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• 2010-2012 
• Classes 
• Detector: TRT Alignment 

• 2011-2016: Performance work and analysis 

• Performance: Electrons 
• Electron identification (likelihood method) 
• Electron efficiency measurements 

• Analysis: 
• H→ZZ*→4  
• WZ→3
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• Higgs Boson 
• Particle hypothesized as part of electroweak 

symmetry breaking 

• Electroweak Gauge Bosons 
• Higgs decays to WW, ZZ 
• Potential mediators of new physics 
• Decays to lepton pairs: Z→ + –, W→ ν 

• Leptons (in particular, electron) 
• One of the signatures in the detector 
• Window into electroweak gauge sector
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The Standard Model

Highlighted Components
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• Bunches of 100,000,000,000 protons collided at energies of 7, 8 and 13 TeV 

• LHC delivers proton-proton bunch crossings at a rate of 40,000,000/s 

• On average 10-40 interactions per bunch crossing 
• Two all-purpose detectors built to discover the Higgs boson and search for new physics: 

ATLAS and CMS 

• Excellent delivery of data so far
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The Large Hadron Collider
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• Tracking detectors (and solenoid) to measure charged particle tracks 

• Calorimeter detectors: 
• Electromagnetic calorimeters to collect the energy of electrons and photons  
• Hadronic calorimeter to collect the energy of hadronic jets 

• Muon spectrometer (and toroid): measure momentum of muons 

• Trigger system 
• Must reduce 40,000,000/s rate down to   1000/s stored events
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The ATLAS Detector
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Particle Signatures
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• Hardware/Detector Experts: physicists that ensure working detectors 

• Data preparation: Ensure good-quality, promptly-delivered data 

• Combined Performance Groups: groups of analyzers with common problems (e.g. characterizing 
electrons, photons, jets) work collectively on a problem. Solving them can benefit many analyses 

• Physics analysis Group: Use the data to make a measurement or search for new physics
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How ATLAS work gets done

Today, there are four main types of activity:
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I spent a lot of my time on combined performance (electrons)
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Higgs Boson

Phys. Lett. B 716 (2012) 1-29
31 July 2012

● The Higgs is short lived and is observed from its decay products

I studied JVF 
e(ciencies 
for HWW
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• Straw tubes filled with Xenon (Argon) gas, with radiator in between 

• Collect hits from particles traversing the straws, reconstruct tracks from these hits 

• Electrons emit transition radiation  
• Induces a high-threshold hit, important for electron identification on ATLAS 

• 350,000 straws, intrinsic resolution of ~130 μm → need a good description of the 
geometry
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Transition Radiation Tracker: Overview
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• Detector elements can be misaligned compared to “perfect” geometry description 

• Tracks reconstructed with misalignments will have large residuals 

• Alignment: collect millions of tracks; minimize the residuals using a χ2 minimization procedure 

• The construction of the TRT is highly modular (corresponding to assembly procedure) 

• TRT: align at three levels: Barrel and Endcaps (L1), Modules (L2), and Straw Level (L3) 

• I worked to align the TRT at the straw level
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Correcting Detector Misalignments
Reconstructed trajectory

True trajectory

True position

Perfect geometry 
Detector hit 
Residuals
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• Developed a multivariate electron identification technique 

• Measured electron efficiencies using Z→ee events
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ELECTRON ID
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• Electrons that we are looking for are prompt: participant in the p–p hard scatter 

• Electron bends in uniform magnetic field from 2T solenoid, interacts with material in the detector 
• Inner Detector measures particle trajectory and estimates the electron momentum 
• Deposits transition radiation in the TRT 

• Electron deposits most of its remaining energy in EM calorimeter 
• Energy deposit is localized in η×φ 

• Electron is an electromagnetic cluster matched to a track
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Electron Reconstruction
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• Photon conversion: prompt γ from hard scatter or inside jet converts to e+e– 
• Charged particle from a hadronic jet misidentified as an electron 
• Displaced b-jet decay with electron in the decay chain 

• Hadronic jets have more activity (from the parton showering and 
hadronization) 

• Converted photon will have a displaced vertex from interaction with material 
• b-jets have displaced vertex and local activity
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Electron Backgrounds

γ→e hadronic jet hadronic b-jet

What are the electron backgrounds?

How can we distinguish them?

← non-prompt e
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Event Displays

4 electron candidates converted photon two jets

K. Brendlinger I forgot to change this 9

Electron Identification
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• Energy ratios and widths of the calorimeter deposit 
• Distances from track to primary vertex 
• TRT High Threshold Hits 
• Variables to describe how isolated electron candidates are 

from other tracks / calorimeter activity

At our disposal:
=

E(   )
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Electron Identification on ATLAS
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• 2011-2012: ATLAS used sets of simple cut requirements, called  
“cut-based menus” 
• Main drawback: inefficiencies due to losses in tails of distributions 
• Some powerful cuts cannot be used because they overlap with background too much 

• 2012: Developed a multivariate technique for electron identification, to 
improve on cut-based ID - The Likelihood Method

....
Too much overlap with background 

to make an efficient cut

Variables at our disposal
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• Given a collection of variables x describing electrons, construct a discriminating test 

• where p is exact probability density function (PDF) in the space of variables x of a an electron 

• Neyman-Pearson Lemma guarantees that this is the best discriminating test 

• We make the assumption that all variables are uncorrelated, so the PDF is the product of n one-
dimensional variable PDFs (histograms): 

• Benefit over cut-based methods: “drawing circles instead of squares” in 11-dimensional variable space
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The Likelihood Method
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5. Electron Identification 20

bility density functions (PDFs), usually histograms, that are developed from clean sources of signal646

and background (the “training sample”). For a set of uncorrelated variables, the total conditional647

probability is the product of the PDFs evaluated at values xi for each of the n variables in x:648

p(H|x) =
nY

i=1

p(H|xi). (5.2)

The likelihood can be transformed using a convenient function that is monotonically increasing for649

values > 0, namely x ! x/(x + 1) [30], allowing the signal to peak at 1 and background to peak at650

0:651

dL(x) =
p(Hs|x)

p(Hs|x) + p(Hb|x)
, (5.3)

where dL is the likelihood discriminant. An additional transform is applied to dL(x) to allow the events652

to be more evenly distributed; this simplifies the technical aspect of choosing likelihood discriminant653

cut values [28]:654

d0L = �⌧�1dL ln(d�1
L � 1) (5.4)

where ⌧ = 15 is used in this case.4 A cut can placed on this discriminant to separate signal from655

background; any electron whose discriminant is higher than this value passes the likelihood selection,656

while the rest fail. The cut on the likelihood can be combined with other rectangular cuts to define657

a full selection menu.658

An example likelihood discriminant and the continuum of corresponding signal e�ciencies/background659

rejections are shown in Fig. 5.5 in the form of a receiver operating characteristic (ROC) curve. The660

corresponding optimized cut-based menu operating point is shown for comparison.661
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Figure 5.5: Left: An example likelihood discriminant output, after having been transformed by Equa-
tion 5.4, for data signal and background distributions. Right: The corresponding ROC
curve, illustrating the continuum of operating points. A cut-based menu is plotted for
comparison.

4⌧ = 15 is the default value in TMVA.
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• Our likelihood 
• Data-driven (don’t rely on simulation) 
• Electrons describing PDFs collected from the Z→ee process 

• Right: Performance of the Likelihood menus 

• Bottom: better background rejection (about a factor of 
2) for the same signal efficiency 

• 2012 Electron likelihood customers: 
• H→ZZ*→4  
• H→WW*→ ν ν 
• ttH multilepton 

• With the hard work of Penn collaborators: 
• Electron likelihood now used ATLAS-wide 
• Used in trigger to collect events in 2015 and 2016! 

