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❖ Motivation

❖ Measurement of Wγ cross section with ETγ > 10 GeV and ΔR(l,γ) > 0.7

❖ Measurement of Zγ cross section with ETγ > 10 GeV, ΔR(l,γ) > 0.7, and Mll > 50GeV

❖ Summary

Outline
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❖The physics with diboson (WW, WZ, Wγ, Zγ) in the final state is 
an important test of Standard Model at high energy
✦ Background for the new physics
✦ Signature for new physics
✦ Higgs, SUSY, Technicolor, Graviton ......

❖The measurement of triple gauge couplings (TGCs) provides the 
search for new physics
✦ Anomalous VVV (V= W/Z/γ) TGCs would lead different cross 

section and kinematic in diboson productions

Motivation
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γ(d)ISR FSR TGC
(ZZγ, Zγγ are forbidden in SM)

❖Use leptonic W and Z boson decays
✦ Four signatures: eνγ, µνγ, eeγ, and µµγ

❖Three production mechanisms 
✦ Initial state radiation (ISR), final state radiation (FSR), and 

triple gauge coupling (TGC)

✦ FSR process can provide pure photon control sample
‣ Photon energy scale and resolution
‣ Photon selection efficiency
‣ Photon signal template for background estimation using 

template method

Wγ and Zγ Signatures
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Measurement of Wγ Cross Section 
with ETγ > 10 GeV and ΔR(l,γ) > 0.7

with 36 pb-1

➡ NS: the number of estimated signal yields
➡ A: the fiducial and kinematic acceptance
➡ εMC: the selection efficiency from MC simulation
➡ ρeff: the correction factor on MC efficiency
➡ ∫Ldt: integrated luminosity

✦ Outline:
✦ Resulting plots
✦ Background estimation
✦ Uncertainties
✦ Estimated cross section
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❖HLT requirement: 
✦ Unprescaled single-electron triggers

Unprescaled muon-electron triggers

Event Selection
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❖One good electron:
✦ PT > 20 GeV and |η| < 2.5
✦ Pass EWK electron selection
✦ Match to HLT object

❖Veto 2nd electron with PT > 20 
GeV

❖One good muon:
✦ PT > 20 GeV and |η| < 2.1
✦ Pass EWK muon selection
✦ Match to HLT object

❖Veto 2nd muon with PT > 10 GeV 
and |η| < 2.4

❖MET > 25 GeV
❖Select leading good photon:
✦ ET > 10 GeV and |η| < 2.5
✦ Pass photon selection
✦ ΔR(l, γ) > 0.7

Wγ→eνγ Wγ→μνγ
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Backgrounds
❖The major background is from W+jets:
✦ Use “Ratio method” to estimate the photons faked from jets and 

use “Shape method” to cross check
❖Other backgrounds:
✦ An electron is misidentified as a photon
✦ W(τντ)γ: τ decays to eν or µν
✦ Z(ll)γ: one lepton is not detected by detector
✦ These are estimated using MC simulation
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Background Estimation - Ratio Method 
❖Assume the ratio of isolated fake photon to non-isolated fake 

photon is the same for both V+jets and QCD samples
❖Use QCD enriched sample to measure the ratio of isolated to 

non-isolated fake photons
❖Estimated background = 
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❖Choose the shape of lateral energy deposition as a discriminant
❖Signal templates are obtained from MC simulation 
✦ Use Zee data to extract correction

❖Background templates are completely obtained from data-driven
✦ Inverting isolation (sideband)

❖The fit is performed using a binned extended maximum likelihood

Background Estimation - Shape Method
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Resulting Plots
❖Background estimation from shape method agrees with that 

from ratio method
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Resulting Plots
❖The tree-level Wγ production 

process interferes with each other, 
resulting in a radiation amplitude 
zero (RAZ) in the angular 
distribution of the photon

❖Use charge-signed rapidity (Ql×Δη) 
to observe RAZ

❖ In the SM, the location of dip 
minimum is located at 0 for pp 
collisions

❖The agreement between background-
subtracted data and MC prediction is 
reasonable, with Kolmogorov-
Smirnov test result of 57 %

