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Abstract

We present a study of Wy and Z+ production in proton-proton collisions at /s =
7 TeV. Results are based on a data sample recorded by the CMS experiment in 2010
and 2011.
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1 Introduction

The self-interactions among the gauge bosons in the standard model (SM) is a direct conse-
quence of the non-Abelian symmetries and their natures, equivalently, the triple and quartic
gauge coupling constants (TGC and QGC) are completely fixed in the SM at tree-level. Elec-
troweak measurements at LEP [1-4] Tevatron [5-10], and by several CMS studies [11, 12] with
2010 dataset have already explored some of the parameter space of TGC couplings. As the
statistics used in latter CMS analyses was limited, a significant improvement in precision of
TGC measurements is expected that will allow testing the SM description of the boson self-
interaction at LHC energies. Many extensions of the SM predict additional processes with
multiple bosons in the final state, and therefore, any deviation of the observed value from the
SM prediction could be an early sign of new physics at high energies. Precise measurements
of diboson properties and cross sections are also a crucial step towards understanding the pro-
duction of major backgrounds of Higgs boson searches at LHC. Among the various diboson
processes produced in hadron colliders, W+ and Z+y have the highest rate. Therefore, the study
of these processes allows first tests of diboson production in the electroweak sector of the SM
at the LHC.

In this note we report the analysis of inclusive V< + X processes using leptonic decays of W —
lvand Z — ¢¢ where { = e, yu. The V< productions at tree level can be represented by Feynman
diagrams in Figs. 1 and 2 as three processes: initial state radiation (ISR) where a photon
is produced from one of the incoming partons, final state radiation (FSR) where a photon is
radiated off one of the charged leptons from the V boson decay, and finally when a photon is
produced in s—channel via TGC WW1 for W+, and ZZ+y and Zvy for Z+ production. The last
process is allowed only for W+ production in the SM, as there are no neutral TGC in the SM.
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Figure 1: Feynman diagrams of the W+ production via final (a) and initial (b) state radiation
and via WW+ trilinear gauge coupling (c).
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2 2 Data and Monte Carlo samples
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Figure 2: Feynman diagrams of the Zv production via final (a) and initial (b) state radiation,
and via the trilinear gauge couplings ZZ< (c) and Zy<y (d). The latter two processes are not
allowed in the SM.

2 Data and Monte Carlo samples

2.1 Data samples

Information on primary datasets used for this analysis is summarized in Table 1. The offi-
cial “May10rereco” v1 JSON file Cert_160404-163869_7TeV_May10ReReco_Collisions11_J[SON.txt
and “Junel?7” JSON, Cert_160404-166861_71eV _PromptReco_Collisions11_J[SON.txt are applied to
“May10rereco” and “PromptReco” v4 AOD, respectively, to select the certified runs and lu-
minosity sections for the analyses. The total integrated luminosity for Wy — ev + 7 and
Zy — ee+ yis 715 pb~! and 710.6 pb~! for Wy — uv + v and Zy — uu + 1, respectively.

The data were reconstructed using CMSSW _4_2_4_p2 software and analyzed with CMSSW_4_2.5.

Table 1: Summary of data samples used for Wy — fvy and Z7y — £{-y analyses.
| CMS Run Range | Dataset Name | Used by ‘

160404 - 163869 | /SingleElectron/Run2011A-Mayl0ReReco-vl/AOD | Wy — ev + vy
165071 - 166861 | /SingleElectron/Run2011A-PromptReco-v4/AOD Wy —wev+7y
160404 - 163869 | /SingleMuon/Run2011A-Mayl0ReReco-v1/AOD Wy — uv+1y
165071 - 166861 | /SingleMuon/Run2011A-PromptReco-v4/AOD Wy — uv+vy
160404 - 163869 | /DoubleElectron/Run2011A-Mayl0ReReco-v1/AOD | Zy — ee + 7y

165071 - 166861 | /DoubleElectron/Run2011A-PromptReco-v4/AOD Zy —ee+vy

160404 - 163869 | /DoubleMuon/Run2011A-Mayl0ReReco-v1/AOD Zy = up+y
165071 - 166861 | /DoubleMuon/Run2011A-PromptReco-v4/AOD Zy = up+y
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2.2 Monte Carlo samples 3

2.2 Monte Carlo samples

Information on Monte Carlo samples used for the analyses is given in Tables 2 and 3 for signal
and background simulations, respectively. The corresponding leading order (LO) and next-to-
leading order (NLO) cross sections are also listed in these Tables.

The signal samples used for the cross section measurement are generated privately using MAD-
GRAPH with the following generator-level requirements: EJ > 5(5) GeV, pf. > 30(5) GeV,

17l < 3(3), |n7| < 3(3), p?mm > 10(10) GeV, and a spatial separation between a photon
and any charged lepton in the final state AR(¢,y) > 0.6(0.6) for Wy(Zv). An additional re-
quirement on the dilepton invariant mass of M;, > 40 GeV is used in the generation of the
Z«y sample. For the signal samples, the cross sections are scaled to NLO using the NLO cross
sections extracted from MCFM.

The cross sections for background processes are given at NLO, except for the y+jets and multi-
jet QCD samples. All MC simulation samples are produced officially in Summer11 production.
Events are simulated with 50 ns bunch spacing and out-of-time (OOT) pileup is also included.
Multijet QCD and y+jets samples are simulated with asynchronous OOT (“S3”) pileup sce-
nario, and the rest background MC samples are simulated with synchronous OOT (“S4”) pileup
scenario.

Table 2: Summary of Monte Carlo signal samples used.

Process OMadGraph, PP | ONLO, PD
W —ev+ 7y 16.6 21.41
W — pv+v 16.6 21.41
Z — ee+y 11.15 13.79
Z — up+y 11.12 13.79

Table 3: Summary of Monte Carlo background samples used.

Process o, pb Dataset Name (AODSIM data tier)

W — v+ jets 31314 /WJetsToLNu_TuneZ2_7TeV-madgraph-tauola

Z — 1l + jets 3048 /DYJetsTolLL_TuneZ2_M-50_7TeV-madgraph-tauola

tt + jets 157.5 /TTJets_Tunez2_T7TeV-madgraph-tauola

WW 5.7 /WWTo2L2Nu_Tunez2_7TeV_pythia6_tauola

Wz 0.6 /WZTo3LNu_Tunez2_7TeV_pythia6_tauola

zZ 0.06 /72To2L2Nu_TuneZ2_7TeV_pythia6_tauola

v + jets(Pr : 0 — 15) 8.420 x 107 /G_Pt_0tol5_TuneZz2_7TeV_pythiab

v+ jets(pr : 15 — 30) 1.717 x 10° /G_Pt_15t030_Tunez2_7TeV_pythia6

v + jets(pr : 30 — 50) 1.669 x 10* /G_Pt_30to50_Tunez2_7TeV_pythia6

v+ jets(pr : 50 — 80) 2.722 x 103 /G_Pt_50t080_Tunez2_7TeV_pythiab

v+ ]ets(pT : 80 —120) 4.472 x 102 /G_Pt_80tol20_TuneZ2_7TeV_pythiab

v+ jets(pr : 120 — 170) | 8.417 x 10! /G_Pt_120to0170_TuneZ2_7TeV_pythia6

v+ ]ets(pT 1170 — 300) | 2.264 x 10! /G_Pt_170t0300_TuneZ2_7TeV_pythia6

¥ + jets(Pr : 300 — 470) 1.493 /G_Pt_300to470_Tunez2_7TeV_pythiab

QCD(pr : 5 —15) 3.675 x 1010 /QCD_Pt_5tol5_TuneZ2_7TeV_pythiab

QCD(pr : 15—130) 8.159 x 108 /QCD_Pt_15t030_TuneZ2_7TeV_pythia6

QCD(pr : 30 —50) 5.312 x 107 /QCD_Pt_30to50_Tunez2_7TeV_pythiab

QCD(pr : 50 — 80) 6.359 x 10° /QCD_Pt_50to80_TuneZz2_7TeV_pythia6

QCD(pr : 80 — 120) 7.843 x 10° /QCD_Pt_80tol20_TuneZ2_7TeV_pythia6

QCD(pr : 120 — 170) 1.151 x 10° /QCD_Pt_120t0l170_Tunez2_7TeV_pythia6

QCD(pr : 170 — 300) 2.426 x 10* /QCD_Pt_170t0300_Tunez2_7TeV_pythiab

QCD(pr : 300 — 470) 1.168 x 103 /QCD_Pt_300t0470_TuneZ2_7TeV_pythiab
T — . X QCD_Pt-470t0600_Tunez2_7TeV_pythiab

QCD(pr : 470 — 600 7.022 x 10! /

QCD(pr > 20) 84679.3 /QCD_Pt-20_MuEnrichedPt-15_TuneZ2_7TeV_pythia
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4 3 Object selection

3 Object selection

In this Section we document the High Level Trigger (HLT) paths used to trigger candidate
events; the electron, muon, and photon identification and isolation criteria, and provide the
results of comparing Monte Carlo simulation with data.

3.1 Triggers
3.1.1 Electron triggers

The Wy — evy and Zvy — eey final states are triggered by unprescaled electron triggers with
the lowest threshold available. These triggers seeded by the ECAL L1 triggers with Er >
15 GeV (L1_SingleEG15) or with Er > 20 GeV (L1_SingleEG20). The run history of the relevant
triggers together with the identification and isolation requirements are given in Tables 4, 6, 5
and 7, respectively.

Table 4: Single electron trigger requirement used for the different run ranges.

Run range L1 threshold | HLT threshold HLT path Luminosity (pb™T)
160431-161176 15 27 HLT _Ele27_CaloldVT_CalolsoT_TrkIdT_TrkIsoT_v1 6.4
161217-163261 15 27 HLT_Ele27_CaloldVT_CalolsoT_TrkIdT_TrkIsoT_v2 38.5
163270-163869 15 27 HLT_Ele27_CaloldVT_CalolsoT_TrkIdT-TrkIsoT_v3 159.8
165088-165633 20 32 HLT_Ele32_CaloldVT_CalolsoT_TrkIdT_TrkIsoT_v3 133.3
165970-166861 20 32 HLT _Ele32_CaloldVT_CalolsoT_TrkIdT_TrkIsoT_v4 385.9

Table 5: Double electron trigger requirement used for the different run ranges.

Run range L1 threshold HLT path Luminosity (pb—1)
160431-161176 12 HLT_Ele17_CaloldL_CalolsoVL_Ele8_CaloldL_CalolsoVL_v1 6.4
161217-163261 12 HLT_Ele17_CaloldL_CalolsoVL_Ele8_CaloldL_-CalolsoVL_v2 38.5
163270-163869 12 HLT_Ele17_CaloldL_CalolsoVL_Ele8_CaloldL_CalolsoVL_v3 159.8
165088-165633 12 HLT_Ele17_CaloldL_CalolsoVL_Ele8_CaloldL_CalolsoVL_v4 133.3
165970-166861 12 HLT_Ele17_CaloldL_CalolsoVL_Ele8_CaloldL_-CalolsoVL_v5 385.9

Table 6: The summary of calorimeter identification for single electron triggers. Here (EB) and
(EE) stand for barrel and endcap portions of the ECAL, respectively.

