.2 0.034 0.02
900 482.2 508.5 0.0047 0.0023

Final Results: 2011+2012 (5.05 + 5.26 /fb)

Decay Nest

ZZ
Other Total mH Observed

channel backgrounds backgrounds 200 ± 15 GeV
µµτhτh 1.47 ± 0.02 2.00 ± 0.30 3.47 ± 0.30 0.36 ± 0.01 2
eeτhτh 1.38 ± 0.02 1.62 ± 0.29 3.00 ± 0.29 0.33 ± 0.01 2
eeτeτh 1.58 ± 0.02 1.20 ± 0.36 2.78 ± 0.36 0.38 ± 0.01 8
µµτeτh 1.50 ± 0.02 1.25 ± 0.47 2.75 ± 0.47 0.39 ± 0.01 1
µµτµτh 1.96 ± 0.03 0.69 ± 0.17 2.65 ± 0.17 0.49 ± 0.01 0
eeτµτh 1.77 ± 0.02 0.82 ± 0.18 2.59 ± 0.18 0.45 ± 0.01 2
eeτeτµ 1.14 ± 0.02 0.84 ± 0.41 1.98 ± 0.41 0.28 ± 0.01 2
µµτµτe 1.25 ± 0.02 0.47 ± 0.26 1.72 ± 0.26 0.33 ± 0.01 3
TOTAL 12.07 ± 0.06 8.89 ± 0.91 20.96 ± 0.91 3.01 ± 0.03 20

Systematics uncertainties common to all channels

Source Uncertainty
Luminosity measurements 2011 2.2%
Luminosity measurements 2012 4.4%

Trigger efficiency 1.5%

Channel specific systematic uncertainties

Channel µ ID/Iso e ID/Iso τh ID/Iso τES

µµτhτh 1%/1% - 10% 4%
eeτhτh - 2%/1% 10% 4%
eeτeτh - 4%/2% 6% 3%
µµτeτh 1%/1% 2%/1% 6% 3%
µµτµτh 2%/2% - 6% 3%
eeτµτh 1%/1% 2%/1% 6% 3%
eeτeτµ 1%/1% 4%/2% - -
µµτµτe 2%/2% 2%/1% - -

Events in Data: 2011+2012 (5.05 + 5.26 /fb)

1

  30% Uncertainty on the reducible background estimation 

  Comes from fit uncertainty and data to MC mismatch in control regions  



llττ Invariant Mass and Exclusion Upper Limits 

 No access of events is observed as compare to expected bkg. 

 Observed limit is ~2 to 4 times the SM expectation in the range 
of 190 < mH < 600 GeV 
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7 + 8  TeV 



Conclusions 

  HZZllττ analysis has been 
performed for  (5.1 fb-1 @ 7 TeV + 
12.2 fb-1 @ 8TeV) data 

  No evidence found for a significant 
deviation from the expected 
backgrounds  

  Limit has been set @ 95 % CL for the 
mass range of 190 < mH < 1000 GeV 

  Observed limit is ~2 to 4 times the 
SM expectation for 190 < mH < 600 
GeV 

eeτeτh	



8 TeV 
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Thanks… 
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Back up 
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SM Higgs @ LHC 

Gluon fusion: gg→H 

Associated production 
with heavy quarks: ttH 

Vector Boson fusion: qqH 
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Data Samples and Triggers 
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MC Samples 
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e reconstruction 

  ECAL driven seeding: 
  Starts from super-cluster: energy 

collected in φ due to bramsstrahlung 
(ET > 4GeV) 

  GSF fit to cope with change in 
curvature: leads to hit collection 
upto ECAL 

  Tracker driven seeding: 
  Starts from very first hit in tracker and 

estimate the brem-cluster 
  Do the same for all hits 
  It increases the efficiency at low pT 

  Energy correction: 

  A weighted combination of E and 
p from ECAL and Tracker 
information 

  ECAL information obtained by 
technique, such as in Hγγ 
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structed using a dedicated modeling of the electron energy loss and fitted
with a Gaussian Sum Filter (GSF)[38].