11

Require MTWγ > 90 GeV to suppress FSR process
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Summary of Uncertainties
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❖Three main categories of systematic uncertainty
✦ Acceptance, efficiency, and background estimation
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❖ Theoretical NLO cross section: 49.4 ± 3.8 pb
❖ The estimated results:

✦ Wγ→eνγ with ETγ > 10 GeV and ΔR(l,γ) > 0.7: 
                57.1 ± 6.9 (stat.) ± 5.1 (syst.) ± 2.3 (lumi.) pb

✦ Wγ→μνγ with ETγ > 10 GeV and ΔR(l,γ) > 0.7: 
                55.4 ± 7.2 (stat.) ± 5.0 (syst.) ± 2.2 (lumi.) pb

✦ Wγ→lνγ (l=e/μ) with ETγ > 10 GeV and ΔR(l,γ) > 0.7: 
                56.3 ± 5.0 (stat.) ± 5.0 (syst.) ± 2.3 (lumi.) pb

Cross-section Measurement

13



Measurement of Zγ Cross Section
with ETγ > 10 GeV, ΔR(l,γ) > 0.7 and 

Mll > 50 GeV with 36 pb-1

6.4 Measurement of the Zγ cross section 69

tion is dominated by the statistical sample of non-isolated photons used to derive the back-794

ground using the ratio method. We treat this uncertainty as systematic and estimate it to be795

11.3% and 11.4% for the eeγ and µµγ channels, respectively. The uncertainties on F = A · �MC796

are from energy scale and PDF. The systematic uncertainty on the efficiency is determined from797

the propagation of the statistical errors on the correction factor ρe f f . The systematic uncertainty798

on the A · �MC is determined from the MC simulation. We vary the photon energy by 2 % in EB799

and 9% in EE, and without additional resolution. Those values are discussed in Section 9.3. For800

the electrons, the energy is varied by 2% for EB and 5% for EE, and smeared with an additional801

5% energy resolution. The deviation of F due to these variations is taken as the systematic802

uncertainty.803

Table 36: List of systematic uncertainties for Zγ → eeγ cross section measurement.
Source Systematic uncertainty Effect on A · �MC
Electron energy scale 2% (EB), 5% (EE) 3.1%
Electron energy resolution 5% 0.5%
Photon energy scale 2% (EB), 9% (EE) 3.7%
PDF 2.0%
Total uncertainty on A · �MC 5.2%
Source Systematic uncertainty Effect on ρe f f
Electron reconstruction 0.6% (EB), 0.4% (EE) 0.5%
Electron ID and isolation 0.4% (EB), 0.8% (EE) 0.4%
Electron trigger 0.2% (EB), 0.3% (EE) 0.3%
Photon ID and isolation 0.8% (EB), 3.3% (EE) 0.7%
Total uncertainty on ρe f f 0.9%
Total uncertainty on Background 11.3%
Total uncertainty on Luminosity 11.0%

6.4 Measurement of the Zγ cross section804

We calculate the cross section separately for eeγ and µµγ channels using the following formula:

σZγ→llγ =
Nobserved − Nbackground

A · �MC,Zγ→llγ · ρe f f ·
�
L dt

, (22)
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Figure 62: Z/γ∗+jets background prediction as a function of photon candidate ET for ratio
(blue stars), template (red hollow circles), compared to the MC truth information (yellow filled
histogram) for photon candidates in barrel (a) and endcap (b).

➡ Nobserved: the number of observed yields
➡ Nbackground: the number of background yields
➡ A: the fiducial and kinematic acceptance
➡ εMC: the selection efficiency from MC simulation
➡ ρeff: the correction factor on MC efficiency
➡ ∫Ldt: integrated luminosity

✦ Outline:
✦ Resulting plots
✦ Background estimation
✦ Uncertainties
✦ Estimated cross section
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❖HLT requirement: 
✦ Unprescaled single-electron triggers

Unprescaled muon-electron triggers

Event Selection
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❖Two good electrons:
✦ PT > 20 GeV and |η| < 2.5
✦ Pass EWK electron selection

❖Mee > 50 GeV

❖Two good muons:
✦ PT > 20 GeV and |η| < 2.4
✦ Pass EWK muon selection

❖Mµµ > 50 GeV

❖Select leading good photon:
✦ ET > 10 GeV and |η| < 2.5
✦ Pass photon selection
✦ ΔR(l, γ) > 0.7