H/E Aﬂin A¢in Uir]iq

0.05 | 0.008 (EB) 0.008 (EE) | 0.07 (EB) 0.05 (EE) | 0.011 (EB) 0.031 (EE)

The performance of these triggers and comparisons of simulation with data is given below in
Section 3.2.1.

3.1.2 Muon triggers

The W7y — uv+y process is selected using HLT_Mu30_v=xfor the entire run period presented
in this note, it is seeded by L1_SingleMul2. The Zy — upu<y processes are triggered using
both muons of the Z boson decay by using the double muon triggers HLT_DoubleMu7_vx
and HLT_Mul3_Mu8_vx the latter being the lowest unprescaled double muon trigger after the
LHC achieved 103 /cm?/s. While both triggers are seeded by L1_DoubleMu3, the second
double muon trigger has an additional L2 (muon system only) pr requirement of 7 GeV on the
muon which passes the 13 GeV L3 (tracker + muon system) leg of HLT_Mul3_Mu8_vx.

The performance of these triggers and comparison of simulation with data is given below in
Section 3.3.1.
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3.2 Electron selection 5

Table 7: The summary of isolation requirements for single electron trigger. Here (EB) and (EE)
stand for barrel and endcap portions of the ECAL, respectively.

Isopcar/Er Isogcar/Er Isorrx/E
0.125 (EB) 0.075 (EE) | 0.125 (EB) 0.075 (EE) | 0.125 (EB) 0.075 (EE)

Table 8: Trigger history for yvy and ppu-y final states in the SingleMu primary dataset.

Run Trigger Integrated luminosity (pb~T)
From 160404 to 166861 HLT_Mu30_vx* 706.4
From 160404 to 163869 | HLT_DoubleMu7_vx 199.8
From 165088 to 166861 | HLT_Mul3_Mu8_vx 506.6

3.2 Electron selection

In this analysis we consider electrons with the identification and isolation optimized using
Springll MC samples. The optimization procedure was the used in previous analyses that
studied W — ev and Z — ee production [? ]. We summarize electron identification and
isolation requirements below.

The ECAL fiducial region is defined in terms of barrel and endcap sections with pseudorapidity
ranges of || < 1.4442 and 1.566 < |y| < 3.0, respectively. An electron is considered to be
within this ECAL acceptance if its associated SuperCluster (SC) is within the ECAL acceptance.

Electron identification comprises of cuts on a cluster shape variable (03,;,), and on track-cluster
matching variables (A¢;, and Ay;,). Due to pileup effect, the hadronic activity behind the
cluster (H/E) is included in HCAL isolation (Icar). Electrons from photon conversions are
suppressed by requiring that the electron track has no missing tracker hits before the first hit
in the reconstructed track assigned to the electron. Furthermore, electrons are rejected when
a partner track is found which is consistent with a photon conversion, based on the opening
angle, the separation in the transverse plane, and the point at which the electron and partner
tracks are parallel (Dcot and Dist). Electron isolation is comprises of cuts on the combined
relative isolation with fastjet correction ((Izcar + Iecar + Lok — p X 7T X AR?)/Et). In order to
suppress the faked electron from pileup, vertex dy should be less than 0.02 cm and vertex d,
should be less than 0.1 cm.

We consider three electron selection working points, WP80, WP85 and WP95, which have been
obtained by optimizing simultaneously identification and isolation criteria in the Monte Carlo
simulation, and giving approximately 80%, 85% and 95% selection efficiency, respectively. The
WP80 selection gives a purer sample of prompt electrons, and is used for W+, while the looser
WP85 selection is used for the Z+ analysis. The values of the cuts for WP80, WP85 and WP95
are listed in Table 9.

3.2.1 Performance of electron triggers and electron selection criteria

The performance of the electron triggers and the electron selection criteria are estimated us-
ing the tag and probe method using electrons from Z — ee production. The events for this
study are selected using one of the single electron triggers described in Section 3.1.1 and with
a requirement that at least one tag electron passes the stringent selection requirements:

e must have p% > 35 GeV and be in the ECAL fiducial region,

e must pass WP80 selection criteria,
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6 3 Object selection

Table 9: Selection criteria for the WP80, WP85 and WP95 electron candidates in Barrel and
Endcap sections of the calorimeter.

WP95 WP85 WP80
Barrel | Endcap | Barrel | Endcap | Barrel | Endcap

Combined relative isolation | 0.15 0.1 0.053 | 0.042 0.04 0.033
Missing hits < 0 0 0 0 0 0

Dcot — — 0.02 0.02 0.02 0.02
Dist — — 0.02 0.02 0.02 0.02
Tinin 0.012 | 0.031 0.01 0.031 0.01 0.031
Aiy 0.8 0.7 0.039 | 0.028 | 0.027 | 0.021
AWy 0.007 | 0.011 | 0.005 | 0.007 | 0.005 | 0.006

e must satisfy unprescaled electron trigger.

We also require events to have at least one additional SuperCluster reconstructed within the
ECAL acceptance. The events are further pre-selected by requiring the invariant mass of the
tag and probe pair to be consistent with the Z boson mass, i.e. within 80 and 120 GeV. We do
not require the tag and probe electron candidates to have opposite electric charges.

The following definitions of probe electron and the passing criteria are used to study recon-
struction, selection, and trigger efficiencies:

o Reconstruction efficiency We require the probe SuperCluster to pass the following ad-
ditional cleaning requirements:

e H/E < 0.15 for EB, and < 0.07 for EE,
e 0iyiy < 0.01 for EB, and < 0.03 for EE.

The passing probe is defined as a probe spatially matched to a reconstructed Gsf-
Electron.

o Selection efficiency The probe SuperCluster is spatially matched to the GsfElectron
with pr > 35(20) GeV. A passing probe must satisfy the WP80 (WP85) criteria.

o Trigger efficiency The probe SuperCluster is spatially matched to the GsfElectron with
pr > 35(20) GeV, and passes the electron WP80 (WP85) selection. A passing probe
must satisfy the trigger requirements.

After applying the dielectron invariant mass cut some events are left with more than one Z
candidate. In the case that there is more than one Z candidate to choose from, we make the
following arbitration. We consider only those events which have at least one tag candidate.

If the event has two probe electrons, and only one of them passes the tag criteria, we choose
that electron for the probe. If the event has two probe electrons and both of them either pass or
fail tag requirements together, we choose one of these electrons randomly. If the event contains
more than two probe candidates, the event is vetoed.

We take into account tag and probe permutations in both numerator and denominator of the
efficiency calculation formula, i.e., the events with both electrons passing tag criteria contribute
twice in numerator and in denominator.

The number of Z boson candidates is determined from the invariant mass distribution fit to the
convolution of a Breit-Wigner and a Crystal Ball function for signal and an exponential function
for modeling the background. The counting method is used to compute the trigger efficiency
because we assume there is no background to the Z — ee candidate events after applying the
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Table 10: Summary of the measured efficiencies in data, MC simulation, and a data/simulation
ratio for electron recontruction ergco; selection epwpgy and ewpss; and trigger efficiencies with
respect to reconstructed electrons passing WP80, eTrgso; and WP85, errgss.

Efficiency | Data | Simulation | Data/Simulation
Barrel ECAL
€RECO 99.2% =+ 0.02% 99.3% 0.999 £ 0.001
EWPS0 85.5% £ 0.1% 86.7% 0.986 £ 0.001
EWDS5 88.0% £ 0.09% 88.8% 0.991 +0.0013
€ETRGS80 97.7% £ 0.1% 98.2% 0.995 £+ 0.001
€TRG85 . - -
Endcap ECAL
€RECO 98.2% + 0.03% 98.4% 0.998 4 0.001
EWPS0 73.7% £ 0.2% 74.0% 0.996 £ 0.003
EW PS5 80.41 +0.035 80.6% 0.9975 £+ 0.004
ETRGS0 97.0% £ 0.1% 98.2% 0.993 +0.001
€TRG85 ' ' N
Description \ criterion ‘
Kinematical (loose) pr > 20GeV and |77| < 2.4
Kinematical (tight) pr > 35GeVand || < 2.1
Number of pixel hits >0
Number of tracker hits > 10
x*/n.d.f <10
Number of muon hits >0
Number of chambers with matched segments >1
vertex dy < 0.02cm
vertex d, < 0.1cm
combined relative isolation <01

Table 11: Muon identification and isolation requirements. The loose selection is used to identify
muons from Z candidates, while the tight selection is used for the W candidates.

full WP80 (WP85) selection criteria on both of the electron candidates. The trigger efficiency
from MC is only for the HLT path HLT_Ele32_CaloldVT_CalolsoT_TrkIldT_TrkIsoT. These elec-
tron reconstruction, WP80, WP85 selection and HLT efficiencies are given Figs. ??, 4, 5, and ??,
respectively.

The resultant efficiencies in data and simulation are given in Table 10 together with a ratio of
efficiencies in the data and the simulation.
3.3 Muon selection

The events for Wy — pv<y channel are selected by requiring the events to fire the single muon
trigger HLT_Mu30_v«, which is unprescaled for the run period being examined. The triggers
required for Zy — pp<y are HLT_DoubleMu7_v* and HLT_Mul3_Mu8_v«, the former becom-
ing prescaled after the first 200pb~! of integrated luminosity in 2011.

Furthermore, the muons in Z7 (W+y) are required to pass loose (tight) kinematical requirements
as well as identification criteria.

Cosmic ray muon contamination is significantly reduced by the requirement of |d.,| and |d.|
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Figure 3: A pr-dependent and verteices-dependent electron reconstruction efficiencies in the
data and MC for barrel and endcap.
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12 3 Object selection

to be consistent with the prompt muon production. Further cross-checks of timing and cosmic
tagger information [? | indicate negligible contribution from the cosmic background.

3.3.1 Performance of muon triggers and muon selection criteria

The performance of muon triggers and the overall muon reconstruction criteria is estimated
using the tag and probe method.

The overall muon identification efficiency is factorized as a product of efficiencies of several
consecutively applied requirements:

€tot = €ETRK " €SA " €ID * €150 * €HLT, (1)
where individual efficiencies are defined below:

o errk: the efficiency of reconstructing a track in the Tracker with the required number
of pixel and tracker hits,

® €54: the efficiency of reconstructing a track in the muon system, i.e., a stand-alone
(SA) muon with at least two muon stations and one matched chamber hit,

e ¢p: the efficiency of passing the GlobalMuon and TrackerMuon algorithms with the
required cuts on |dy,|, |d.| and X2 /n.df,

e ¢;50: the efficiency of passing the required isolation,

e cyi7: the efficiency of satisfying the requirements of the single muon trigger or dou-
ble muon trigger leg.

As the requirements are applied sequentially, the efficiency for both data and MC simulation is
estimated with respect to the previously applied criteria. eTrx is approximated by the efficiency
of reconstructing a track given a stand-alone muon. For simplicity of implementation in the
case of the dimuon triggers, the harder muon is required to pass the harder leg of the dimuon
trigger. Given that the loose pr requirement is at 20 GeV for each muon, the efficiency loss due
to this construction is minimal.

3.3.2 Tag and Probe method

The tag is defined as a muon that satisfies all muon selection criteria and is matched with a
trigger object. There is no requirement on the charge of the tag as to avoid ambiguousness of
the tag selection. The probes are defined to estimate each of the individual efficiencies defined
by Eq. 1 with definitions and passing criterion summarized in Table 12. All probes together
with the tag are supposed have an invariant mass 60 GeV< Mrp < 120 GeV and the opposite
charge.