• R.R.M.G. Fletcher, J. Reichert, L. Flores
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Electron Likelihood Performance

Bkg 
Ratio LH/cuts

Signal Eff
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• Worked in the H→ZZ*→4  channel 

• Helped improve the electron identification 
• Worked on the differential cross section measurements

18

HIGGS BOSON
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• July 4, 2012

19

Discovery of the Higgs Boson

Rami Vanguri  VBF HInvisible                                               June 30, 2015 9/50

Higgs Boson

Physicists Find Elusive Particle Seen as Key to Universe
WEDNESDAY, JULY 4, 2012

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle that looks like the Higgs boson.

Rami Vanguri  VBF HInvisible                                               June 30, 2015 8/50

Higgs Boson

Phys. Lett. B 716 (2012) 1-29
31 July 2012

● The Higgs is short lived and is observed from its decay products

I studied JVF 
e(ciencies 
for HWW
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• After discovery, it is time to characterize the Higgs 

• Search for deviations from SM predictions  

• I worked on first differential cross section measurements 
in the H→ZZ*→4  decay channel
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Measurements of the Higgs Boson

Higgs production modes

2. Theory 4

boson fusion has a distinct signature featuring two forward jets, and plays an important role in325

determining Higgs boson couplings [13]. Higgs production in association with top quarks (ttH) o↵ers326

direct access to the top Yukawa coupling.327
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Figure 2.1: Leading-order Feynman diagrams of Higgs boson decay modes. From left: gluon-gluon
fusion via heavy quark loops; vector boson (Z orW ) fusion with two forward jets; radiation
of a Higgs (higgstrahlung) from a W or Z boson; Higgs production in association with
top quarks.

The decays of the Higgs boson are illustrated in Figure 2.2; production and decay modes are328

summarized in Table 2.1.329
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Figure 2.2: Higgs decay modes. Left: decay to WW or ZZ spin-1 boson pairs; middle: decays to pho-
tons via virtual top and W loops; right: decays to fermion-antifermion pairs. Accessible
ff̄ pairs at the LHC include ⌧+⌧�, µ+µ�, and bb̄.

The Higgs boson discovered in 2012 and measured using the Run I data set is so far consistent330

with the Standard Model prediction. Figure 2.3 shows the measured couplings to vector bosons and331

fermions in the ATLAS and CMS detectors, demonstrating their mass dependence as predicted by332

the SM.333

Part of the LHC program in the coming years will be to measure the properties of the newly334

discovered Higgs boson and compare them to the theoretical predictions. Deviations in cross section335

measurements, or di↵erences in di↵erential cross sections, can point to new physics.336

2.4 Diboson Physics, Triple Gauge Couplings and WZ337

The non-Abelian nature of the electroweak sector allows for triple and quartic gauge couplings—338

vertices with three and four gauge bosons. The triple gauge couplings (TGCs) allowed by the SM339

correspond to the WWZ and WW� vertices, accessible via the WW , W� and WZ production340

gluon fusion vector boson fusion “higgstrahlung” ttH2. Theory 5

Production Mode Cross section (pb) %

gluon-gluon fusion 19.15 87

vector boson fusion 1.573 7

WH 0.6970 3

ZH 0.4112 1.9

bbH 0.2013 0.9

ttH 0.1280 0.6

Decay Mode Branching ratio (%)

H ! bb̄ 57.1

H ! WW 22.1

H ! gg, cc, ss, tt 11.4

H ! ⌧⌧ 6.25

H ! ZZ 2.74

H ! �� 0.228

H ! Z� 0.157

H ! µµ 0.021

Table 2.1: Predicted Higgs production cross sections and decay branching ratios, given a Higgs with
mass 125.4 GeV.
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Figure 2.3: Results combining ATLAS and CMS analyses of best-fit couplings to fermions and bosons,
using the coupling modifiers  = �/�SM. The construction illustrates the mass dependence
of the couplings to the Higgs [14].

Higgs Decay Modes
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July 2, 2014 – 01 : 20 DRAFT 30

Figure 14: Diagram of decay angles for the H → 4ℓ decay.

Variable Numerator of correction factor Denominator of correction factor
pT,H pT of the intermediate Higgs particle pT of the reconstructed four-lepton

system (no FSR correction)
|yH | rapidity of the intermediate Higgs particle rapidity of the reconstructed four-lepton

system (no FSR correction)
m34 Invariant mass of the sub-leading Invariant mass of the sub-leading

(born-level) lepton pair (includes mispairing) lepton pair (includes mispairing)
|cos(θ∗)| θ∗ is the production angle of Z1, θ∗ is the production angle of Z1,

defined in the four lepton restframe defined in the four lepton restframe
(includes mispairing) (includes mispairing)

Njets Number of truth jets Number of reconstructed jets
pT, jet pT of the leading truth jet pT of the leading reconstructed jet

Table 9: Definition of variables. Numerator of correction factor: Truth quantity that we unfold to.
Denominator of correction factor: Reconstruction level. For the definition of the truth and reconstructed
particles see Sec. 2.2.

|cosθ*|

• pT: sensitive to new physics; a well-studied distribution 

• |cosθ*| - angle between beam axis and Z1 decay in the Higgs rest frame 

• Sensitive to spin properties of the particle 

• Njet, pTjet1 - jet variables sensitive to associated jet  
radiation, and production modes 

• |y| - ability to distinguish parton distribution functions 

• m34

21

Higgs Fiducial Differential Cross Sections

Differential fiducial cross section: fiducial cross section as a function of some kinematic variable 
 - Choose variables that are sensitive to interesting physics:

Fiducial cross section: probability of an interaction and subsequent decay in ~instrumented region

Cross section: probability of an interaction, e.g. pp→H→ZZ*→4
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• One on-shell Z; one off-shell Z* 
• Four 4  channels: 4μ, 2μ2e, 2e2μ, 4e 
• Two main backgrounds:  

• Irreducible from SM Z(*)Z(*)→4 , modeled using simulation 
• Reducible from Z+jets and tt, modeled using  

data-driven methods 
• Improvement in electron identification (likelihood) reduces  

Z+jet background by ~factor of 2 

• Event Selection:
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Brief Overview of Analysis
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Table 1: Fiducial selection

Lepton selection
Muons: pT > 6 GeV, |�| < 2.7
Electrons: pT > 7 GeV, |�| < 2.47

Lepton pairing
Leading pair: SFOS lepton pair with

smallest |mZ �m⇧⇧|
Subleading pair: Remaining SFOS

lepton pair with
smallest |mZ �m⇧⇧|

Event selection
Lepton kinematics: pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV

12 < m34 < 115 GeV
Lepton separation: �R(✏i, ✏j) > 0.1 (0.2)

for same- (di⇥erent-)
flavour leptons

J/⌅ veto: m(✏i, ✏j) > 5 GeV
for all SFOS lepton pairs

Mass window: 118 < m4⇧ < 129 GeV

leptons, which happens in about 5% of the selected247

events for a SM Higgs boson with mass 125.4 GeV.248

The leading pair is defined as the SFOS lepton pair249

with invariant massm12 closest to the Z boson mass250

and the subleading pair is defined as the remaining251

SFOS lepton pair with invariant mass m34 closest252

to the Z boson mass.253

The three highest-pT leptons in the quadru-254

plet are required to have pT > 20, 15, 10 GeV,255

respectively, and the lepton pairs must have256

50 < m12 < 106 GeV and 12 < m34 < 115 GeV.257

The separation between the leptons is re-258

quired to be �R(✏i, ✏j) > 0.1 (0.2) for same-259

(di⇥erent-) flavour leptons. A J/⌅ veto is applied:260

m(✏i, ✏j) > 5 GeV for all SFOS lepton pairs. Fur-261

thermore, the mass of the four-lepton system m4⇧262

must be close to mH , i.e. 118 < m4⇧ < 129 GeV.263

For a SM Higgs boson mass of 125.4 GeV, the264

acceptance of the fiducial selection (with respect to265

the full phase space of H ⇤ ZZ⇤ ⇤ 2✏2✏0, where266

✏, ✏0 = e, µ) is 45.7%. The number of events passing267

the event selection divided by the number of events268

passing the fiducial selection is 55.3%; about 1% of269

the events passing the event selection do not pass270

the fiducial selection.271

5. Background estimate272

The background estimates used in this analysis273

are described in detail in Ref. [14]. The irreducible274

ZZ and the reducible WZ background contribu-275

tions are estimated using simulated samples nor-276

malized to NLO predictions. For the jet-related277

variables, the simulation predictions are compared278

to data for m4⇧ > 190 GeV where the ZZ back-279

ground process is dominant; shape di⇥erences be-280

tween the distributions in data and simulation are281

used to estimate systematic uncertainties.282

The reducible Z + jets and tt̄ background con-283

tributions are estimated with data-driven methods.284

Their normalizations are obtained from data con-285

trol regions and extrapolated to the signal region286

using transfer factors. The ✏✏ + µµ final state is287

dominated by Z + heavy-flavour jets and the ✏✏+ee288

final state by Z + light-flavour jets. The misidenti-289

fication of light-flavour jets as electrons is di⇧cult290

to model in the simulation. Therefore the distri-291

butions for ✏✏ + ee are taken from data control re-292

gions and extrapolated to the signal region, while293

the background distributions for ✏✏+ µµ are taken294

from simulated samples.295

After the analysis selection about 9 background296

events are expected: 6.7 events from irreducible ZZ297

and 2.2 events from the reducible background.298

The observed distributions compared to the sig-299

nal and background expectations for the six observ-300

ables pT,4⇧, |y4⇧|, m34, | cos ⇥⇤4⇧|, njets, and pjetT are301

shown in Fig. 1. The signal prediction includes302

VBF, ZH, WH, tt̄H, and the Powheg ggF cal-303

culation for a Higgs boson with mH = 125 GeV304

and is normalized to the most precise SM inclusive305

cross-section calculation currently available [56].306

6. Observed di�erential yields and unfolding307

The extraction of the signal yield for the mea-308

surement of the fiducial cross section is performed309

through a fit to the m4⇧ distribution using shape310

templates for the signal and background contri-311

butions [14]. In this fit, the mass is fixed to312

125.4 GeV and the parameter of interest is the to-313

tal number of signal events. The extracted num-314

ber of observed signal events in the mass window is315

23.7+5.9
�5.3(stat.)±0.6(syst.).316

In the di�erential cross-section measurements,317

given the low number of signal events expected in318

4

• 4  Mass window: 118-129 GeV for 
cross section measurementsZ1

Z2
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Figure 47: Combined correction factors evaluated at MH = 125.4 GeV. All systematics are included.

• Relate the number of events observed 
to the fiducial cross section using a 
correction factor in each bin: 

• Relate to fiducial cross section: 

• Simultaneous signal extraction in all 
bins, by minimizing (-2x) a profile 
likelihood ratio 
• Allows correlation of systematics across 

differential bins 
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Fiducial Cross Section Calculation
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Figure 48: Measured differential cross sections (dσ /dx) in the 20.3 fb−1 of
√

s = 8 TeV dataset for all

variables.
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Figure 23: Scans of ∆2NLL using Asimov data set for dσ/dx in each bin of the pT distribution.
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Figure 23: Scans of ∆2NLL using Asimov data set for dσ/dx in each bin of the pT distribution.
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Figure 23: Scans of ∆2NLL using Asimov data set for dσ/dx in each bin of the pT distribution.
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Figure 23: Scans of ∆2NLL using Asimov data set for dσ/dx in each bin of the pT distribution.
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Figure 44: Background and signal predictions and data yields in the signal region ( 118 < m4ℓ < 129

GeV).
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• Compare results to predictions from leading generators 
• Powheg+Pythia (NLO at QCD) 
• HRes (NNLO+NNLL - pT distribution) 
• Minlo H+1j (Multi-scale improved NLO) - jet variable 

distributions 
• Sub-dominant contributions from ttH, VBF, and VH taken 

from Powheg generator 
• Predictions are normalized to the most precise cross section 

prediction → shape comparison 

• Lots of work in theory community to understand 
distributions 

• Theory uncertainties dominated by ggF production 
mode (scale) 

• I ran predictions, and evaluated: 
• PDF uncertainties 
• Scale uncertainties

24

Theoretical Predictions
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HRES21136

1137

In addition to µR and µF, there are two resummation scales: Q1 = mH/2 and Q2 = mb for the bottom1138

mass contribution. µR and µF are varied as in the POWHEG description, keeping Q1 and Q2 fixed to their1139

nominal values, and Q1 and Q2 are varied up and down (×2 and ×0.5 for Q1, ×4 and ×0.5 for Q2) with1140

µR and µF both fixed. The envelope of these 15 variations is taken as the scale systematic. Figure 381141

shows the HRES2 scale variations; it can be seen that dominant systematic in the low-pT 4lℓ region is the1142

renormalization scale variation.1143

The nominal PDF used is MSTW2008; 40 eigenvector variations are combined in quadrature for the1144

PDF uncertainty. Figure 40 shows the nominal PDF sample and eigenvector variations. The uncertainty1145

from the MSTW2008 PDF set is evaluated by combining the eigenvector variations in quadrature, as1146

described in Sec. 4.6.1. The envelope of the nominal prediction from using MSTW2008, CT10 and1147

NNPD 2.1 is taken as an additional uncertainty, as described in Sec. 4.6.1. The total uncertainty is1148

obtained by combining these two uncertainties in quadrature. Figure 39 compares the nominal variations1149

of the three PDFs.1150

The total uncertainty is the quadrature sum of scale and PDF uncertainties. Tables 51 and 52 detail1151

the uncertainties from scale and PDF variations, and from statistical uncertainties, in the pT 4lℓ and |y4ℓ|1152

distributions.1153

For the HRES2 prediction (version 2.2/2.3), the dynamical scale is used.1154
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Figure 38: Comparisons of the 15 scale variations for a 125.4 GeV Higgs sample generated using

HRES2. The ratio plots underneath are with respect to the nominal (Rnom, Fnom).

MINLO1155

1156

For the theory predictions, Powheg (svn revision 2691) is used for event generation, with decay and1157

showering performed by Pythia (version 8.180). PHOTOS is not used for the decay of the Z boson.1158

FastJet (version 3.0.3) is used for jet reconstruction.1159

Uncertainties in the MINLO ggH + 1 jet sample are evaluated as in the POWHEG case.1160

Scale variations for HRes 2.2 
prediction of pT
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Differential Cross Section Results
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• Performed a χ2 compatibility test with leading 
generators, normalized to NNLO cross section 

• Consistent with the predictions - large 
statistical uncertainties 

• Studied prospects for Run II data taken at 13 
TeV 
• ~10% statistical errors with 80 fb-1.