Zγ→eeγ Zγ→μμγ
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Resulting Plots
❖Background estimation from shape method agrees with that 

from ratio method
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Summary of Uncertainties

17

❖Three main categories of systematic uncertainty
✦ Acceptance, efficiency, and background estimation
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❖ Theoretical NLO cross section: 9.6 ± 0.4 pb
❖ The estimated results:

➡ Zγ→eeγ with ETγ > 10 GeV, ΔR(e,γ) > 0.7, and Mee > 50 GeV: 
                9.5 ± 1.4 (stat.) ± 0.7 (syst.) ± 0.4 (lumi.) pb

➡ Zγ→µµγ with ETγ > 10 GeV, ΔR(µ,γ) > 0.7, and Mµµ > 50 GeV:
                9.2 ± 1.4 (stat.) ± 0.6 (syst.) ± 0.4 (lumi.) pb

➡ Zγ→llγ (l=e/μ) with ETγ > 10 GeV, ΔR(l,γ) > 0.7, and Mll > 50 GeV:
                9.4 ± 1.0 (stat.) ± 0.6 (syst.) ± 0.4 (lumi.) pb

Cross-section Measurement

18
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❖The measurements of Wγ and Zγ cross sections are performed using 
36 pb-1 data. 

❖Wγ→lνγ (l=e/μ) with ETγ > 10 GeV and ΔR(l,γ) > 0.7: 
56.4 ± 5.0 (stat.) ± 5.0 (syst.) ± 2.3 (lumi.) pb

❖Zγ→llγ (l=e/μ) with ETγ > 10GeV, ΔR(l,γ) > 0.7, and Mll > 50GeV:
9.4 ± 1.0 (stat.) ± 0.6 (stat.) ± 0.4 (lumi.) pb

❖All results are consistent with the standard model predictions.
❖The results with 2011 full data (5 fb-1) are being finalized.

Summary

19
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❖ Data:
✦ Integrated luminosity = 36 pb-1

❖ MC: 
✦ Fall10 MC samples
✦ Signal samples are generated using Madgraph 

✦ Background samples: Wjets, Zjets, WW, WZ, ZZ, QCD, PhotonJet, etc.
✦ Detail list is in backup

Data and MC samples

21

2.2 Monte Carlo Samples 5

Table 1: Summary of data samples used for Wγ → �νγ and Zγ → ��γ analyses.

CMS Run Dataset Name Used by
Data samples

2010A /EG/Run2010A-Nov4ReReco_v1/RECO Wγ → eν + γ, Zγ → ee + γ
2010B /Electron/Run2010B-Nov4ReReco_v1/RECO Wγ → eν + γ, Zγ → ee + γ
2010A /Mu/Run2010A-Nov4ReReco_v1/RECO Wγ → µν + γ, Zγ → µµ + γ
2010B /Mu/Run2010B-Nov4ReReco_v1/RECO Wγ → µν + γ, Zγ → µµ + γ

Samples used for background estimation
2010A /JetMETTau/Run2010A-Nov4ReReco_v1/RECO all channels
2010A /JetMET/Run2010A-Nov4ReReco_v1/RECO all channels
2010B /Jet/Run2010B-Nov4ReReco_v1/RECO all channels

and a spatial separation between a photon and any charged lepton in the final state ∆R(�, γ) >90

0.3. An additional requirement on the invariant mass of the dileptons M�� > 10 GeV is used for91

generation of the Zγ production. For the signal samples, the cross sections are scaled to NLO92

using the E
γ
T

-dependent k-factors extracted from MCFM and Baur’s MC generators. As ISR93

and FSR processes have different characteristic ŝ values, we distinguish ISR and FSR leading94

order (LO) processes, and re-weight them separately, following the procedure described in95

Section 2.2.2.96

The cross sections for background processes are given at NLO, except for the γ+jets and multijet97

QCD samples. All MC simulation samples are produced assuming no pile-up scenario.98

Data used in this analysis are reconstructed with CMSSW 3 8 6 and Monte Carlo simula-99

tion samples are reconstructed with various CMSSW 3 8 X releases. Both are analyzed with100