Table 12: Definition of selected probes and the passing criterion.

€ \ Probe definition \ Passing criteria

TRK SA muon Track in Tracker

SA Track in Tracker SA muon

ID Track in Tracker and SA muon Global / Tracker muon

ISO Global / Tracker muon Isolated Global/Tracker muon

HLT | Isolated Global/Tracker muon | Isolated Global/Tracker muon matched to HLT
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3.4 Photon selection 13

The efficiency is determined by measuring the number of Z boson candidates in passing and
failing categories by fitting the dimuon invariant mass distribution in the requisite mass range.
The signal shape is described by a Breit-Wigner distribution convoluted with a Crystal Ball
function where its width is fixed to the width of the Z boson as determined by the PDG global
average. The Crystal Ball function is numerically convoluted with the Breit-Wigner function to
account for detector resolution and final state radiation effects in measured distribution. The
background is described by an exponential function.

The results for the overall muon identification efficiency of the selected probes are given in
Table 13 together with the Monte Carlo results of tag and probe method and those obtained
using the Monte Carlo truth information.

The same method is used to get results for the efficiencies as a function of pt and 7 of the probe
and as a function of the number of primary vertices in the event. The latter gives the direct
estimate of the pile up dependence, which is found to be minimal. The results are shown in
Figs. 7 through 11.

3.4 Photon selection

Photon candidates are reconstructed as SuperClusters with Er > 15 GeV in the fiducial volume
of the ECAL detector: barrel (EB) with |57| < 1.44 and endcap (EE) with 1.57 < || < 2.5. The
efficiency of identification of photons as SuperClusters is measured in MC simulation and is
found to be very close to 100%.

To reduce copious background objects from jets misidentified as photons we apply the same
identification, except for n-width in EB, and isolation criteria used in the first V7 paper [12]:

e Jurassic ECAL isolation < 4.2 +0.006 E7; this isolation variable is built by summing
the transverse energy deposited in the ECAL in an annulus 0.06 < R < 0.40, exclud-
ing a rectangular strip of Ay x A¢ = 0.04 x 0.40.

e Tower-based HCAL isolation < 2.2 + 0.0025 EZ,

e Hadronic/EM < 0.05,

e Hollow cone track isolation < 2 + 0.001 E7,

e n-width < 0.011 (EB), < 0.030 (EE),

e Track veto: require no pixel seeds.
The #-width requirement in EB is tighter than the one used in the previous CMS analysis [12]
to increase the purity of the signal and populate the background sideband for the ratio method

of estimation the V+jet background. The other change from the photon identification is the
correction of the isolation p due to pile-up events:

i < Iso >
Iso™ew — Isoorzgmal _ % 2
Pevent < p > ( )
, Where ﬂ;%; is also called A,fs, where p is the median background density per unit area and

computed using FASTJET package [? ]. I do not really understand what is given below. How
can you use acceptance for pile-up correction? You can use acceptance to measure the cross
section. Please revise!

Comparison of corrected photon isolation variable shapes for data and MC simulation after
applying full selection criteria is shown in Fig. 12. The results are in good agreement between
data and MC simulation for all three isolation variables.
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20 4 Measurement of W+ production cross section

We cross-check that the photons are simulated well in Monte Carlo by comparing the perfor-
mance of the full photon selection criteria without pixel veto requirements on electrons from Z
boson decay.

We use the official “Tag and Probe” tool to perform this comparison Both tag and probe elec-
trons must have hadronic over electromagnetic fraction less then 0.5, Er > 20 GeV, positioned
in the ECAL fiducial region and be spatially separated by AR > 0.4 from jets that are identified
by the anti-kt algorithm with AR = 0.5 and meet the following selection criteria:

o P> 10GeV,
|77jet| < 3.0,

electromagnetic energy fraction between 1 and 90%,
e 190 > 5.

We plot the di-electron invariant mass and obtain the number of signal events from fit. The
signal shape is taken from POWHEG at the generator level, and is convolved with a resolution
function with floating mean and width. Background is described by exponential function.

Di-electron mass distributions for electrons in data and MC are given in Fig. 14

The selection criteria agrees well between that obtained in electron data and simulation sam-
ples. The efficiencies and their ratios from tag and probe and mc truth are shown in Fig. 14
as well as a ratio of “isTight” efficiencies measured for electrons and photons in the EB and EE
sections of the ECAL are given in Fig. ??.

As the Monte Carlo simulation describes data well, and results agree within 1% uncertainties
from each other, we rely fully on Monte Carlo simulation to extract photon identification effi-
ciency and we take a conservative systematic uncertainty of 2% due to potential discrepancy in
modeling of the photon selection efficiency as function of photon Er. One needs to move effi-
ciencies and scale factors from FSR photons here and somehow integrate with results from
Zee

3.5 MET reconstruction

4 Measurement of W+ production cross section

In this section we document the measurement of the production cross section for Wy — fv7y,
where ¢/ = e, pu. As the cross section diverges at LO for soft photons or those that are spatially
close to charged lepton, we restrict our measurement to the following kinematic range:

e The transverse photon energy must be larger than 15 GeV.
e The lepton and the photon must spatially separated by AR(¢,y) > 0.7.

4.1 Selection of Wy — fvy final state

The W+ — fv final state is characterized by a prompt, energetic, and isolated lepton, signifi-
cant missing energy due to a neutrino, and a prompt isolated photon. The basic requirements
are similar for the electron and muon channels. We describe them together and point out the
differences when present.

Events are selected with either single electron or single muon triggers for the electron or muon
channels, respectively. In both cases, we use the unprescaled triggers with the lowest lepton pr
threshold available for a given run range, as given in Tables 8 and 4. We then require a charged
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Figure 13: Fits to di-electron mass distribution in mc EB, EE-, EE+ and data EB, EE-, EE+
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Figure 14: Efficiencies and their ratios from tag and probe method and mc truth

lepton, electron or muon, with pr > 35 GeV, which has to be matched to the trigger object firing
the HLT.

For the electron channel, we require one electron within the ECAL fiducial region to satisfy
the WP80 set of identification and isolation criteria, described in Section 3.2. In addition, we
remove the events having two or more electrons which satisfy the WP95 set of identification
and isolation criteria, with py > 20 GeV. This veto criterion is used to reduce a large fraction of
Drell-Yan background.

For the muon channel, we select events by requiring at least one muon with pt > 35 GeV
that satisfies selection criteria outlined in Section 3.3. We reject events that have more than
one muon candidates if the next-to-leading muon has pr > 10 GeV to reduce Drell-Yan back-
ground.

The missing transverse energy in the event is computed using the Particle Flow algorithm
(pfMET). pfMET is required to be larger than 25 GeV. This requirement suppresses the back-
grounds from Z/y*+jets, multijet QCD backgrounds, and y+jets processes. The threshold
value has been optimized to achieve the best significance defined as S/ \/E, where S is the
number of signal events, and B is the estimated background.

Finally, we require the presence of a photon candidate with Ey > 15 GeV within the ECAL
fiducial region. The photon candidate is required to pass the isTight photon selection described
in Section ??.

After the full selection, 2845 events are selected in the evy channel in the data with 723.9 pb*1
of integrated luminosity and 3228 events are selected in the yvvy channel in the data with 711
pb_1 of integrated luminosity. Expected yields for the signal and background processes from
Monte Carlo simulation are given in Table 16 for the evy channel and Table 17 for the pyv<y
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4.2 Background determination 23

channel. A comparison of several kinematic distributions between data and Monte Carlo after
the full event selection is shown in Fig. 15 for the muon channel and in Fig. 16 for the electron
channel.

4.2 Background determination

The largest background to W+ events comes from events in which the photon is a faked by a
jet that has a large fraction of electromagnetic energy. The following background processes fall
into this category:

e Wjets where the jet fakes a photon.

e Z+jets where one of the leptons from the Z boson decay is lost and a jet is misiden-
tified as a photon.

e tf+jets where one of the W bosons from the tf-pair decays into a lepton and a jet is
misidentified as a photon.

The fake photon background is estimated with the ratio and template methods described in
Section ?? for both final states, evy and pv-y.

For electron channel, the second major background to W+ events comes from events in which
electrons misidentified as photon in Drell-Yan or multiboson events. This background is esti-
mated by the invariant mass of electron and photon. For muon channel, this background is
small and is estimaed by using MC.

Further backgrounds may come from:

e Misidentified leptons from QCD 7+jet events which is negligible according to stud-
ies based on Monte Carlo simulation samples.

e Wy — tvy where the T decays to {v7.

e /< events.

The estimation of all these background sources is described in the following subsections.

4.2.1 Estimated background from a jet faking a photon in Wy — uv1.

The results of background estimation using the template and ratio method for the pv final
state are shown in Fig. 17. The estimated background is 1585.7 & 36.3 (stat.) &+ - (syst.) events
using the template method. The estimated background yields for the template and ratio meth-
ods are given in Table 18.

4.2.2 Estimated background from a jet faking a photon in Wy — ev-y.

For the evy channel, the results from template and ratio background estimation is shown in
Fig. 18. The estimated background is 1139.3 £ 27.2 (stat.) £ - (syst.) events by the template
method and - =+ - (stat.) & - (syst.) events by the ratio method. The fitted template shapes for
each EJ bin are shown in Fig. 19 for photon candidates in the barrel and in Fig. 20 for those in
the endcaps. The estimated background yields are listed in Table 19. The statistical errors of
the template method come from the extended-ML fit. The systematic errors are described in
Section ??2.



24 4 Measurement of W+ production cross section

o  fMSheimnayzon ‘\fSi?TeV, ~ S Peiminay O ST, o SMSPeliminay 20 NEE ‘ZT?Y
S @k IL di= 7206 pb” S g0 La=7106p5" 4 S 13k = IL o= 7106 pb*
— E —e- DATA n F ] — —e—DATA
3 = T 160~ + t ERE-]
8 r r . Zets 1 S
L = diBoson 5 C g
8 . 0 ar 1 s
o« 10°5 m@mae 3 B o0 s
<} E B Woamma pu F 1 6
P B R
5 2 80 - §
z 10¢ 60 El—
f 40 s
20F E
150 200 250 300 %.5 -2-15-1-050 05 1 15 2 25 20 40 60 80 100 120 140 160 180 200
Muon P; (GeV) Muonn pfMet (GeV)
o Preliminary 2011 Z Vo SMSPeiminay20ll  NsETTev  OMSPreliminay 2ot \S=7Tev,
g J'L dt=7106 pb* S IL dt=710.6 pb* S 00 Ldt- 7106p° 3
~ —e— DATA -~ —o— DATA 0 E —e— DATA |
: B " SEEEENY
3 5 2 1600 +++ H+ 2
g 8 5 1400 3
g g T 1205 E
: : L E
z Z 80; E
60F =
0 3
2 ;
20 40 60 80 100 120 140 160 180 200 150 200 250 300 0 - -
MY (GeV) E}(GeV) Photon n
~ CMSFreliminary 2011 \S: ‘ZT‘?V‘ o 10357 SPreliminary 2011 N5=7TeV
S 450 IL dt= 7106 pb* =i E rei¥ie J'L d=7106p5" 3
0 400i —e— DATA > L —e—DATA ]
= E - Wiets = [ - Wiets ]
5 . t OB & 3
3 350 % = gsosn g 10°E = gsosn -
— E = QCD — E - E
=} 300; + =] = =ng§'r?§ ]
& 20 z I ]
§ 200 g 10F E
z E z £ B
150 L ]
100 I 1
E 1= E|
501 £ E
% 5 6 0 2
dR(y.p) NVTX

Figure 15: Muon candidate pr , pseudorapidity, missing transverse energy, invariant transverse
mass, photon candidate Et, pseudorapidity, AR(y,y), and number of good vertices overlaid
distributions of the W+ candidates in data, signal MC, and background MC for W+ — pv-y.
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Figure 20: The same as in Fig. 19 but for the photon candidates reconstructed in the endcaps.