26

Conclusions and Prospects
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Table 3: Compatibility tests of data with
Powheg, Minlo and HRes2 ggF calculations of
SM Higgs boson production. The compatibility p-
values are obtained, as explained in the text, from
the difference between −2 lnΛ at the best-fit value
and −2 lnΛ with the cross sections fixed to the the-
ory computations.

p-values
Variable Powheg Minlo HRes2

pT,H 0.30 0.23 0.16
|yH | 0.37 0.45 0.36
m34 0.48 0.60 -
| cos θ∗| 0.35 0.45 -
njets 0.37 0.28 -
pT,jet 0.33 0.26 -

dominated by statistical uncertainties. Powheg,
Minlo and HRes2 calculations of ggF, added to
VBF, ZH/WH and tt̄H (see Section 2), are over-
laid. The HRes2 calculation was developed for
modelling the Higgs kinematic variables and is only
used for pT,H and yH . The theoretical calculations
are normalized to the most precise SM inclusive
cross-section predictions currently available [60].
The p-values quantifying the compatibility be-

tween data and predictions, computed with the
method described in Section 6, are shown in Ta-
ble 3. No significant discrepancy is observed.

9. Conclusion

Measurements of fiducial and differential cross
sections in the H → ZZ∗ → 4ℓ decay channel are
presented. They are based on 20.3 fb−1 of pp colli-
sion data, produced at

√
s = 8 TeV centre-of-mass

energy at the LHC and recorded by the ATLAS de-
tector. The cross sections are corrected for detector
effects and compared to selected theoretical calcula-
tions. No significant deviation from the theoretical
predictions is observed for any of the studied vari-
ables.
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• After Higgs Boson discovery, many outstanding questions, including why the Higgs mass 
is 125 GeV 

• Loop corrections to the Higgs mass should increase its value to the Planck scale 

• Hoped to search for the answer in supersymmetry, which predicts a new symmetry 
protecting the Higgs mass from these large loop corrections 

• Aimed to search for SUSY particles decaying via intermediate W and Z bosons to three 
leptons 

• Use expertise in lepton identification to access areas of phase space not well studied 

• However, a search using 3.2 fb-1 of data collected in 2015 would not surpass our Run I 
sensitivity 

• Focus on the largest background, Standard Model WZ production

27

From Higgs to Supersymmetry to Standard Model WZ
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• Test of the gauge boson self-interaction 
terms of the SM Lagrangian 
• Production includes a Triple Gauge coupling 

vertex 
• Deviations between theoretical predictions and 

experimental results could indicate new physics 

• Tension between ATLAS measurements and 
NLO theoretical predictions 

• We measure the fiducial cross section of WZ 
decaying to 3 leptons

28

WZ Cross Section at 13 TeV

2. Theory 6

processes.3 Production of WW is available at both hadron and e+e� colliders, whereas the W� and341

WZ processes are only accessible at hadron colliders. Quartic gauge couplings (QGCs) can be probed342

using vector boson scattering (VBS), including W±W±jj production, WW� and WZ� production,343

and the �� ! WW process [15].344

Deviations from the SM predictions can originate from what are referred to as anomalous triple345

gauge couplings, and can point to new physics. The most notable example of this was the dedicated346

search for and discovery of the Higgs boson decaying to WW , which manifested in an increase of347

events above the SM WW production cross section, and in di↵erences between certain kinematic348

observables and the theoretical prediction from only SM WW . Searches for anomalous349

2.4.1 WZ Production and Decay Modes350

Figure 2.4 depicts the three leading-order Feynman diagrams for WZ production at p–p colliders,351

including a triple gauge coupling vertex in the s-channel production.352

W ⇤ W ±

Z

W ±

ZZ

W ±

Figure 2.4: Leading-order Feynman diagrams for WZ production at the LHC. From left, the t- and
u-channel production, and the s-channel vertex, which features a triple gauge coupling
vertex.

The W boson decays e⌫e,µ⌫µ, ⌧⌫⌧ , and qq̄0, with branching fractions of roughly 11/11/11/67%, re-353

spectively. The Z boson decays to ee, µµ, ⌧⌧ , ⌫⌫, and qq̄ with branching fractions 3.4/3.4/3.4/20/70%,354

respectively. The WZ diboson cross section is typically measured using the `⌫``
0`0 (“fully leptonic”)355

channels, with `, `0 = e or µ, because leptons have fewer backgrounds compared to quarks at hadron356

colliders. The WZ channels including taus are typically excluded because the tau is unstable and357

largely decays hadronically, and thus also has large backgrounds compared to e and µ.358

Searches for diboson resonances often use the ``qq0 channel, with the Z decaying leptonically and359

the W decaying to quarks, because all decay products are visible, thus allowing for the mass of a360

heavy resonant peak to be reconstructed, because the branching ratio is much larger than the fully361

leptonic decay modes, and because QCD, Z+jet and W+jet backgrounds are much smaller for the362

high-pT decay products of a heavy resonant particle.363

2.5 Supersymmetry and diboson physics364

The discovery of the Higgs boson was a milestone in particle physics, providing an important piece365

of the Standard Model (SM). However, loop corrections to the Higgs mass are divergent and sug-366

gest a Higgs mass on the order of the Planck scale (⇠ 1019 GeV), unless these corrections come in367

pairs that conveniently cancel in poorly-motivated ways. Problems of this nature are suggestive of a368

new symmetry that protects the Higgs mass scale. A symmetry which relates fermions and bosons369

3 ZZ� and Z�� vertices are disallowed by the SM; photons only couple to charged particles.
K. Brendlinger I forgot to change this 19
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• Measure the WZ process in the 3  channel 
• Z → ee or Z → μμ 
• W → eν or W → μν 
• 4 channels: μμμ, eμμ, μee, eee (in order of decreasing S/B)

29

WZ Analysis Description

’±

+–

WZ

Main Background Processes:

• Reducible: Z+Jet / Zγ  
• 2 real same-flavor, opposite sign leptons, consistent with Z boson 
• jet or converted (ISR) photon fakes a lepton; non-prompt lepton 

inside a jet 

• Reducible: tt 
• 2 real (same-flavor or different-flavor) opposite sign leptons 
• typically a non-prompt lepton from decaying b-jet from top decay 

fakes a prompt lepton

jet

+–

Z+jet
γ→e

+–

Zγ

b-jet

+–

b-jet
tt

....

(ν)
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• ZZ→4  
• Irreducible: one lepton falls outside detector/kinematic acceptance 

(low-pT or high-|η|) 
• Reducible: 4 leptons inside acceptance but one fails reconstruction/ID 

• Irreducible: rare processes (ttv, tZ, VVV) 

• Reducible backgrounds: 

• Measure tt in a control region 
• Use Fake Factor Method for Z+Jet/Zγ 

• Irreducible backgrounds and ZZ: 

• Use Monte Carlo simulation, with theoretical uncertainties

30

WZ Analysis Description

Main Background Processes (cont’d):

’–

’+

+–

ZZ(*)

Strategy

Irreducible ZZ
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• Veto events with four loosely identified “loose” leptons 
• Require exactly 3 leptons 
• Require 2 same-flavor, opposite sign leptons consistent with a 

Z boson (within 10 GeV of Z boson mass, 90 GeV) 
• Require mTW > 30 GeV (transverse mass of other lepton and 

the missing transverse momentum) 
• Tight identification requirements on the non-Z lepton

31

WZ: Event Selection

Event Selection
ZZ

tt

Z+jet/Zγ/ZZ
Z+jet/Zγ

pT, W

ETmiss (ν)

pTW

Designed to reduce...
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Introduction to fake leptons

e+

μ+μ–

γ→e

+–

jet

+–

b-jet

+–

b-jet

ttZγ

±

+–

WZ Z+jet

What we see 
at ReconstructionWhat happens at particle level (“truth”)

?