Tracker driven seeding

In the case of electrons in jets, pollution of the supercluster energy by parti-
cles produced near the electron degrades the energy measurement. Tracker
driven algorithm helps in this case. The algorithm starts from all recon-
structed tracks and electromagnetic clusters. From the inner track position,
the bremstrahlung hypothesis is tested at the point on the calorimeter sur-
face calculated by extrapolating a straight line from the track position and
momentum vector at the corresponding detector layer, given in Figure 3.3.
The process is repeated for all layers and a supercluster is defined by sum-
ming all linked electromagnetic cluster deposits.

Figure 3.3: Reconstruction of electron objects at CMS.

Furthermore, a preselection is applied based on a multivariate analysis
for candidates found only by the tracker driven seeding algorithm[28]. For
candidates found by the ECAL driven seeding algorithm, the preselection
is based on the matching between the GSF track and the supercluster in
η and φ[39]. The few ECAL driven electron candidates (∼ 1% for isolated
electrons) not accepted by these matching cuts but passing the multivariate
preselection are also kept.
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µ reconstruction 

  Built tracker track (in tracker) and stand-alone track (in muon system) 

  Global µ (Outside-in): a tracker track find out by comparing  the track 
parameters at a common surface. 
  A global track is then fit with tracker hits from tarcker track and stand-

alone track  

  Tracker µ (inside-out): it starts with all the possible tracker tracks with pT 
> 0.5 GeV and if we find a µ segment we declare it the tracker µ. 
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3.2.3 Muon reconstruction

Muons are reconstructed using the tracker and the muon detectors infor-
mation. Tracks are first reconstructed independently in the inner tracker
(tracker track) and in the muon system (standalone-muon track) of the CMS
experiment[33]. Based on these objects, two approaches are used for the
muon reconstruction, given in figure 3.2

Global Muon reconstruction (outside-in)

For each standalone-muon track, a matching tracker track is found by com-
paring parameters of the two tracks propagated onto a common surface.
A global-muon track is fitted combining hits from the tracker track and
standalone-muon track, using the Kalmán-filter technique[34]. At large trans-
verse momenta, pT ≥ 200 GeV, the global-muon fit can improve the momen-
tum resolution compared to the tracker-only fit[35, 36].

Figure 3.2: Reconstruction of muon objects at CMS. Tracker track (red box),
stand-alone track (green box) and global muon (blue box) are shown.

Tracker Muon reconstruction (inside-out)

In this approach, all tracker tracks with pT > 0.5 GeV and total momentum
p > 2.5 GeV are considered as possible muon candidates and are extrapo-
lated to the muon system taking into account the magnetic field, the average
expected energy losses, and multiple Coulomb scattering in the detector ma-
terial. If at least one muon segment (i.e. a short track stub made of DT or
CSC hits) matches the extrapolated track, the corresponding tracker track
qualifies as a Tracker Muon. Track-to-segment matching is performed in a
local (chamber) coordinate system, where local x is the best-measured co-
ordinate (in the r − φ plane) and local y is the coordinate orthogonal to it.
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Tracker track 

Stand-alone track 

Global track 
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   HPS algorithm uses PF jet (ΔR = 0.5) 
and reconstruct τ decays inside jet 
  Selection of highest pT track 

  Reconstruction of π0 from 
electromagnetic particle clusters 
in ECAL strips 

  Associated distances for η = 0.05 & 
for Φ = 0.2 radians 

  Important aspects: 
  Strips with ET >1 GeV are 

considered 

  A mass constraint of (strip mass 
matches to π0 mass + hadron 
mass) = ρ(770) is applied 