4.2.3 Estimation of background due to electrons misidentified as photons in Wy —
Lvy

Among background contributions from processes without genuine photons, Drell-Yan, and
multiboson production contaminate the signal when an electron is misidentified as a photon.
This background is caused by the inefficiency of GsfElectron reconstruction, and by the ineffi-
ciency of the pixel seed veto in discriminating photons from electrons.

This contribution for Wy — ev is estimated using data-driven method. For Z + X process,
if an electron passes electron selection and the other electron is misidentified as a photon, the
invariant mass of electron and photon will have a resonance at Z mass. The number of Z + X
events is determined from the invariant mass of electron and photon distribution fit to the
convolution of a Breit-Wigner and a Crystal Ball function for signal and an exponential function
for modeling the background. The distribution of M, , and fitting results are shown in Fig. 21.

Besides Z + X process, electron misidentification can also come from W+jets, tf+jets, and WW.
This contribution is estimated using MADGRAPH W+jets, tf+jets, and WW samples, where we
require photon candidates to be spatially matched to generator-level electrons. We estimated
the yield to be 449.0 4 47.4 (stat.) + - (syst.) events after the full event selection for the evy
final state. The uncertainty includes the statistical uncertainty of the simulated sample as well
as the systematic uncertainties on the electron and photon energy scales.

4.2.4 Estimation of Wy — tv+y background in Wy — vy

A small fraction of W(ev)y candidates come from Wy — tv7y events. This background is
estimated using Monte Carlo. The MADGRAPH generator used to generate the Wy — evy and
Wv — uvy Monte Carlo is also used to generate the Wy — tvy Monte Carlo. The estimated
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Figure 21: The distributions of M, for photon in barrel (top left) and in endcap (top right).
The fitting result for photon in barrel (bottom left) and in endcap (bottom right).
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number of selected Wy — T(— ev,vr)vy events is 26.2 + 1.1 (stat.) £ - (syst.). The fraction

OW(tv)y X EW(rv
fT*)EE W(tv)y W( )'Y, (3)

U—W(ev)'y X 8W(ev)'y

is estimated to be f;_,, = 0.03 £ 0.001 (stat.) & - (syst.). The uncertainty includes the statistical
uncertainty of the simulation sample as well as the systematic uncertainties of the electron and
photon energy scales.

For the muon channel, the expected number of selected Wy — 7(— pv,v7)v,y events is deter-
mined to be 28.9 £ - (stat.) & - (syst.) using Monte Carlo samples (see Table 17).

4.2.5 Estimation of Zy — ¢4+ background in Wy — £fvy

The contribution from Z7y — ee7y events is suppressed by the second electron veto, and by the
P71 requirement. The remaining background from electrons that fail reconstruction is estimated
using Monte Carlo simulation samples. The number of selected Zy — ee7y in the evy final state
is estimated to be 32.8 £ 1.2 (stat.) & - (syst.). The fraction

U7 (ee)y X €Z(ee
fZ’Y = Z(ee)y Z(ee)y , (4)

OW(ev)y X EW(ev)y

is estimated to be fz, = 0.037 £ 0.001 (stat.) & - (syst.). The uncertainty includes statistical
uncertainty of the simulation sample as well as systematic uncertainties on electron and photon
energy scales.

For the muon channel, the number of Zy — ppy and Zy — TT7y events passing the full
W (uv)7y selection is estimated to be 94.5 + - (stat.) £ - (syst.).

A study of the differences between the Zv background yields in the electron and muon chan-
nels can be found in Appendix ??.

4.2.6 Summary of background estimation to Wy — v+ processes

The expected background contributions from all considered sources for the W+ final states is
summarized in Table 20. The ratio and template method results agree very well with each other.
Because the systematic uncertainties on the ratio method are smaller than those on the template
method (see section ??), we chose the ratio method result for the cross section determination.

4.3 Measurement of the W+ cross section
4.3.1 Procedure for the cross-section determination

The measurement of cross sections is based on the formula:

Nsig

U:A-e-ﬁ

@)
where st-g is the number of observed signal events, A is the fiducial and kinematic acceptance,
€ is the selection efficiency for events in the acceptance, and L is the integrated luminosity.
The value of A is affected by the PDF and other theoretical uncertainties, while the value of
€ is susceptible to errors from triggering and reconstruction. In order to control the efficiency
uncertainties, we concentrate on the extraction of corrections to the efficiencies obtained from
the simulation. These correction factors come from efficiency ratios p = €/€sim derived by
measuring € and €, in the same way on data and simulation, respectively. We then replace
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4.3 Measurement of the W+ cross section 31

the product A x € by the product F x p, where ' = A X €in, is the fraction of generated events
selected in the simulation. Furthermore, the number of signal events Ng;, is not measured
directly but is obtained by subtracting the estimated number of background events Ny, from
the observed number of selected events N,.

Equation (5) can therefore be rewritten as

Nobs - Nbackg

a:—}_'p'£ ) (6)

We calculate ' = A - €pic,wy—sey using MC simulation, as F is defined as Naccept / Ngen, kins
where Nyccept is the number of events passing all selection cuts, and Ny, iy is the number of
generated events with EJ > 15, AR, > 0.7.

In the next subsections, we first list the systematic uncertainties affecting the measurement, and
we then give the results for the measurement of the Wy cross section for both the electron and
muon channels.

4.3.2 Systematic uncertainties

We divide systematic uncertainties into 3 groups: those affecting F, those affecting the effi-
ciency ratios, p, and those affecting the background estimation.

The following systematic uncertainties affect ' = A - €pic,wy— oy

e Uncertainties in the electron and photon energy scales. The uncertainty on F is
estimated by varying the electron and photon energy scales. Uncertainties in the
electron energy scale and resolution only affect the electron channel.

e F varies by less than 1% by applying an additional smearing of the electron and
photon energies.

e Uncertainties due to pileup. To account for this, we recalculate F using the MC
signal samples which include simulated pileup.

e Uncertainties of the PDE
The overall uncertainties on F are -% for the electron channel and -% for the muon channel.

The correction factor (p.fs) takes into account the difference of efficiency between data and
simulation. The p, s includes the lepton trigger, and the lepton and photon reconstruction and
identification, eg., 017480 - PReco * PWPSO * P - PMET- The latter is the corresponding ratio for Pt as
evaluated in Section 2. The overall uncertainty on the correction factor (p,ff) is -% for evy and
-% for pv-y.

The uncertainties from the background estimation (ratio method) are -% for the barrel and -%
for the endcap. The overall uncertainty on background estimation is -% for ev<y and -% for pv-y.

Finally, an uncertainty coming from the measurement of the integrated luminosity, amounting
to -%, is also taken into account.

A summary of all of the systematic uncertainties is given in Table 21 for both the electron and
muon channels. The main source of uncertainty in both cases, apart from the uncertainty on
luminosity, is due to the data-driven background estimation from the ratio method. A detailed
description of the estimation of this uncertainty can be found in Section ??.

More detailed information can be found in Section ??.
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32 5 Measurement of Z production cross section

4.3.3 Results for the Electron channel
The cross-section is calculated using the expression in Equation (6).

There are 2845 Wy — evvy candidates after full event selection in data with 723.9 pb*1 of
integrated luminosity. The estimated background of W+jets is 1139.3 £ 27.2 (stat.) £ - (syst.)
events using the template method and - &+ - (stat.) &= - (syst.) events using the ratio method. We
use results of the ratio method because it gives the most accurate measurement. The estimated
background of eeX is 449 + 474 (stat.). The value of Nj;, is obtained from the number of
observed events and the estimated number of background events with the following equation:

o Wiet eeX W(tv)y Zy
stg = WNobs — kag — Vbkg T kag o kag’ @)
where N, is the number of observed events, N;Z;t is the estimated number of background in
which jets fake photons, Ng;;? is the estimated number of background in which an electron is
. . ‘e W(tv)
misidentified as a photon, N, o

process, and Nliz, is the estimated number of background due to the Zv process,

7 is the estimated number of background due to the W(tv)y

The numbers that are used to calculate the cross section are summarized in Table 25.

Finally, the estimated cross section is:
o(pp — Wy — evy) =454 £ 2.9 (stat.) £ — (syst.) £ 2.7 (lumi.) pb.

This is consistent with the theoretical NLO cross section 31.47 0.1 pb.

4.3.4 Results for the Muon channel

We obtain 3228457 events in data corresponding to 711 pb~! of integrated luminosity after the
full set of selection criteria. Referring to Eqn. (6), N;;, is obtained by subtracting the estimated
backgrounds from the Wy — uvvy candidate yield. The estimated total backgrounds from all
sources is given in Table 23. The full set of parameters used for the cross-section measurement
is listed in Table 24 and the value for the cross-section for the process pp — W(uv,)y + pp —
W — uvyy with pt >15 GeV/cand AR(p,y) > 0.7 is evaluated to be

o(pp - Wy — pvy) = 48.59 + — (stat.) = — (syst.) £ — (lumi.) pb.
The theoretical prediction is 31.47 &= — pb.

5 Measurement of Zy production cross section

In this chapter we describe the measurement of the Z+ production cross section with Z boson
decaying to either electrons or muons. In the following we collectively refer ISR Z/y* v — £l
and FSR Z /y* — ¢4~y processes to as a Zv production.

Similarly to Wy cross section measurement, it is impossible to measure the full Z+y cross section,
so we restrict our measurement to the measurement of the Zvy production within the following
kinematic requirements:

1. photon Et > 15 GeV

2. the photon should be spatially separated from either of the leptons by AR(¢,y) > 0.7
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5.1 Zvy event selection 33

3. the dilepton invariant mass should be above 50 GeV.

This production is well-modeled [? ] in a number of generators described in Section 2. Given
an excellent agreement in modeling this process between samples, we choose to use the MAD-
GRAPH generator, that models Z LO production with up to one jet. To simulate NLO effects,
we scale the NLO cross section from MCFM.

Data samples for the Z+y study are described in Section 2. The corresponding integrated lumi-
nosity are 723.7 pb~! for both Zy — eey and Zy — pp+y channels.

The main background to this process is the Z+jets with one of the jets in the final state misiden-
tified as a photon candidate. We use template method described in Section ?? as it offers a more
precise measurement of the background at lower photon Er values. Other background sources
coming from multijet QCD, diboson, and tf processes are estimated from MC simulation and
found to be negligible.

5.1 Zv event selection

Events for electron channel are selected using a set of di-electron High Level Triggers, described
in Section 3.1.1. These events are further required to have at least two electron candidates with
pr > 20 GeV, within ECAL acceptance and passing the WP85 selection criteria described in
Section 3.2 and at least one photon that satisfies photon selection desribed in Section ??.