• When we select signal leptons, we cannot tell whether a lepton is real or fake (    ) 

• The rates at which γ, jet and b-jet fake a lepton are different, and sometimes not 
modeled well by our simulation 

• Seek to characterize reducible backgrounds using data-driven methods
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• Use a dedicated control region 
• Exploit specific combinations of lepton flavor and charge 

• *Note: We actually estimate “top-like” backgrounds (backgrounds with a 
same signature as above): 
• tt,  Wt,  WW+jet

33

tt Strategy

b-jet

+–

b-jet
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tt

e+

μ+e–

e+

μ+e–

• tt has an opposite-charge pair of real leptons 

• Z+fake has an opposite-charge, same-flavor pair of real leptons 

• WZ has an opposite-charge, same-flavor pair of real leptons

34

Disentangling tt from Z+jet/Zγ

e+

μ+e–

could be or
Z

W or

could be or
tt

• only tt 

• fake must be an 
electron

• WZ, tt or Z+jet/Zγ

e–

μ+e–

e–

μ+e–

e–

μ+e–

tt

e–e–μ+ (and similar constructions) are purely tt, and fix the fake lepton flavor
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e-fake Region

DRAFT

the muons is a fake because the electron must be a part of the opposite-sign pair from the tt̄ process. In839

this way we can develop a scale factor separately in channels with an electron fake or a muon fake, since840

these scale factors depend on detector modeling and may be di↵erent between the two lepton flavors. To841

increase statistics, we remove the requirement that the Z-pair (in this case a di↵erent-flavor, opposite-sign842

pair) must be with 10 GeV of the Z boson mass. We then derive a global data-MC scale factor, and use843

this to normalize the MC in the signal region (taking the kinematic shapes from the MC prediction).844

e± e⌥ µ± µ⌥
e±e⌥ SR SR SR SR
e±µ⌥ tt̄ CR (e) - - tt̄ CR (µ)
µ±e⌥ - tt̄ CR (e) tt̄ CR (µ) -
µ±µ⌥ SR SR SR SR

Table 18: tt̄ control regions.

The data-MC scale factor is given by:845

SF
t t̄

=
Ndata � NMC

other

NMC

t t̄

(26)

where NMC
other represents the MC prediction of all other processes in the tt̄ CR (mainly WZ and ZZ).846

The WZ yield in these regions is scaled up by 1.15 to reflect the Run 1 cross section measurement.847

Table 19 shows the MC prediction, data yields, and scale factor SF
t t̄

for the tt̄ CR, separately for channels848

with a faking electron and with a faking muon. The m`` spectrum of these control regions is shown in849

Figure 20.850

Channel tt̄ +wt MC Other MC Total MC Data tt̄ +wt scale factor
µ±e⌥µ±+µ±µ±e⌥ 7.07±0.83 2.00±0.09 9.07±0.83 12.00±3.46 1.41±0.49±0.17
e±e±µ⌥+e±µ⌥e± 8.14±0.83 2.62±0.10 10.76±0.84 7.00±2.65 0.54±0.32±0.05

Table 19: Expected and observed number of events in the tt̄ control region parallel to the SR, removing the Z
window cut for the DFOS pairs. Channels are split into those with a fake muon (top row) and those with a fake
electron. The tt̄ MC will be normalized by this scale factor in the signal region. The scale factor errors include
statistical error on the data (first) and statistical error on the MC (last).

The final tt̄ prediction is given by the MC prediction for the tt̄ yield in the SR, normalized by the scale851

factor applied according to whether the MC event had a fake electron or fake muon in it. Table 20 shows852

the MC yields and final tt̄ estimate in the SR.853

Combining all channels, the final tt̄ estimate in the signal region is estimated as 9.16±3.05 where the error854

represents the statistical error of the data and MC in the tt̄ CR| |SR, and the statistical error of the tt̄ MC855

in the SR.856
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μ-fake Region

• 75% pure in tt 

• Use this region to derive a data/MC scale factor: 
• Separate scale factors for events with an electron fake and a muon fake 

• Use the MC tt prediction in the signal region, multiplied by this scale factor

35

Control Region for predicting tt in signal region

DRAFT

increase statistics, we remove the requirement that the Z-pair (in this case a di↵erent-flavor, opposite-sign549

pair) must be with 10 GeV of the Z boson mass. We then derive a global data-MC scale factor, and use550

this to normalize the MC in the signal region (taking the kinematic shapes from the MC prediction).551

e± e⌥ µ± µ⌥
e±e⌥ SR SR SR SR
e±µ⌥ tt̄ CR (e) - - tt̄ CR (µ)
µ±e⌥ - tt̄ CR (e) tt̄ CR (µ) -
µ±µ⌥ SR SR SR SR

Table 17: tt̄ control regions.

The data-MC scale factor is given by:552

SF
t t̄

=
Ndata � NMC

other

NMC

t t̄

(20)

where NMC
other represents the MC prediction of all other processes in the tt̄ CR (mainly WZ and ZZ).553

Table 18 shows the MC prediction, data yields, and scale factor SF
t t̄

for the tt̄ CR, separately for channels554

with a faking electron and with a faking muon. The m`` spectrum of these control regions is shown in555

Figure 10.556

Channel tt̄ MC Other MC Total MC Data tt̄ scale factor
µ±e⌥µ±+µ±µ±e⌥ 6.89±0.81 1.45±0.07 8.34±0.81 12.00±3.46 1.53±0.53
e±e±µ⌥+e±µ⌥e± 7.34±0.79 2.05±0.08 9.39±0.80 8.00±2.83 0.81±0.40

Table 18: The tt̄ control region parallel to the SR, removing the Z window cut for the DFOS pairs. Channels are
split into those with a fake muon (top row) and those with a fake electron. The tt̄ MC will be normalized by this
scale factor in the signal region

The final tt̄ prediction is given by the MC prediction for the tt̄ yield in the SR, normalized by the scale557

factor applied according to whether the MC event had a fake electron or fake muon in it. Table 19 shows558

the MC yields and final tt̄ estimate in the SR.559

Channels eee eµµ µee µµµ Total
tt̄ MC, µ-fake - 1.38±0.34 0.58±0.24 2.52±0.49 4.48±0.64
tt̄ MC, e-fake 1.87±0.40 1.01±0.30 1.99±0.43 - 4.87±0.66

tt̄ MC, total (uncorrected) 1.87±0.40 2.39±0.46 2.57±0.49 2.52±0.49 9.35±0.92
tt̄ MC, total (corrected) 1.51±0.32 2.93±0.57 2.50±0.51 3.86±0.75 10.80±1.12
µ SF Uncertainty - 0.73 0.31 1.34 2.37

ele SF Uncertainty 0.75 0.40 0.80 - 1.95

Table 19: Summary of the SR tt̄ estimate. The first and second rows show the number of events predicted by MC
having a muon or electron fake, according to the MCTruthClassifierTool. The total MC is shown before and after
the scale factor derived above is applied. The procedure predicts 10.80±3.27 tt̄ events.