  Isolation is calculated as energy 
sum of particles in ΔR=0.5 cone 

  For PU Δβ correction, energy sum 
of particles in ΔR=0.8 cone is used  

HPS τh algorithm 



HPS τh Isolation and discriminators 
against e’s and µ’s 

  In Isolation cone of ΔR = 0.5 
  All charged particles and neutral particles with PT > 0.5 GeV are 

considered 
  HPS Tight Isolation: Iso. < 0.8 GeV 
  HPS Medium Isolation: Iso. < 1 GeV 
  HPS Loose Isolation: Iso. < 2 GeV 

  µ discriminator: 
  µ Loose: Leading track should not have µ chamber hits 
  µ Medium: Leading track should not match with global/ tracker µ track 
  µ Tight: µ Medium + µ should not have large energy deposits in ECAL and 

HCAL 

  e DiscrimHiggs Hunting Workshop, July 18-20, 2012ination – Based 
on PF e-π MVA (ξ): 
  e Loose: ξ < 0.6 
  e Medium: ξ < -0.1 and not 1.4442 < |η| < 1.566  
  e Tight: ξ < -0.1 and not 1.4442 < |η| < 1.566 and Brem pattern cuts 
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ZZ Estimation 

 Estimated from simulation 

7 TeV 8 TeV 
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Table 3: Estimated ZZ backgrounds for all the eight final states. The errors
quoted here are only statistical.

Decay Nest
ZZ (2011) Nest

ZZ (2012) Nest
ZZ (2012 with SIP)

channel
µµτhτh 0.68 ± 0.02 2.69 ± 0.03 2.65 ± 0.03
eeτhτh 0.63 ± 0.02 2.38 ± 0.03 2.30 ± 0.03
eeτeτh 0.71 ± 0.02 2.68 ± 0.03 2.60 ± 0.03
µµτeτh 0.68 ± 0.02 2.65 ± 0.03 2.62 ± 0.03
µµτµτh 0.92 ± 0.02 3.72 ± 0.03 3.63 ± 0.03
eeτµτh 0.82 ± 0.02 3.19 ± 0.03 3.05 ± 0.03
eeτeτµ 0.53 ± 0.02 2.28 ± 0.03 2.24 ± 0.03
µµτµτe 0.59 ± 0.02 2.27 ± 0.03 2.21 ± 0.03
TOTAL 5.55 ± 0.05 21.86 ± 0.08 21.31 ± 0.08

Table 4: Estimated ZZ backgrounds for all the eight final states. The errors
quoted here are only statistical.

Decay Nest
ZZ (2011) Nest

ZZ (2012)
channel
µµτhτh 0.68 ± 0.02 1.72 ± 0.03
eeτhτh 0.63 ± 0.02 1.58 ± 0.03
eeτeτh 0.71 ± 0.02 1.77 ± 0.03
µµτeτh 0.68 ± 0.02 1.74 ± 0.03
µµτµτh 0.92 ± 0.02 2.14 ± 0.03
eeτµτh 0.82 ± 0.02 1.85 ± 0.03
eeτeτµ 0.53 ± 0.02 1.17 ± 0.03
µµτµτe 0.59 ± 0.02 1.47 ± 0.03
TOTAL 5.55 ± 0.05 13.42 ± 0.07

Table 5: Estimated ZZ backgrounds for all the eight final states. The errors
quoted here are only statistical.

Decay H200 (Simran) H200 (Raman)
channel
µµτhτh 0.70 ± 0.01 0.73 ± 0.01
eeτhτh 0.61 ± 0.01 0.60 ± 0.01
eeτeτh 0.73 ± 0.01 0.78 ± 0.01
µµτeτh 0.75 ± 0.01 0.81 ± 0.01
µµτµτh 1.05 ± 0.01 1.10 ± 0.01
eeτµτh 0.90 ± 0.01 0.91 ± 0.01
eeτeτµ 0.63 ± 0.01 0.60 ± 0.01
µµτµτe 0.62 ± 0.01 0.67 ± 0.01
TOTAL 6.0 ± 0.03 6.20 ± 0.03
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