Similarly, events for Zy — upu<y study are selected by one of the unprescaled dimuon triggers
with the lowest-available pr threshold, given in Section 3.1.2. These events are further required
to have at least two muons with pt > 20 GeV and passing selection criteria given in Section 3.3
and a photon passing selection criteria.

Applying the selection criteria yields 706 Zy — ee7y candidate events. This is consistent with
the MC prediction of 662.1 £ 4.7 events comprised of 537.9 £ 3.8 from signal and 121.0 £ 2.8
from background.

The Z~y — pu-y selection criteria yields 1108 candidate events. The observed number of events
agrees well with 993.6 &= 35.9 of MC prediction with 776.5 £ 17.9 of expected Zy — upu<y events
and 217.1 £ 31.1 of background events.

The photon Et, 1, dielectron, and dielectron+photon invariant mass distributions for data and
MC simulation, after applying full selection criteria, are shown in Fig. 22, and Fig. 23, and 24
for the eery and ppy final states, respectively.

5.2 Determination of backgrounds

The dominant background to Zv production is Z/*+-jets processes, where a jet is misidenti-
tied as a photon. For the cross section measurement we use the template method to estimate
this background. The results from both methods are given in Table 26, The background distri-
bution as function of photon Et are shown in Fig. ?? with the systematic uncertainty calculated
following the procedure described in Section ??.

The other backgrounds from QCD multijet, photon+jets, tf, and other di-boson processes are
estimated from MC simulation to contribute X £+ X and X + X events for eey and ypy channels,
respectively, and therefore neglected in this analysis.
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34 5 Measurement of Z production cross section

5.3 Systematic uncertainties

Systematic uncertainties in Zv production cross section measurement are described in Sec-
tion ?2.

The sources of systematic uncertainties on signal estimation are summarized in Table 27 for
both Zy — eey and Zy — up<y channels. Uncertainty on the background estimation is dom-
inated by the statistical sample of non-isolated photons used to derive the background using
the ratio method. We treat this uncertainty as systematic and estimate it to be X% and X% for
the eey and ppy channels, respectively. The uncertainties on 7 = A - )¢ are from energy
scale and PDFE. The systematic uncertainty on the efficiency is determined from the propaga-
tion of the statistical errors on the correction factor p.¢. The systematic uncertainty on the F is
determined from the MC simulation. We vary the photon energy by X% in EB and X% in EE,
and with X% additional energy resolution. Those values are discussed in Section ??. For the
electrons, the energy is varied by X% for EB and X% for EE, and smeared with an additional
X% energy resolution. For uncertainties on pileup effect, we use MC singal sample with pileup
scenario and recalculate F. The deviation of F due to these variations is taken as the systematic
uncertainty.

5.4 Measurement of the Zy cross section

We calculate the cross section separately for eery and ypy channels using the following formula:

Nobserved — Nbackground
A - emc,zysity - Peff - | Ldt’

8)

Ozy—lly =

where Ngpserved 18 number of observed Zvy candidates after the full selection, Npackground 18 the
estimated number of background events, A is the signal acceptance, €yic 7,114 is the efficiency
for all requirements of the event selection. The A - € is defined as Naccept/ Ngen, kin, Where the
Naccept is the number of events passing all selection cuts, and the Ngg, tin is the number of
generated events with E% > 15 GeV, ARy, > 0.7 and My, > 50 GeV. for Zy — eey and
Zry — upy, respectively. The [ Ldt is the integrated luminosity, and p,f is a correction factor
that takes into account the data/simulation efficiency difference described in Section 3.

For Zry — ee?y, p.fs is calculated as a product of data/MC correction factors for electron and
photon reconstrution and identification, i.e., P2, - P3ypss * P- As electrons and photons recon-
structed in barrel and endcap have different correction factors, we rely on signal simulation
to estimate the average correction factor for the signal. We do not take into account data/MC
correction due to trigger efficiency modeling, as the overall trigger efficiency for eey channel is
close to 100% and any modeling differences below 10% are negligible.

Similar to electron channel, p,¢f in Zy — ppy is calculated as a product of data/MC correction
factors for muon and photon reconstrution and identification.

The numbers that are used to calculate the cross sections are summarized in Table ??. The
estimated cross section of Zy — uu<y is 6.30 £ 0.39(stat.) £ 0.81(syst.) £ 0.38(lumi.) pb. The
estimated cross section of Zy — eey is 5.57 £ 0.35(stat.) £ 0.30(syst.) = 0.34(lumi.) pb.
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Table 13: Summary of measured efficiencies in data, MC simulation compared to MC truth

values.

Table 14: A, ¢ used for PU correction for photon selection for EB and EE, respectively.

Efficiency \ Data \ Simulation \ MC truth information
€TRK 98.96 +0.02 | 99.34 +0.01 99.27 +0.01

€54 97.80 £ 0.03 | 98.23 £0.02 98.24 +0.01

€ID 99.32 +0.02 | 99.49 +0.01 99.57 +0.01

€150 97.36 0.4 | 97.58 4 0.02 97.58 + 0.02
€HLT)u30

€HLTpoubleMu7

€HLT)u13,u8

] Isolation \ EB \ EE

|

Tracker 0.167 | 0.032
ECAL 0.183 | 0.090
HCAL 0.062 | 0.180

Table 15: photon identification scale factors

ECAL scale factor | lower error | upper error
Endcap+ 1.053 0.002 0.004
Barrel 0.999 0.002 0.002
Endcap+ 1.040 0.002 0.095

Table 16: Data and simulation yields in Wy — evy channel for 723.9 pbfl.

cross section(pb) | number of events
Wy — evy 21.41 885.5+6.0
Wy — tvy 21.41 26.2+1.1
Wjets 31314 886.5 +18.7
Z+jets 3048 2104 £3.2
Z+vy =y 41.37 35.1+1.0
tt+jets 157.5 473+£1.2
v + jets by pr 7.8£0.6
QCD by pr 124 +29
WW — 2L2Nu 5.7 74404
WZ — 3LNu 0.6 1.6+0.1
77 — 2L2Nu 0.06 0.1 4+0.005
MC(all) 21205 + 20.2
data 2845
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Table 17: Data and simulation yields in Wy — uv7y channel for 711 pb ™.

cross section(pb) | number of events

Wy — uvy 21.41 971.4
Wy — tvy 21.41 28.9

Wjets 31314 1147 .4
Z+jets 3048 70.0
Z+v— 1y 101.2 94.5
tt+jets 157.5 72.2
Incl. » QCD 84679.3 38.9
v + jets by pr 1.2
WW 5.7 10.5
WZ 0.6 22

MC (Total) 2480.4

data 3228457

Table 18: Fake photon background yields for Wy — uv+y by the ratio and template methods.

Barrel

Photon E7, GeV

Background yields (Ratio)

Background yields (Template)

15-20 - &+ - (stat.) &= - (syst.) 643.7 + 23.5 (stat.) £ - (syst.)
20-25 - £ - (stat.) & - (syst.) 239.3 £ 14.4 (stat.) & - (syst.)
25-30 - £ - (stat.) & - (syst.) 98.3 £ 9.5 (stat.) & - (syst.)
30-40 - £ - (stat.) &= - (syst.) 120.1 4 10.8 (stat.) £ - (syst.)
40-60 - & - (stat.) &= - (syst.) 58.9 + 7.8 (stat.) & - (syst.)
60-500 - & - (stat.) &= - (syst.) 35.5 £ 7.1 (stat.) & - (syst.)
Total - + - (stat.) &= - (syst.) 1195.8 £ 32.9 (stat.) + - (syst.)
Endcap
15-20 - &+ - (stat.) &= - (syst.) 185.5 £ 9.3 (stat.) & - (syst.)
20-25 - & - (stat.) & - (syst.) 79.0 + 6.8 (stat.) £ - (syst.)
25-30 - £ - (stat.) & - (syst.) 37.2 £ 4.7 (stat.) £ - (syst.)
30-40 - £ - (stat.) & - (syst.) 50.6 £ 5.6 (stat.) £ - (syst.)
40-60 - £ - (stat.) &= - (syst.) 18.6 & 4.8 (stat.) &£ - (syst.)
60-500 - & - (stat.) &= - (syst.) 18.9 £ 5.4 (stat.) £ - (syst.)
Total - &+ - (stat.) = - (syst.) 389.9 £ 15.4 (stat.) £ - (syst.)
Barrel + Endcap
15-20 - &+ - (stat.) &= - (syst.) 829.3 £ 25.3 (stat.) £ - (syst.)
20-25 - &+ - (stat.) &= - (syst.) 318.3 £ 15.9 (stat.) & - (syst.)
25-30 - £ - (stat.) & - (syst.) 135.5 & 10.6 (stat.) £ - (syst.)
30-40 - £ - (stat.) & - (syst.) 170.7 & 12.2 (stat.) £ - (syst.)
40-60 - £ - (stat.) &= - (syst.) 77.5 £ 9.2 (stat.) £ - (syst.)
60-500 - £ - (stat.) &= - (syst.) 54.3 £ 9.0 (stat.) £ - (syst.)
Total - &+ - (stat.) &= - (syst.) 1585.7 £ 36.3 (stat.) £ - (syst.)
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Table 19: Fake photon background yields for Wy — evy by the ratio and template methods.

Barrel
Photon Et, GeV | Background yields (Ratio) | Background yields (Template)
15-20 j: (stat.) &£ - (syst.) 369.2 £ 15.0 (stat.) £ - (syst.)
20-25 - (stat.) £ - (syst.) 177.2 £ 10.7 (stat.) £ - (syst.)
25-30 i (stat.) & - (syst.) 70.7 £ 6.7 (stat.) £ - (syst.)
30-40 - £ - (stat.) &= - (syst.) 80.4 + 8.0 (stat.) £ - (syst.)
40-60 - £ - (stat.) &= - (syst.) 58.4 + 6.7 (stat.) £ - (syst.)
60-500 - & - (stat.) = - (syst.) 24.3 + 5.2 (stat.) £ - (syst.)
Total - &+ - (stat.) &= - (syst.) 780.1 £ 22.8 (stat.) £ - (syst.)
Endcap
15-20 - &+ - (stat.) &= - (syst.) 154.8 + 8.3 (stat.) £ - (syst.)
20-25 - &+ - (stat.) &= - (syst.) 76.5 £ 6.4 (stat.) & - (syst.)
25-30 - £ - (stat.) & - (syst.) 40.0 £ 4.8 (stat.) & - (syst.)
30-40 - £ - (stat.) &= - (syst.) 38.9 + 5.6 (stat.) £ - (syst.)
40-60 - £+ - (stat.) &= - (syst.) 40.0 £ 6.3 (stat.) &= - (syst.)
60-500 - & - (stat.) = - (syst.) 9.2 + 4.2 (stat.) £ - (syst.)
Total - &+ - (stat.) &= - (syst.) 359.3 £ 14.9 (stat.) £ - (syst.)
Barrel + Endcap

15-20 - &+ - (stat.) &= - (syst.) 524.0 £ 17.2 (stat.) £ - (syst.)
20-25 - &+ - (stat.) &= - (syst.) 253.6 £ 12.5 (stat.) £ - (syst.)
25-30 - £ - (stat.) & - (syst.) 110.7 £ 8.2 (stat.) £ - (syst.)
30-40 - £ - (stat.) &= - (syst.) 119.3 £ 9.8 (stat.) =+ - (syst.)
40-60 - £ - (stat.) &= - (syst.) 98.4 + 9.2 (stat.) £ - (syst.)
60-500 - & - (stat.) = - (syst.) 33.5 + 6.7 (stat.) £ - (syst.)
Total - & - (stat.) &= - (syst.) 1139.3 £ 27.2 (stat.) & - (syst.)