25th January 2016 – 23:30 32

Make a list of the possible lepton  
flavor / charge combinations, 
identify tt-enriched combinations

Measure tt in control 
regions above, with 3 
signal leptons

• 75% pure in tt 

• Use this region to derive a data/MC scale factor: 

• Use the MC tt prediction in the signal region, multiplied by this scale factor
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• Use the “Fake Factor Method” 
• Extrapolate from fake-enriched (Loose) region to signal region 

• Define a fake-enriched region by inverting lepton identification cuts 
• Define the region as having 2 signal (Tight) leptons, 1 Loose lepton 
• Extrapolate from [2 Tight, 1 Loose] Region to Signal Region (3 Tight) 

• Measure extrapolation factor NTight/NLoose (fake factor) in region enriched in Z+jet/Zγ 
• Same construction: Denominator is 2 Tight, 1 Loose and Numerator is 3 Tight 
• Fake factor is measured as a function of Loose lepton pT 

36

Z+jet/Zγ

jet

+–

γ→e

+–
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ZZ
ttbar

Zγ

Z+jet

WZ

Zγ

Z+jet

ZZ

ttbar

Zγ Z+jet

WZ

• Z+jet and Zγ are sufficiently similar that we treat them simultaneously 

• Fake factor is measured in a kinematic control region enriched in Z+jet/Zγ 

• Applied in region identical to Signal Region, but with 1 Loose Lepton

37

Estimating Z+jet / Zγ

Signal 
Region

MTW>30 GeVMTW<30 GeV 
ETMiss<40 GeV
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• Largest backgrounds: 
• Z+jet/Zγ, ZZ,  ttV 

• Largest uncertainties: 
• Statistics, Fake Factor, Pile-up, ZZ background,  

e/μ efficiency
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WZ Results (I)
Kinematic Distributions

8. Measurement of WZ Boson Pair Production at
p
s = 13 TeV 123

8.8 Results2428

The data yields in the signal region are shown in Table 8.26, along with a summary of the background2429

estimates, expected WZ, and all statistical, systematic and luminosity uncertainties associated with2430

each process.2431

Channel eee µee eµµ µµµ All

Data 98 122 166 183 569

Total Expected 104 ±10 120 ±10 128 ±11 161 ±12 510 ±40

WZ (Powheg+Pythia8) 75 ± 6 98 ± 8 98 ± 8 131 ±11 403 ±32

Z + j, Z� 16 ± 7 7 ± 5 14 ± 7 9 ± 5 45 ±17

ZZ 6.8 ± 0.7 8.8 ± 1.0 8.7 ± 0.9 11.9 ± 1.2 36 ± 4

tt̄+ V 2.7 ± 0.4 3.3 ± 0.4 2.9 ± 0.4 3.5 ± 0.5 12.3 ± 1.6

tt̄, Wt, WW + j 1.2 ± 0.8 2.0 ± 0.9 2.4 ± 0.9 3.6 ± 1.5 9.2 ± 3.1

tZ 1.30 ± 0.21 1.67 ± 0.27 1.65 ± 0.26 2.16 ± 0.34 6.8 ± 1.1

V V V 0.24 ± 0.04 0.29 ± 0.05 0.27 ± 0.04 0.35 ± 0.06 1.16 ± 0.18

Table 8.26: Observed and expected numbers of events after the WZ inclusive selection described in
Section 8.3. The expected number of WZ events, and the estimates of the background,
are shown as well, with their statistical, theoretical, and luminosity uncertainties.

Validation Plots2432

The Z+jet/Z� and ZZ backgrounds, which together comprise around 75% of all WZ background,2433

are validated by checking the agreement in a subset of the signal region enriched in these backgrounds2434

by requiring 30 < mW
T < 50 GeV and Emiss

T < 40 GeV. After scaling WZ by 1.17—see Figure 8.21,2435

the agreement in this region, which contains 45% background, including more than half of the total2436

Z+jet/Z� background, is at the level of 5%, well below the statistical error of the data. Figure 8.192437

shows the Emiss
T distribution in the region 30 < mW

T < 50 GeV, showing the agreement. The eee2438

and eµµ channels are plotted together, as are the µee and µµµ channels; this is to demonstrate the2439

performance of the Z+jet/Z� Fake Factor method, where fake electrons (muons) associated with the2440

W boson are the dominant contribution. The Z+jet/Z� and ZZ backgrounds are modeled well in2441

this region.2442

Figure 8.20 shows various reconstruction-level signal region distributions. The Powheg WZ2443

prediction is scaled by 1.17—see Figure 8.21. The kinematic distributions are in good agreement2444

between the data and signal+background predictions.2445

The fiducial cross section measurement2446

The cross section is calculated in each channel from the event yields and estimated background yields,2447

using Equation 8.23 and the correction factor CWZ described in Section 8.5. The results of the fiducial2448

cross section measurement in each channel are summarized in Table 8.27. The results of the W+Z and2449

W�Z measurements are reproduced in Appendix C.2. The measurements from individual channels2450

are combined using the �2 minimization described in 8.5; the resulting fiducial cross section is:2451
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DRAFT

and main sources of systematic uncertainty in the W±Z fiducial cross section for each of the four channels385

and their combination.386

eee µee eµµ µµµ combined

Relative uncertainties [%]

e energy scale 0.5 0.2 0.3 <0.1 0.2
e id. e�ciency 1.4 1.1 0.6 — 0.7
µ momentum scale <0.1 <0.1 <0.1 0.1 <0.1
µ id. e�ciency — 0.6 1.0 1.4 0.7
Emiss

T and jets 0.3 0.4 0.8 0.7 0.6
Trigger <0.1 0.1 0.1 0.2 0.1
Pile-up 0.7 1.1 1.0 0.7 0.9
Misid. lepton background 10 4.6 4.8 3.2 3.6
ZZ background 1.0 0.7 0.6 0.7 0.7
Other backgrounds 0.5 0.5 0.3 0.3 0.4

Uncorrelated 2.2 1.3 1.4 1.7 0.8

Total sys. uncertainty 11 5.1 5.3 4.1 4.1
Luminosity 2.4 2.4 2.3 2.3 2.4
Statistics 14 11 10 8.8 5.1

Total 18 12 11 10 7.0

Table 3: Summary of the relative uncertainties in the measured fiducial cross section �fid.
W±Z for each channel and

for their combination. The uncertainties are reported as percentages. The decomposition of the total systematic
uncertainty into the main sources correlated between channels and the source uncorrelated between channels is
indicated in the first rows.

10. Cross-section measurements387

The measured fiducial cross sections in the four channels are combined using a �2 minimisation method388

that accounts for correlations between the sources of systematic uncertainty a↵ecting each channel [59–389

61]. The combination of the W±Z cross sections in the fiducial phase space yields a total �2 per degree of390

freedom (ndof) of �2/ndof = 6.9/3. The combinations of the W+Z and the W�Z cross sections separately391

yield �2/ndof = 5.3/3 and 2.0/3, respectively.392

Combining the four channels to obtain a weighted mean value, the cross section of W±Z production and393

decay to a single leptonic channel with muons or electrons in the detector fiducial region is394

�fid.
W±Z!`0⌫`` = 63.2 ± 3.2 (stat.) ± 2.6 (sys.) ± 1.5 (lumi.) fb. (4)

The SM NLO QCD prediction from Powheg+Pythia is 53.4+1.6
�1.2 (PDF)+2.1

�1.6 (scale) fb. The theoretical395

predictions are estimated using the CT10 PDF set and setting the dynamic QCD scales, µR and µF, equal396

to mWZ/2. The uncertainty in the theoretical prediction due to the PDF is estimated using the eigenvectors397
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• Fiducial cross section is calculated: 
• Four channels are statistically combined using a χ2 minimization process (treating 

correlated systematic uncertainties as nuisance parameters) 
• Fiducial cross sections in each channel: 

• Result of combination of fiducial cross sections:

39

WZ Results (II)

8. Measurement of WZ Boson Pair Production at
p
s = 13 TeV 125
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Figure 8.20: Reconstructed signal-level distributions in the WZ signal region. The Powheg+Pythia8
MC prediction is used for the WZ signal contribution, scaled by a global factor of 1.17
to match the measured inclusive WZ cross section.
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= 62.2 ± 5.4 fb. (8.27)
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• Recall tensions between NLO theory prediction and ATLAS measurements 

• 13 TeV Measurement is extrapolated to total cross section 

• Extrapolate from fiducial cross section to total cross section using:
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according to the following formula:2381