CMSSW 3 8 6 patch1.101

Table 2: Summary of Monte Carlo signal samples used.
Process σMadGraph, pb σNLO, pb Dataset Name

(GEN-SIM-RECO data tier)
W → µν + γ 100 121.24 /WGToMuNuG_TuneD6T_7TeV-madgraph

(GEN-SIM-RECO data tier)
W → eν + γ 100 121.24 /WGToENuG_TuneD6T_7TeV-madgraph

W → µν + γ 100 121.24 /WGToMuNuG_TuneD6T_7TeV-madgraph

Z → ee + γ 27 33.73 /ZGToEEG_TuneD6T_7TeV-madgraph

Z → µµ + γ 27 33.73 /ZGToMuMuG_TuneD6T_7TeV-madgraph

2.2.1 Signal modeling102

Baur event generator interfaced with PYTHIA, and SHERPA v1.2.2 are used for modeling103

anomalous couplings for the simulation of Wγ+n jets and Zγ+n jets (n≤1) process. These104

are the only two event generators available to allow us to simulate the events with anomalous105

triple gauge couplings with the experimental software framework. Baur generator is based on106

LO matrix element calculation. SHERPA is a stand alone generator including LO matrix ele-107

ment with higher-order tree-level QCD contributions and its own showering model. Thus, the108

modeling of jet production is improved in this generator. To take into account NLO effects,109

we apply a photon ET-dependent k-factor that is obtained from NLO MCFM and Baur’s MC110

program (see Section 2.2.2).111
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The signal samples used for the cross section measurement are generated using MADGRAPH91

with the following generator-level requirements: E
γ
T

> 5 GeV, p
�
T

> 5 GeV, p
parton

T
> 10 GeV,92

and a spatial separation between a photon and any charged lepton in the final state ∆R(�, γ) > 0.3.93

An additional requirement on the dilepton invariant mass M�� > 10 GeV is used in the gener-94

ation of the Zγ production. For the signal samples, the cross sections are scaled to NLO using95

the E
γ
T

-dependent k-factors extracted from MCFM and Baur’s MC generators. As ISR and FSR96

processes have different characteristic ŝ values, we distinguish ISR and FSR leading order (LO)97

processes, and re-weight them separately, following the procedure described in Section 2.2.2.98

For estimation of the photon energy scale, photon resolution and their precision, a sample99

of Drell-Yan events with µ+µ− final state, including ISR, FSR and non-resonant processes, is100

generated at NLO with POWHEG and is used for both Zγ FSR signal and Z → µ+µ− and101

nonresonant backgrounds. The invariant mass of the dimuon system is required to be greater102

than 20 GeV. The cross section is 1614 pb.103

The cross sections for background processes are given at NLO, except for the γ+jets and multijet104

QCD samples. All MC simulation samples are produced assuming no pile-up scenario.105

Data used in this analysis are reconstructed with CMSSW 3 8 6 and Monte Carlo simula-106
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anomalous couplings for the simulation of the Wγ+n jets and Zγ+n jets (n≤1) processes. These111