Table 20: Summary of background contributions in Wy final states for 723.9 pb~'. The quoted
fake photon background yield is determined by the ratio method.

Background yield in 723.9 pb !
Background source evy vy
Fake photons 1139.3 & 27.2 (stat.) £ - (syst.) | 1585.7 & 36.3 (stat.) & - (syst.)
Fake leptons negligible negligible
Fake photons 449.0 £ 47 .4 (stat.) & - (syst.) - & - (stat.) & - (syst.)
(misid. electrons)
W(tv)y 26.2 £ 1.1 (stat.) & - (syst.) 28.9 + - (stat.) & - (syst.)
Zy 32.8 £ 1.2 (stat.) & - (syst.) 94.5 + - (stat.) £ - (syst.)
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Table 21: Summary of systematic uncertainties for the W+ cross section measurement.

evy | pvy

Source Systematic uncertainty Effecton 7 = A - epc
Electron energy scale 0.07% 0.04% (EB), 0.22% 0.18% (EE) 0.2% n/a
Electron energy resolution 1.48% 2.02% (EB), 5.01% 3.91% (EE) 0.2% n/a
Muon pr scale 1% n/a -%
Muon pr resolution 1% n/a -%
Photon energy scale 0.07% 0.04% (EB), 0.22% 0.18% (EE) 0.1% -%
Photon energy resolution 1.48% 2.02% (EB), 5.01% 3.91% (EE) 0.1% -%
Pileup -% -%
PDF -% -%
Total uncertainty on F = A - epic % -%
Source Systematic uncertainty Effect on p.ff
Electron trigger 0.05% 0.37% (EB), 0.1% 0.72% (EE) | 0.02% n/a
Electron reconstruction 0.05% 0.13% (EB), 0.02% 0.2% (EE) | 0.03% n/a
Electron ID and isolation 0.17% 0.7% (EB), 0.35% 3.6% (EE) 0.13% n/a
Muon trigger 0.5% n/a %
Muon reconstruction 0.2% n/a -%
Muon ID and isolation 0.2% n/a %
Et selection 1.2%(e) 1.2%(p) % %
Photon ID and isolation 0.8% (EB), 3.3% (EE) % %
Total uncertainty on p,¢s -% -%
Source Systematic uncertainty Effect on background yield
Background estimation 6.7% (EB), 15.6% (EE) %

6.2% (EB), 18.3% (EE) -%
Source Systematic uncertainty Effect on luminosity
Luminosity 6.0% 6.0% | 6.0%

Table 22: Summary of parameters for the Wy — ev<y cross section measurement.

Parameter Number

Nevents 2845 + 53.3 (stat.)

Ny 1139.3 + 27.2 (stat.) =+ - (syst.)
b2 2 449.0 £+ 47 4 (stat.) & - (syst.)
W

szkg(”” 26.2 + 1.1 (stat.) = - (syst.)

kaZ’ 32.8 + 1.2 (stat.) £ - (syst.)

Ns 1197.7 + 76.4 (stat.) £ - (syst.)

A- €Mcrwzyﬁgl/,y 0.0361 + - (syst.)

Peff 1.009 +£ - (syst.)

[ L dt 723.9 £+ 43.4 (syst.)

Table 23: Background yields for W+ process in the muon channel.

Background source yield

Fake photons (template method) 1585.7 £+ 36.3

Zvy MCQ) 94.5 + - (stat.) £ - (syst.)
Wy — tvv,y (MC) 28.9 + - (stat.) £ - (syst.)
Dibosons (MC) 147.3 +£ - (stat.) £ - (syst.)
QCD (MCQ) 38.9 + - (stat.)

Total background events 1895.3 & - (stat.) & - (syst.)
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Table 24: Parameters used to calculate the W<y cross-section in the muon channel.
Parameters Woy — uvy
Nevents 3228 + 57 (stat.)
Njy © Preotons 1585.7 + 36.3
Né\;, 94.5
Ny 7 28.9
Nggjgosons 1473
NﬁgD 38.9 (stat.)
Ns 1332.7
A-emc 0.0389
Pe ff 0.993
[ Ldt 711
o(pp = Wy = uvy + X) | 48.59
Table 25: Summary of parameters for the Wy cross section measurement.
Parameters Wy — evy Weoy — uvy
Nopserved 2845 + 53.3 (stat.) 3228 + 57 (stat.)
Npackground 1647.3 £ 54.7 (stat.) & - (syst.) | 1895.3 & - (stat.) & - (syst.)
A - €EMCWy—tvy 0.0361 =+ - (syst.) 0.0389 &£ - (syst.)
Leff 1.009 £ - (syst.) 0.993 £ - (syst.)
[ Ladt 723.9 + 43.4 (syst.) 711 £ 4.2 (syst.)
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Figure 22: Photon candidate Et spectrum (left), photon pseudorapidity (middle), photon ¢
distribution (right), for data (black dots), Z~ signal (white histogram), Z/«*+jets and other
backgrounds are given as red and green filled hisograms respectively.
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5 Measurement of Z production cross section

Table 26: Z/v*+jets background estimation for the template method compared to MC truth.
The uncertainty for the data-driven method is statistical and systematic, while the MC truth
uncertainty is statistical only.

Zry — eey Zy — upy
ECAL Template MC truth Template MC truth
Barrel | 118.2 4+10.3 (stat.) | 87.19 2.4 || 168.0 &£ 8.5 (stat.) = 27.5 (syst.) | 128.8 £ 7.7
Endcap | 47.2 £19.1 (stat.) | 33.81 £ 1.5 48.4 £ 5.1 (stat.) & 0.5 (syst.) 484 £ 6.8
Total 165.4 + 21.7 (stat.) | 121.0 £ 2.8 || 217.1 4= 13.5 (stat.) £ 28.0 (syst.) | 177.2 £ 14.5
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6 Objectives of the “Ratio” Photon Fake Method

For events where the leading two photon candidates are really jets, we find the ratio { We
define the probability, f, that a jet from such an event will be observed as a tight-photon. The
probability that a jet from such an event will be observed as a fake-able object is defined as e.
This ratio can be utilized to estimate the amount of jet-jet contamination in a di-photon sample,
either where both photon candidates pass tight selection, or where one passes tight selection
and the other is a fake-able object. This may have the advantage over other photon fake rate
methods of incorporating the correct quark to gluon fraction of dijet and multijet events. Here
we calculate { for several pr ranges, where both photon candidates are in the same pr bin, and
both photon candidates are in the barrel.

The ratio % can be used in the following ways:

e To estimate the number of jets contaminating a single photon sample, first select
fake-able objects using the definitions below. Then multiply the number of fake-able
objects by f/e to find the number of jets passing tight photon selection. This will be
the number of jets contaminating the photon signal sample.

e To evaluate the number of tight-tight events ! which have both tight photons coming
from jets within a pr range: First count the number of fake-fake events for that pr
range. This is the number of events where the sub-leading photon candidates both
pass the fake-able object selection, are both in the barrel or both in the end cap, and

e

2
both in this pr range. The next step is to multiply this count by <f > to get the
number of tight-tight events that had both tight objects originate from a jet.

e To evaluate the number of tight-fake events 2 which have the tight photon coming
from jets within a pr range: First count the number of fake-fake events ® within a pr
range. It should be noted that real photons do not result in fake-able objects. Second,
multiply this count by 2 - % to get the number of tight-fake events that had both tight
objects originate from a jet. The factor of 2 to account for the combinatorics.

7 Description of the Photon Fake Method

We start by selecting several pr ranges of interest. In this case we have chosen: 32-37, 37-42.
42-48, 48-54, 54-62, 62-70, 70-85, 85-100, and 100-120 GeV. The upper most bin is not used for
the end cap since the sideband runs out of statistics. First, in the data we count the number
of fake-fake events for each range, where both fakes are in the barrel or both in the end cap.
Photons should never be observed as fake-able objects so we are confident that they are from
jets. This gives us the number of jet-jet events that result in fake-fake events (1j;_rr).

We then consider tight-fake events 2. For the tight photon selection we apply no Uiyiy cut since
this distribution is used later for fitting using a template method. This sample is a combination
of photon + jet events and jet+jet events where one jet passes tight photon cuts. We determine

LA tight-tight event: when both the leading and sub-leading photon candidates pass tight selection, are in the
barrel, and are both in the pr range.

2A tight-fake event: when either the leading OR the sub-leading photon candidate passed the tight selection
criteria and the other passed fake selection criteria. Again, both objects are required to be in the barrel or both in
the end cap, and both in the relevant pr range.

3A fake-fake event is one where the leading and sub-leading photon candidates both pass the fake-able object
selection, are both in the barrel, or both in the end cap, and both in this pr range.
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44 7 Description of the Photon Fake Method

how many events came from each contribution using a ¢;;;, template method. For each pr bin
we fit the 0;,;,, distribution of the tight photon in the data with a background fake template and
a signal photon template. We then integrate the fit templates up to the tight photon ¢;,;,, cut to
determine how many events from the signal and background distributions pass the full tight
selection. This gives us the number of jet-jet events that result in a tight-fake event (1n;;_7r).
The probability that a jet-jet event results in tight-fake eventis 2 - f - e while the probability that
jet-jet event results in fake-fake event is e2. So if there were, in truth, Nj; jet-jet events, then

1 nyj-7r

_ _ 2 f_
njj-rr =2-f-e-Nyyand njypp = e Njj. Then ¢ = 5 - /=

7.1 Data and MC Samples Used

A total of 1085.57 1/pb of 2011 data is used. All data ntuples were produced using CMSSW 4 25
and ggNtuplizer version V04-01-05-07. The Monte Carlo was produced in CMSSW _4_2_3 using
ggNtuplizer version V04-01-05-05.

Data:
/Photon/Run2011A-DiPhoton-MaylOReReco-v1/RAW-RECO dataset (201.16 1/pb)
/castor/cern.ch/user/c/cmkuo/ggNtuple/425_V04-01-05-07/job_photon_201la_MaylOrereco_May27_JSON.root

/Photon/Run2011A-PromptReco-v4/A0OD dataset (0.49 1/pb, 768.72 1/pb, 115.20 1/pb respectively)
/castor/cern.ch/user/c/cmkuo/ggNtuple/425_V04-01-05-07/job_photon_201la_MaylOrereco_aod_Jul6_JSON.root
/castor/cern.ch/user/c/cmkuo/ggNtuple/425_V04-01-05-07/job_photon_201la_PR_v4_Jull_JSON_noskim.root
/castor/cern.ch/user/c/cmkuo/ggNtuple/425_V04-01-05-07/job_photon_2011la_PR_v4_Jul6_JSON_noskim.root

Summer 2011 MC:
/GluGluToHToGG_M-115_7TeV-powheg-pythia6/Summerl11-PU_S3_START42_V11-v2/AODSIM
Castor Directory /castor/cern.ch/user/c/cmkuo/ggNtuple/423_V04-01-05-05/job_ggH_115.root

7.2 Trigger Selection
All data is subject to the trigger requirements. For the May10 ReReco, we used:

HLT_DoublePhoton33
HLT_Photon36_CaloIdL_Photon22_CaloIdL
HLT_Photon32_CaloIdlL_Photon26_CaloIdL
HLT_Photon75_CaloIdVL

Due to unavailable HLT information, HLT _DoublePhoton33 was not used for the Jul6_JSON
ntuple. HLT_Photon36_CaloldL_Photon22_CaloldL was not used for the May10rereco_aod_Jul6_JSON
ntuple. And HLT Photon32_ CaloldL_Photon26_CaloldL was not used for the Jul1_JSON or the
Jul6_JSON ntuples.