�tot.
W±Z =

�fid.
W±Z!`0⌫``

BW BZ AWZ
, (8.24)

where BW and BZ are the W ! `⌫ and Z ! `` branching fractions, respectively [44], and AWZ is2382

the acceptance factor, defined as2383

AWZ =
NMC

total

NMC
fiducial

(8.25)

and estimated using Powheg simulation. A single acceptance factor of AWZ = 0.343 ± 0.002 (stat.)2384

is used—calculated using the eµµ and µee channels to avoid a boson assignment ambiguity.2385

8.6 Statistical combination2386

The fiducial cross sections calculated in each flavor channel are statistically combined using a �2
2387

minimization method [35]. The method takes into account the systematic uncertainties and their2388

correlations across eee, eµµ, µee and µµµ channels. The �2 for the combined measurement of quantity2389

m (= �fid.
W±Z!`0⌫``

), across i channels, given a list of nuisance parameters b from the correlated2390

systematic uncertainties, is defined as2391
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h
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P
j �j,i mbj � µi

i2

�2i,stat · µi ·
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P
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⌘
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+
X

j

b2j , (8.26)

where µi is the measured cross section in channel i, �i,uncor is the total relative uncorrelated systematic2392

uncertainty, �j,i are the relative systematic uncertainties that are correlated across channels, and �i,stat2393

is the relative statistical uncertainty. Nuisance parameters are centered at zero and have a standard2394

deviation of one; the term
P

j b
2
j is the nuisance parameter penalty term.2395

In the 8 TeV WZ cross section measurement [37], combination results using the �2 minimization2396

described above are compared to results from a profile likelihood ratio method; the two approaches2397

yield nearly identical results.2398

8.7 Systematic Uncertainties2399

Systematic uncertainties a↵ecting the measurement include experimental uncertainties on detector2400

e↵ects, uncertainties in the background estimation, and theoretical uncertainties a↵ecting the fiducial2401

measurement and extrapolation to the total cross section.2402

Experimental systematic uncertainties are obtained by repeating the analysis after applying vari-2403

ations for each systematic source. The systematic uncertainties on the measurement are summarized2404

in Table 8.25. The largest uncertainty is from the Z+jet/Z� background; these uncertainties are2405

summarized in Section 8.4.4. Jet uncertainties enter into the calculation of the Emiss
T , as well as the2406

measurement of the jet multiplicity distribution [45]. The uncertainty on the ZZ background includes2407

the 8% theoretical uncertainty, as well as the uncertainty associated with the correction of lepton that2408

fail identification criteria, discussed in Section 8.4.5. The uncertainties on other backgrounds are the2409

theoretical uncertainties on the cross sections of the non-ZZ backgrounds estimated using simulation.2410

They are 13% for tt̄ +W [46], 12% for tt̄+V [46], 20% for V V V [47], and 15% for tZ [?]. Uncertainties2411
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• Total cross section: 

• NNLO theory prediction agrees with all three ATLAS measurements!
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WZ Results (IV)
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Figure 8.21: Left: WZ fiducial cross section measurement comparisons, channel-by-channel, with the
NLO theory prediction. Right: The W+Z/W�Z fiducial cross section ratio, compared
to the NLO prediction.

leptonic and hadronic decay channels) is:2463

�tot.
W±Z = 49.8 ± 2.6 (stat.) ± 2.0 (sys.) ± 0.9 (th.) ± 2.8 (lumi.) pb

= 49.8 ± 5.2 pb. (8.28)

The SM NLO prediction from Powheg+Pythia8 is 42.4±0.8 (PDF)±1.6 (scale) pb. A new NNLO2464

calculation [40] obtained using MATRIX and using the NNPDF3.0 PDF set, with fixed scales µR =2465

µF = (mW +mZ)/2, predicts �tot.
W±Z = 48.2+1.1

�1.0 (scale) pb. Figure 8.22 shows the comparison between2466

the ATLAS WZ measurements at
p
s = 7, 8, and 13 TeV, comparing with the NLO predictions in2467

p–p and p–p̄ collisions, and with the newest p–p NNLO prediction.2468
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• Aligned the Transition Radiation Tracker straw elements 

• Delivered high-quality electron identification methods to ATLAS Analyses 

• Measurement of the Higgs differential fiducial cross sections in the 
H→ZZ*→4  decay channel at 8 TeV 

• Measurement of the WZ→ ’ν  fiducial and total cross section at 13 TeV
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Conclusions
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• Z+jet (3L) region: 
(ETMiss < 40 GeV, MTW < 30 GeV) 
• Assume that lepton assigned to the W is fake 
• Assume that Z+jet fakes in low-MET, low-MT 

region are similar to Z+jet 
fakes in our SR (MT > 30 GeV) 

• Define ID Numerator 
• analysis-level signal lepton ID 

• Define “Anti-id” Denominator 
• Explicitly fail the numerator requirement 
• Very little signal contamination 
• Enhanced in the fake composition of interest 

• Calculate FF: NID/Nanti-id (in bins of pT)
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Fake Factor Method
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Figure 6: Control distributions for the Z+jet Fake Factor Region, showing the pT of the lepton associated with the
W boson. This lepton is assumed to be the faking object for the purposes of calculating the fake factors. The pT
is shown for the anti-id electron selection (a), anti-id muon selection (b), electron signal Z-identification selection
(c), muon signal W -id and Z-id selection (d), and electron signal W -identification selection (e). The eee and
eµµ channels are used for the electron-id plots, and the µee and µµµ channels are used for the muon-id plots. The
WZ cross section is scaled up by 1.15 to reflect the Run 1 cross section measurement. Errors are statistical only.
The overlap between the Z+jets and Z� simulated samples has been removed.
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Figure 6: Control distributions for the Z+jet Fake Factor Region, showing the pT of the lepton associated with the
W boson. This lepton is assumed to be the faking object for the purposes of calculating the fake factors. The pT
is shown for the anti-id electron selection (a), anti-id muon selection (b), electron signal Z-identification selection
(c), muon signal W -id and Z-id selection (d), and electron signal W -identification selection (e). The eee and
eµµ channels are used for the electron-id plots, and the µee and µµµ channels are used for the muon-id plots. The
WZ cross section is scaled up by 1.15 to reflect the Run 1 cross section measurement. Errors are statistical only.
The overlap between the Z+jets and Z� simulated samples has been removed.
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• Apply the fake factors to a CR with every SR cut applied, except one of the leptons is an 
“anti-ID” 

• In fact there are 3 CRs where we apply the FF:  
• “LTT” (LWTZ1TZ2) - typical Z+Jet Topology 
• “TLT” - mispaired Z+Jet 
• “TTL” - mispaired Z+Jet 

• We’ll ignore the mispairing regions in the eμμ and μee channels 

• Looking at these control regions we will spot challenges: 
• ttbar contamination 
• WZ contamination
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WZ - Full Expected and Observed events

8. Measurement of WZ Boson Pair Production at
p
s = 13 TeV 123

8.8 Results2428

The data yields in the signal region are shown in Table 8.26, along with a summary of the background2429

estimates, expected WZ, and all statistical, systematic and luminosity uncertainties associated with2430

each process.2431

Channel eee µee eµµ µµµ All

Data 98 122 166 183 569

Total Expected 104 ±10 120 ±10 128 ±11 161 ±12 510 ±40

WZ (Powheg+Pythia8) 75 ± 6 98 ± 8 98 ± 8 131 ±11 403 ±32

Z + j, Z� 16 ± 7 7 ± 5 14 ± 7 9 ± 5 45 ±17

ZZ 6.8 ± 0.7 8.8 ± 1.0 8.7 ± 0.9 11.9 ± 1.2 36 ± 4

tt̄+ V 2.7 ± 0.4 3.3 ± 0.4 2.9 ± 0.4 3.5 ± 0.5 12.3 ± 1.6

tt̄, Wt, WW + j 1.2 ± 0.8 2.0 ± 0.9 2.4 ± 0.9 3.6 ± 1.5 9.2 ± 3.1

tZ 1.30 ± 0.21 1.67 ± 0.27 1.65 ± 0.26 2.16 ± 0.34 6.8 ± 1.1

V V V 0.24 ± 0.04 0.29 ± 0.05 0.27 ± 0.04 0.35 ± 0.06 1.16 ± 0.18

Table 8.26: Observed and expected numbers of events after the WZ inclusive selection described in
Section 8.3. The expected number of WZ events, and the estimates of the background,
are shown as well, with their statistical, theoretical, and luminosity uncertainties.