LHC EWWG 2012/05/22 Syue-Wei (Poter) Li

MC Background Samples

22

6 2 Data and Monte Carlo Samples

Table 3: Summary of Monte Carlo background samples used.
Process σ, pb Dataset Name (GEN-SIM-RECO data tier)
W → lν + jets 31314 /WJetsToLNu_TuneZ2_7TeV-madgraph-tauola
Z → ll + jets 3048 /DYJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola
tt̄ + jets 157.5 /TTJets_TuneZ2_7TeV-madgraph-tauola
WW 43 /WWtoAnything_TuneZ2_7TeV-pythia6-tauola
WZ 18.2 /WZtoAnything_TuneZ2_7TeV-pythia6-tauola
ZZ 5.9 /ZZtoAnything_TuneZ2_7TeV-pythia6-tauola
γ + jets( p̂T : 0− 15) 8.420× 107 /G_Pt_0to15_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 15− 30) 1.717× 105 /G_Pt_15to30_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 30− 50) 1.669× 104 /G_Pt_30to50_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 50− 80) 2.722× 103 /G_Pt_50to80_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 80− 120) 4.472× 102 /G_Pt_80to120_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 120− 170) 8.417× 101 /G_Pt_120to170_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 170− 300) 2.264× 101 /G_Pt_170to300_TuneZ2_7TeV_pythia6
γ + jets( p̂T : 300− 470) 1.493 /G_Pt_300to470_TuneZ2_7TeV_pythia6
QCD( p̂T : 5− 15) 3.675× 1010 /QCD_Pt_5to15_TuneZ2_7TeV_pythia6
QCD( p̂T : 15− 30) 8.159× 108 /QCD_Pt_15to30_TuneZ2_7TeV_pythia6
QCD( p̂T : 30− 50) 5.312× 107 /QCD_Pt_30to50_TuneZ2_7TeV_pythia6
QCD( p̂T : 50− 80) 6.359× 106 /QCD_Pt_50to80_TuneZ2_7TeV_pythia6
QCD( p̂T : 80− 120) 7.843× 105 /QCD_Pt_80to120_TuneZ2_7TeV_pythia6
QCD( p̂T : 120− 170) 1.151× 105 /QCD_Pt_120to170_TuneZ2_7TeV_pythia6
QCD( p̂T : 170− 300) 2.426× 104 /QCD_Pt_170to300_TuneZ2_7TeV_pythia6
QCD( p̂T : 300− 470) 1.168× 103 /QCD_Pt_300to470_TuneZ2_7TeV_pythia6
QCDEMEnriched( p̂T : 20− 30) 2.4544× 106 /QCD_Pt-20to30_EMEnriched_TuneZ2_7TeV-pythia6
QCDEMEnriched( p̂T : 30− 80) 3.8662× 106 /QCD_Pt-30to80_EMEnriched_TuneZ2_7TeV-pythia6
QCDEMEnriched( p̂T : 80− 170) 1.395× 105 /QCD_Pt-80to170_EMEnriched_TuneZ2_7TeV-pythia6
QCDMuEnriched( p̂T > 20, pTµ > 15 84679.3 /QCD_Pt-20_MuEnrichedPt-15_TuneZ2_7TeV-pythia6
QCDBCtoE( p̂T : 20− 30) 1.3216× 105 /QCD_Pt-20to30_BCtoE_TuneZ2_7TeV-pythia6
QCDBCtoE( p̂T : 30− 80) 1.36804× 105 /QCD_Pt-30to80_BCtoE_TuneZ2_7TeV-pythia6
QCDBCtoE( p̂T : 80− 170) 9.36× 103 /QCD_Pt-80to170_BCtoE_TuneZ2_7TeV-pythia6

are the only two event generators available to allow us to simulate events with anomalous112

triple gauge couplings with the experimental software framework. Baur generator is based on113

LO matrix element calculation. SHERPA is a stand alone generator including LO matrix element114

with higher-order tree-level QCD contributions and includes its own showering model. Thus,115

the modeling of jet production is improved in this generator. To take into account NLO effects,116

we apply a photon ET-dependent k-factor that is obtained from NLO MCFM and Baur’s MC117

program (see Section 2.2.2).118

The SHERPA samples used for aTGC analysis for WWγ, Zγγ, and ZZγ vertex are shown in119

Table 4, 6 and 5. These samples were simulated with CMSSW 3 8 6 FASTSIM privately. A120

set of two samples are generated. The first one with the form-factor parameterization with the121

parameters used at Tevatron: Λ = 2 TeV, n = 2 for Wγ, and n = 3 and n = 4 for Zγ hV
3 and122

hV
4 couplings, respectively. The second set does not use any form-factor parameterization of123

couplings.124

For WWγ vertex, the events are generated with Eγ
T > 5 GeV, p�

T > 5 GeV, ∆R(�, γ) > 0.5 and125

∆R(parton, γ) > 0.05. For Zγγ and ZZγ vertex, the events are generated with Eγ
T > 5 GeV,126

p�
T > 5 GeV, pparton

T > 10 GeV, M�� > 10 GeV, ∆R(�, γ) > 0.5, ∆R(parton, γ) > 0.05 and127

∆R(parton, parton) > 0.001.128

2.2.2 NLO signal modeling129

For the theoretical SM cross section, MADGRAPH event generator is used for the simulation of130