7.3 The Tight Barrel Photon Templates

We use H — vy Monte Carlo to generate the signal photon 03, templates. We fill the templates
with leading and sub-leading photons that originated from a higgs (phoGenGMomPID==25)
and passed tight photon cuts except for the 0;;;; cut. We observe that the signal templates have
no events over the y,;; cut anyway. The passing photons then fill the template histogram for
the appropriate pr range.

7.4 Fake-Fake counting

From the data we count events where the leading and sub-leading photon candidates pass the
take-able object selection and be in the same pr bin, and are both in the barrel or both in the
end cap.
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7.5 The Fake Template

We first require that the event have at least two photon candidates, and neither have a pixel
seed. We then fill the template histograms with the 0;;;, of the leading and sub-leading photon
candidates that pass a modified fake-able object selection. Both objects are required to either
both be in the barrel or both in the end cap. The modified fake-able object selection differs from
the usual fake-able object selection only in that we do not specifically select objects over the
Uiyiy cut so as to not bias the template shape.

7.6 The Data Template

Here we required that one of the two leading and sub-leading photon candidates is a fake-able
object while the other passes the tight photon cuts except for the 0;,;;, cut. Both objects are
required to be in the barrel or both in the end cap, and in the same p; range. We then fill the
corresponding histogram with the 0;,;,, of the tight photon.

Figure 27 shows the 0;;;, distributions for the tight photon in the barrel tight-fake sample and
template fits for several pr ranges, for the fitted MC photon signal template (blue), the fitted
fake-able object template (magenta), and the sum of the signal and background templates (red).
Figure 28 shows the same end cap tight-fake sample.
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Figure 27: The 0;,;,, distributions for the tight object in the barrel tight-fake sample and template
tits for nine pr ranges. In blue are the fitted MC photon signal template. In magenta are the
titted fake-able object template. In red is the sum of the signal and background templates.

7.7 Fake-able Object and Tight Object Definitions

These definitions use a 0;y;; cut of 0.011 in order to preserve the 0;,;, side band.
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7 Description of the Photon Fake Method

Sigmaletaleta dist of TF final state, Ty in ec, 321037 |

Entries.

h Feca

[__Sigmaletaleta dist of TF final state, Ty inec, 37t0 42 |
18520 Entries

h_F ec b

[_Sigmaletaleta dist of TF final state, Ty in ec, 4210 48 |

21100

h Fecc
Entries 19527

E Mean 002749 E Mean  0.02749 Mean  0.02746
C RMS _ 0.003614 C RMS _ 0.003643 220 RMS _ 0.003637
140~ L
£ 250— 200|
120 L 180
£ 200 160
100~ £
L E 140
80f- 150 120
E L 100
60— £
L 100~ 80
a0 L 60
£ 50— 40
20 E
C E 20
90157 0,05 0.025 0.03 0.035 0.04 0.045 0.05 0.085 0.06 8075 0.02 0:025 0.0 0.035 0.04 0,045 0.05 0.085 0.06 8.01570.02 0:025 0.05 0.035 0.04 0,045 0.05 0.085 0.0
SigmalEtalEta SigmalEtalEta SigmalEtalEta
[_Sigmaletaleta dist of TF final state, Ty in ec, 481054 | [ hFecd || dist of TF final state, Ty in ec, 541062 | [ hFece || dist of TF final state, Ty in ec, 621070 | h_F ecf
‘ Entries 13050 ‘ Entries 11085 Entries 6713
120 Mean  0.02737 Mean  0.02729 5 Mean 002721
F RMS 0003649 100 RMS 0003608 E RMS  0.003606
L L 40 ata
100— C E —on
r 80— sE
80— L 30
F 60— 5E
60— E E
L L 20
r 40— E
40— - 15—
E r 10F
20— 20— E
C C L=
9.01570.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 8.01570.02 0025 0.03 0.035 0.04 0,045 0.05 0.05 0.06 8015 0.02 0025 0.03 0.035 0.04 0,045 0.05 0.05 0.06
SigmalEtalEta SigmalEtalEta SigmalEtalEta
Sigmaletaleta dist of TF final state, Ty in ec, 70t0 85 | [ hFecg || dist of TF final state, T y in ec, 85t0 100 | h_F_ech
‘ Entries 7269 Entries. 4591
60— Mean 0.02705 24 Mean 0.02681
m RMS 0003539 E RAMS 0003428
E 221
C [ oaa E
50— — o 2=
£ — Fmea 18
a0 16
£ 14
30 125
C 105
20 8E
C 6
10 =
C 2
9015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 8015 0.02 0025 0.03 0.035 0.04 0.045 0.05 0.055 0.0

SigmalEtalEta

SigmalEtall

6
Eta

Figure 28: The 0y, distributions for the tight object in the end cap tight-fake sample and tem-
plate fits for eight pr ranges. In blue are the fitted MC photon signal template. In magenta are
the fitted fake-able object template. In red is the sum of the signal and background templates.

Tight photon Definition:
For the Barrel |phoEta |
phoHoverE < 0.05 &&

phohasPixelSeed == 0 &&
phoTrkIsoHollowDR04 < 2.0+0
phoEcallIsoDR04 < 4.2+0.006%*
phoHcalIsoDR04
phoSigmaIEtaIEta< 0.011

<1

L4442

.001+«phoEt + 0.167xrho25 &&
phoEt + 0.183xrho25 &&

< 2.2+40.0025%xphoEt + 0.062xrho25 &&

For the End Cap: 1.566 < |phoEta | < 2.6
phoHoverE < 0.05 &&
phohasPixelSeed == 0 &&
phoTrkIsoHollowDR04 < 2.0+0.001xphoEt + 0.032+xrho25 &&
phoEcalIsoDR04 < 4.2+0.006+phoEt + 0.090*rho25 &&
phoHcalIsoDR04 < 2.2+0.0025+phoEt + 0.180%rho25 &&

phoSigmaIEtaIEta <0.030
Fake-able object Definition:
For the Barrel |phoEtal| < 1

phoHoverE < 0.05 &&
phoSigmaIEtalIEta < 0.014 &&

phoTrkIsoHollowDR04 < Min (5% (3.5 + 0.001l*phoEt + 0.167xrho25),

phoEcalIsoDR04 < Min( 5% (4.2
phoHcalIsoDR04 < Min( 5% (2.2
(
phoSigmaIEtaIEta > 0.0
phoTrkIsoHollowDR0O4 >
phoEcalIsoDR04 > (4.2+

L4442

+ 0.006*phoEt + 0.183%rho25),
+ 0.0025xphoEt + 0.062xrho25),

11 or
(3.5 + 0.001lxphoEt + 0.167*rho2
0.006*phoEt + 0.183%rho25) or

0.2x phoEt)
0.2x phoEt)

5) or

0.2* phoEt)

&&
&&

&&
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phoHcalIsoDR04 > (2.2 + 0.0025xphoEt + 0.062%xrho25)
)

For the End Cap: 1.566 < |phoEta | < 2.6

phoHoverE < 0.05 &&
phoSigmaIEtalIEta <0.035 &&
phoTrkIsoHollowDR04 < Min( 5% (3.5 + 0.001 % phoEt + 0.032xrho25), 0.2x phoEt) &&
phoEcalIsoDR04 < Min( 5% (4.2+0.006* phoEt + 0.090xrho25 ), 0.2x phoEt) &&
phoHcalIsoDR04 < Min( 5% (2.2+0.0025% phoEt + 0.180xrho25), 0.2x phoEt) &&
(
phoSigmalEtaIEta >0.030 or
phoTrkIsoHollowDR04 > (3.5 + 0.001 * phoEt + 0.032xrho25) or
phoEcalIsoDR04 > ( 4.2+ 0.006 % phoEt + 0.090xrho25) or
phoHcalIsoDR04 > (2.2 + 0.0025 % phoEt + 0.180xrho25)

8 Results

We evaluated the JE( fake rates for several pr ranges and are summarized in Table 29 and in

Figure 29 for the barrel, and Table 31 and in Figure 30 for the end cap. We fit the % fake rate vs.

pr to the functional form = p0 + :%,12. The fit parameters are listed in Table 30 and Table 32
T

for the barrel and end cap respectively.

The errors listed below are statical errors that do not account for the systematic uncertainty
in the choice of Monte Carlo photon template. It is clear from Figure 27 that the Monte Carlo
template does conform to the asymmetry of the peak in the ;,;; distribution of tight barrel
photons.

In 2010 (see AN2010-365_v3) a 20% systematic uncertainty was recommended to account for
the variation in the photon fake rates derived from various methods. This 20% systematic
uncertainty should be assumed for here as well on top of the statistical errors listed below.

photon Et (GeV) fle
32-37 0.392 + 0.035
37-42 0.223 £ 0.017
42-48 0.147 £+ 0.013
48-54 0.116 £ 0.015
54-62 0.078 + 0.011
62-70 0.053 +0.011
70-85 0.044 £ 0.008
85-100 0.048 +0.013
100-120 0.027 £+ 0.010

Table 29: % fake rates for barrel objects for several Et ranges. The errors are statistical only.
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| Photon Barrel f/e Fake Rate for Dijets | = l:__f2_TF_FF 5
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Figure 29: { fake rates for the barrel for nine pr ranges and a fitted curve of the form % =

p0 + 5—1 with parameters given in Table 30.

p2
T

9 The Unbinned Template Method for Determining Photon Fake
Rate

The template method from last year’s analysis [12] has also been implemented this year with
one major improvement. In this revision of the method, signal and background templates used
are smoothed using kernel density estimation [13] or direct interpolation, in the case of high
statistics for the template, to allow for unbinned fits of the 03, distribution of selected photons
to be performed. This change represents an improvement in the statistical error on the with
respect to the binned template method. Additionally, studies can be performed to assess the
true size of the systematic errors coming from differences in template shape between data and
monte carlo.

To verify this update to the template method a monte carlo closure test was performed using the
Summerll MC samples. The test was performed by creating templates using signal and back-
ground template selections similar to those in data. The resulting unbinned templates were fit
to a properly weighted mixture of W+ and W+]Jets events, accounting for pileup reweighting.
We found that, to within errors, the unbinned template method agrees with the central value

NAME VALUE ERROR
Po 3.0e-02 £ 0.8e-02
P1 3.45e+05 + 6.2e+05
P2 3.904 + 0.49

Table 30: Barrel misidentification rate Jg = p0+ :%,12 fit parameters
T
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phoEt Range (GeV) fle
32-37 0.321 + 0.050
37-42 0.189 £ 0.021
42-48 0.138 + 0.018
48-54 0.128 £ 0.024
54-62 0.097 £+ 0.022
62-70 0.055 + 0.020
70-85 0.052 + 0.017
85-100 0.044 £+ 0.028

Table 31: Jg fake rates for end cap objects for several pr ranges. The errors are statistical only.

| Photon End Cap f/e Fake Rate for Dijets | h_f2_TF_FF
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Figure 30: % fake rates for the end cap for eight pr ranges and a fitted curve of the form % =

0+ p—lz with parameters given in Table 32.
p o p g

predicted by monte carlo ( 31) with the exception of two bins in the endcap.