Validation Plots2432

The Z+jet/Z� and ZZ backgrounds, which together comprise around 75% of all WZ background,2433

are validated by checking the agreement in a subset of the signal region enriched in these backgrounds2434

by requiring 30 < mW
T < 50 GeV and Emiss

T < 40 GeV. After scaling WZ by 1.17—see Figure 8.21,2435

the agreement in this region, which contains 45% background, including more than half of the total2436

Z+jet/Z� background, is at the level of 5%, well below the statistical error of the data. Figure 8.192437

shows the Emiss
T distribution in the region 30 < mW

T < 50 GeV, showing the agreement. The eee2438

and eµµ channels are plotted together, as are the µee and µµµ channels; this is to demonstrate the2439

performance of the Z+jet/Z� Fake Factor method, where fake electrons (muons) associated with the2440

W boson are the dominant contribution. The Z+jet/Z� and ZZ backgrounds are modeled well in2441

this region.2442

Figure 8.20 shows various reconstruction-level signal region distributions. The Powheg WZ2443

prediction is scaled by 1.17—see Figure 8.21. The kinematic distributions are in good agreement2444

between the data and signal+background predictions.2445

The fiducial cross section measurement2446

The cross section is calculated in each channel from the event yields and estimated background yields,2447

using Equation 8.23 and the correction factor CWZ described in Section 8.5. The results of the fiducial2448

cross section measurement in each channel are summarized in Table 8.27. The results of the W+Z and2449

W�Z measurements are reproduced in Appendix C.2. The measurements from individual channels2450

are combined using the �2 minimization described in 8.5; the resulting fiducial cross section is:2451

DRAFT

and main sources of systematic uncertainty in the W±Z fiducial cross section for each of the four channels385

and their combination.386

eee µee eµµ µµµ combined

Relative uncertainties [%]

e energy scale 0.5 0.2 0.3 <0.1 0.2
e id. e�ciency 1.4 1.1 0.6 — 0.7
µ momentum scale <0.1 <0.1 <0.1 0.1 <0.1
µ id. e�ciency — 0.6 1.0 1.4 0.7
Emiss

T and jets 0.3 0.4 0.8 0.7 0.6
Trigger <0.1 0.1 0.1 0.2 0.1
Pile-up 0.7 1.1 1.0 0.7 0.9
Misid. lepton background 10 4.6 4.8 3.2 3.6
ZZ background 1.0 0.7 0.6 0.7 0.7
Other backgrounds 0.5 0.5 0.3 0.3 0.4

Uncorrelated 2.2 1.3 1.4 1.7 0.8

Total sys. uncertainty 11 5.1 5.3 4.1 4.1
Luminosity 2.4 2.4 2.3 2.3 2.4
Statistics 14 11 10 8.8 5.1

Total 18 12 11 10 7.0

Table 3: Summary of the relative uncertainties in the measured fiducial cross section �fid.
W±Z for each channel and

for their combination. The uncertainties are reported as percentages. The decomposition of the total systematic
uncertainty into the main sources correlated between channels and the source uncorrelated between channels is
indicated in the first rows.

10. Cross-section measurements387

The measured fiducial cross sections in the four channels are combined using a �2 minimisation method388

that accounts for correlations between the sources of systematic uncertainty a↵ecting each channel [59–389

61]. The combination of the W±Z cross sections in the fiducial phase space yields a total �2 per degree of390

freedom (ndof) of �2/ndof = 6.9/3. The combinations of the W+Z and the W�Z cross sections separately391

yield �2/ndof = 5.3/3 and 2.0/3, respectively.392

Combining the four channels to obtain a weighted mean value, the cross section of W±Z production and393

decay to a single leptonic channel with muons or electrons in the detector fiducial region is394

�fid.
W±Z!`0⌫`` = 63.2 ± 3.2 (stat.) ± 2.6 (sys.) ± 1.5 (lumi.) fb. (4)

The SM NLO QCD prediction from Powheg+Pythia is 53.4+1.6
�1.2 (PDF)+2.1

�1.6 (scale) fb. The theoretical395

predictions are estimated using the CT10 PDF set and setting the dynamic QCD scales, µR and µF, equal396

to mWZ/2. The uncertainty in the theoretical prediction due to the PDF is estimated using the eigenvectors397

18th June 2016 – 11:55 13
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WZ Reconstruction-level distributions8. Measurement of WZ Boson Pair Production at
p
s = 13 TeV 125
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Figure 8.20: Reconstructed signal-level distributions in the WZ signal region. The Powheg+Pythia8
MC prediction is used for the WZ signal contribution, scaled by a global factor of 1.17
to match the measured inclusive WZ cross section.

�fid.
W±Z!`0⌫``

= 62.2 ± 3.2 (stat.) ± 2.5 (sys.) ± 3.5 (lumi.) fb

= 62.2 ± 5.4 fb. (8.27)

By comparison, the SM NLO prediction from Powheg+Pythia8 is 53.4+1.6
�1.2 (PDF)+2.1

�1.6 (scale) fb.2452

This prediction is generated using the CT10 PDF set, with dynamic QCD scales µR = µF = mWZ/2.2453

PDF uncertainties are estimated using the CT10 eigenvector set, and by taking the envelope of CT10,2454

CT14 [48], MMHT2014 [49] and NNPDF3.0 [50] NLO PDF sets. Scale uncertainties are evaluated by2455

varying µR and µF up and down by a factor of two, using combinations satisfying 0.5 < µR/µF < 2.2456

Figure 8.21 shows the channel-by-channel comparisons between the 13 TeV measurement and the2457

NLO prediction. A fiducial NNLO cross section prediction does not yet exist. The figure also shows2458

the ratio of fiducial cross sections separately for W+Z and W�Z, along with the Powheg+Pythia82459

predicted ratio; the data is in good agreement with the ratio prediction.2460

The combined fiducial cross section is extrapolated to the total phase space, defined in Section 8.1,2461

using the acceptance factor AWZ described in Section 8.5. The total cross section (including all2462
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• Made efficiency measurements via Z→ee 
events 

• “Tag and probe” method 
• “Tag” a well-identified electron 
• Second “probe” leg is unbiased 

• Use m  to discriminate signal

51

Electron Efficiency Measurements

K. Brendlinger I forgot to change this 6

Electron Efficiency Measurements
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• Background subtraction via templates from data 
• Apply same tag and probe method, but 

• Reverse an ID menu or suite of cuts on the probe 

• Take the m  shape from this selection 

• Normalize template to high-mll tail (mostly bkg) 

• 2012-2013: re-optimized templates and refined method 
• Roughly a 50% reduction in uncertainties vs previous methods 

• Result: ~5% uncertainty on low-pT electrons 

• Results used by entire ATLAS collaboration

tag
probe