Wγ+0 jets and Zγ+0 jets process. This is a LO generator, so we scale the LO prediction to NLO131

based on the type of the photon production mechanism, i.e. FSR or ISR.132

For the former, we rely on MCFM NLO W and Z production, where we measure the k-factor133
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Electron Selection
❖Pass identification, isolation and conversion rejection cuts
❖Chose two working points, WP80 for Wγ and WP95 for Zγ
❖WP80 is the same in VBTF

23

3.3 Muon selection 13

Table 13: Selection criteria for the WP95 and WP80 selection criteria for electron candidates in

Barrel and Endcap sections of the calorimeter.

WP95 WP80

Barrel Endcap Barrel Endcap

Itrk/ET 0.15 0.08 0.09 0.04

IECAL/ET 2.0 0.06 0.07 0.05

IHCAL/ET 0.12 0.05 0.10 0.025

Missing hits ≤ 1 1 0 0

Dcot − − 0.02 0.02

Dist − − 0.02 0.02

σiηiη 0.01 0.03 0.01 0.03

∆φin 0.8 0.7 0.06 0.03

∆ηin 0.007 0.01 0.004 0.007

H/E 0.15 0.07 0.04 0.025

If the event have more than two probe electrons, and only one of them passes the tag criteria,241

we choose the that electron for the probe. If the event have two probe electrons and both of242

them either pass or fail tag requriements together, we choose one of these electrons randomly.243

If the event have more than two probe candidates in the event, the event is vetoed.244

We take into account tag and probe permutations in both numerator and denominator of the245

efficiency calculation formula, i.e., the events with both electrons passing tag criteria contribute246

twice in numerator and in denominator.247

The number of Z boson candidates is determined from the invariant mass distribution fit to the248

convolution of Breit-Wigner and Crystal Ball functions for signal and exponential function for249

background modeling. These fits for reconstruction, WP80 and WP95 selection requriements250

are given Figs. 8, 9, and 10, respectively. Counting method is used for trigger efficiency, because251

we assume there is no background to the Z → ee candidate events after applying full WP95252

(WP80) selection criteria on both electron candidates. The trigger efficiency from MC is only253

for HLT path: HLT Ele17 SW CaloEleId L1R.254

The resultant efficiencies in data and simulation are given in Table 14 together with a ratio of255

efficiencies in data and simulation. The pT-dependent distribution of efficiencies are given in256

Figs. 11, 12, 13, 14, and 15 for reconstruction, WP80 and WP95 selection, HLT with respect to257

WP80 and WP95 selection efficiencies, respectively.258

3.3 Muon selection259

For both Wγ → µνγ and Zγ → µµγ channels muon candidates are selected from both global260

and tracker muons. The selection criteria is described below:261

• the muon must be reconstructed by both the global and tracker muon algorithms,262

• the global muon must have at least one good muon chamber hit,263

• the tracker muon must match to at least two muon stations,264

• the global muon track should have greater than 10 hits in the inner tracker,265

• the global muon track should have at least one hit in the silicon pixel detector,266

• the global muon track fit should have a χ2
/ndof < 10,267

• |dxy| < 2 mm, where dxy is the impact parameter in the transverse plane calculated268
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Muon Selection
❖Muon is reconstructed as a global and as a tracker muon
✦ ≧ 1 good muon chamber hit
✦ > 10 tracker hit
✦ ≧ 1 pixel hits
✦ match to ≧ 2 muon stations
✦ chi2/ndf of global fit < 10
✦ |dxy| < 2 mm (impact parameter in transverse plane)

❖Relative combined isolation
→ (IsoTRK + IsoECAL + IsoHCAL)/PT < 0.15

❖These selections are the same in VBTF

24
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Photon Selection
❖Pass identification and isolation criteria
✦ IsoECAL < 4.2 + 0.006×PT

✦ IsoHCAL < 2.2 + 0.0025×PT

✦ IsoTRK < 2.0 + 0.001×PT

✦ H/E < 0.05
✦ σiηiη < 0.013 (EB), 0.03 (EE)

❖No pixel seed matching
❖This is recommended by EG POG

https://twiki.cern.ch/twiki/bin/view/CMS/PhotonID
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