The compeatibility of the fake rate method using a data driven template, selection as in 2010
analysis, in data between the barrel and endcap regions of the ECAL was also examined. We
find that the fake rate estimation differs significantly for low pr in the endcaps. This difference
is attributed to more stringent selection cuts for photons in the endcaps 32.

NAME VALUE
pO 3.5e-02 £ 2.6e-02
pl 2.23e+04 £+ 9.1e+04
p2 3212 +1.15

Table 32: End cap rake rate fit parameters. { = p0+ :%32
T
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MC Counting Fake Rate vs. Best Fit From Template' ‘ MC Counting Fake Rate vs. Best Fit From Template'
1 1
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Figure 31: Results of the MC closure test in the barrel and endcaps using Summer 11 MC.
Connected points are from the unbinned fit while starred points are the expectation from MC.

| Fake Rates Within Selection Cuts in EB and EE
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Figure 32: Results of using a data driven background template to fit W+ events with photons

in the ECAL barrel (starred) and endcap (connected). The endcap has systematically less back-
ground than the barrel due to more stringent photon ID requirements.
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10 Measuring photon identification efficiency using Final State
Radiation

Photon candidates from the FSR Z— pp<y process have the smallest background contamination
from the Z+jets production due to an invariant mass constraint on the dimuon plus photon in-
variant mass. By requiring the dimuon mass below the nominal Z boson mass, we implicitely
require a photon to be radiated off a muon. This requirement significantly reduces Z+jets con-
tribution to a negligible level. In this study, we use FSR Z+ candidate events to cross check the
photon selection efficiency obtained from MC studies and from studies of Z— ee process.

We select the FSR Z+y candidates by selecting a pair of muon candidates that satisfy the follow-
ing selection criteria

e pr >20GeVand || <24

e Number of pixel hits > 0

e Number of tracker hits > 10

e x?/nd.f <10

e Number of muon hits > 0

e Number of chambers with matched segments > 1
e vertex dy < 0.02 cm

e vertexdz < 0.1 cm

We also require the invariant mass of the dimuon candidate events to be between 30 and 82
GeV. The selected events are further required to have a photon candidate with Er > 15 GeV
and || < 2.5. Photons from Z FSR process tend to be collinear to the direction of the radiating
muon (see Fig. 33), and the latter spoils the photon isolation requirements (see Fig. 34).

To improve the photon selection efficiency, we modify the photon isolation by removing the
muon inner transverse momentum from the photon’s tracking isolation. We also remove the
muon energy deposition in photon’s ECAL and HCAL isolation. This procedure has a negligi-
ble impact on the backgrounds from Z+jets processes but significantly improves the efficiency
of Z+ FSR selection criteria.

To esitmate the efficiency of a given photon identification requirement we estimate the number
of the FSR Z+y candidate events before and after applying a given criterion by fitting the dimuon
plus photon invariant mass to a Crystal Ball function convoluted with a Gaussian distribution
for signal and sum of two Gaussian distributions for background. An example of such fits are
given in Fig 35.

The final results for the photon ID efficiency are shown in Fig. 36. The efficiencies with respect
to the different components of the photon ID can be found in Appendix ??. The results from
data are shown together with those obtained using the same method in Monte Carlo simu-
lation, as well as those obtained with the Monte Carlo truth. Averaged over the photon Er,
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Figure 33: Spatial separation between photon and muon candidates from Z+ FSR production.
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54 11 Distribution of Helicity Angles

we measure the photon identification efficiency of (83.0 & 1.0)% in data and (81.0 &+ 1.0)% in
MC simulation, where the uncertainty is statistical. The systematic uncertainty is estimated to
be 3% due to modeling of the background shape of the dimuon plus photon invariant mass
distribution.

graphicx subfig

11 Distribution of Helicity Angles

Several other kinematic quantities characterize the Z+ final state. These include the helicity
angles, 0z, ¢z, 04+, py+. The first two represent the polar and azimuthal angles of the Z-boson in
the Z+y rest frame. The last two denote the polar and azimuthal angles of the positively charged
lepton in the rest frame of the Z-boson. The quantity ¥ = ¢+ — ¢z can be interpreted as the
angle between the Zv production plane and the Z decay plane.

Figures 38, 39 and 40 compare the distributions of cos 6z, cos 0y+, and ¢ observed in the data to
those predicted by the standard model. The agreement between data and Monte Carlo verifies
detailed aspects of the CMS efficiency corrections.

A future analysis will extract the helicity parameters underlying these angular distributions.
The helicity analysis may be sensitive to interference effects not present in the distributions of
photon pr.
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(a) Production helicity angle (67) (b) Angle (1) between Z+y produc- (c) Decay helicity angle (6;) in the
in the rest frame of Zy tion and Z decay planes rest frame of Z boson

Figure 37: Description of Angles
A MCFM - Madgraph comparison for W+ channel

MC W+ sample is generated using Madgraph generator and contains up to 1 jet. However,
Madgraph generator does not contain virtual loop. New MCEFM generator (MCFM 6.0) can
provide both LO and NLO cross section and also contains both FSR and ISR processes.

In this section, we compare the generator level information for the W+ channel between MCFM
and Madgraph generators.

The following cuts were used for production in both generators:

photon E% > 10 GeV,

lepton p}. > 35 GeV,

MET ; 25 GeV,

7| < 2.5and |7] < 2.5,

the photon must be spatially separated by AR;, > 0.7 from either lepton,

for the Madgraph generator sample, we apply a minimum jet transverse momentum
cut of 10 GeV.

MCFM used CTEQ6L1 PDF set for LO and CTEQ66M PDF set for NLO. Madgraph used
CTEQ6L1 PDF set. Both generators used running scale.

The cross sections calculated by MCFM and Madgraph generators are given in Table 33. The
k-factor as a function of photon transverse momentum is calculated by MCFM and shown in
Fig.41.

The comparison plots for LO between MCFM and Madgraph W+v+0Jet can be seen in Fig. 42
for the photon transverse momentum(Py), pseudorapidity (7), AR, ,, electron transverse mo-
mentun (Pf), pseudorapidity (1¢) distributions.

The comparison plots for NLO between MCFM and Madgraph W+ +0]Jet can be seen in Fig. 43
for the photon transverse momentum(Py), pseudorapidity (), AR, ,, electron transverse mo-
mentun (P7), pseudorapidity (1°) distributions. Madgraph W++0Jet distributions are normal-
ized to the k-factor as a function of photon transverse momentum.

The comparison plots for NLO between MCFM and Madgraph W+ +1]Jet can be seen in Fig. 44
for the photon transverse momentum(P% ), pseudorapidity (77), AR, ,, electron transverse mo-
mentun (P7), pseudorapidity (17°) distributions. Madgraph W+ +0Jet distributions are normal-
ized to MCFM NLO cross section and the k-factor as a function of photon transverse momen-
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Table 33: Cross sections estimated by the MCFM and Madgraph generators for the W(— ev)y
channel. The jet multiplicity numbers are exclusive.
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pseudorapidity, and AR(e, y). MCEM results are shown in red line and Madgraph results are
shown in green dash line.



61

760 tum, respectively.



62 A MCFM - Madgraph comparison for W+ channel
CMS Simulation 2011 Ns=7TeV CMS Simulation 2011 \s=7TeV
—~~ 103 E T T T T T T T El 3 10 E T T T T T T T T T E
% 102 F Wy - evy; PDF = CTEQ66M E 2 9; Wy _ evy; PDF = CTEQBLL E
E E 8 —
e ” E NLO ¢ (MCFM) =357 pb 3 _g JE — NLOG (MCFM)=357pb E
o E - = = E E
e E NLO o (Madgraph ) = 3.57 pb T8 e NLO o (Madgraph1) =357pb
% 1 ? ,,,,,, NLO o (Madgraph I1) = 3.71 pb é i; 77777 NLO & (Medgh I =371
O 10t = E 3
© E E 3= =
102 S e ey = 2; é
F 3 1= —
0% B =
o 5 T T T T T T T T T El o SE T T T T 3
'E 45 = % 2 5: i
o 4 E o MCFM/Madgraph | E
355 MCFM/Madgraph | = b =
3= E E MCFM/Madgraph 11 E
25E E 150 3
2E MCFM/Madgraph Il = . = E
1.5? E E e e~ 3
1E [T 05F E
0.5 E| E B
0: L L L L L L L L L =l 07 L L L L L L L L L .|
0 10 20 30 40 50 60 70 80 90 100 - -4 -3 -2 -1 0 1 2 3 4 5
P; (Gev) n°
CMS Simulation 2011 Ns=7TeV CMS Simulation 2011 \s=7TeV
—~~ 102 T T T T T T T T % 3 10 E T T T T T T T T T E
% 10 Wy - evy; PDF = CTEQ66M = 2 9 Wy - evy; PDF = CTEQ6L1 =
) = 8E- =
5 U} NLO o (MCFM) =357 pb E s JE NLO o (MCFM) = 357 pb E
o 1 _ — = E E
~ 102 NLO o (Madgraph) = 3.57 pb 3 L 6 NLO o (Madgraphl) =357pb =
% 05H e NLO g (Madgraph I1) = 3.71 pb % i; ,,,,, NLO o (Madgraph11)=371pb
(o] 4 - E E
© 10.5 E 3= 3
10 2E E
" E 3
10 15 —
107 & ‘ = B ‘ ‘ LA
.9 E‘ T T T T T T T T T ] .9 6: T T T T 3
B s 1 B st E
E MCFM/Madgraph | B E MCFM/Madgraph | 7
2F - 2F =
E MCFM/Madgraph Il B E MCFM/Madgraph I1 B
15 = 15 =
1?M 1 e E
o5t ] 05E E
0: Il Il L L L L L L L . O: L L L L L L L L L 3
0 50 100 150 200 250 300 350 400 450 500 - -4 -3 -2 -1 0 1 2 3 4 5
P (GeV) n'
CMS Simulation 2011 Ns=7TeV
3 20 F T T T T T T T T T =
o iz; Wy  evy; PDF = CTEQ6L 1 E
= 14; NLO o (MCFM) = 357 pb 3
% 12 NLO o (Madgraph 1) =357pb ~ —|
g w0 NLO o (Madgraph 11) =3.7Lpb
5 8c 3
T e 3
& E
2 =
o  sb+r =
E 250 E
[ MCFM/Madgraph | 3
2; -
E MCFM/Madgraph I1 B
15 ”E
JE = m
“E e AL
05 =
0: L L L L L L L L L .
0 05 1 15 2 25 3 35 4 45 5
AR(e,y)

Figure 44: The distributions of Electron candidate Et, pseudorapidity, photon candidate Er,
pseudorapidity, and AR (e, v). MCFM results are shown in red line. Madgraph results normal-
ized to MCFM NLO cross section are shown in green dash line. Madgraph results normalized
to k-factor are shown in pink dash line.
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