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Motivation
‣ The WZ diboson analysis is an excellent probe of the EW sector 

‣ Higher production cross-section than ZZ, cleaner signature 
(experimentally) than WW 

‣ Run I: Observed slight (~1.2σ) discrepancies with NLO prediction 

WZ → lνll (LO)
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DRAFT

Auxiliary material622

A. Diagrams for W±Z production623

Z

q

W±

q

q̄′

Z

q′

W±

q

q̄′

Z

W±

W±

q

q̄′

Figure 5: Diagrams of W±Z production in hadronic collisions by quark-antiquark annihilation at LO in QCD.
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Goals of the analysis

‣ First measurement of WZ boson pair production at 13 TeV 

- Total cross-section measurement 

- Inclusive fiducial cross-section measurement 

- W+Z, W-Z cross-sections 

- Cross-sections ratios: W+Z/W-Z, WZ13TeV/WZ8TeV 

- Njets differential cross-section 

- Kinematics distributions at detector level 

‣ Consider electron and muon final states: 
WZ→eνeee, WZ→eνeμμ, WZ→μνμee, WZ→μνμμμ 

- Fiducial cross-section measurements per channel

2015 full dataset 
∫Ldt = 3.2 fb-1

Submitted at 
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Experimental signatures
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Background processes

Several processes may mimic WZ signature by having real
or fake leptons in final state.

(i) ZZ, tt̄V, VVV: background processes with at least
three prompt leptons in the final state, are to be
! estimated using Monte Carlo simulation

(ii) Z+jets, Z + � and tt̄: background processes with at least one fake lepton
Fake lepton can be:

lepton from heavy flavor decays

jet misidentified as electron

electron from photon conversion

! to be estimated using data-driven techniques
! separate determinations of Z + jets/� (Fake Factor method)

and tt̄ background (extrapolation from CR)
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Signal: 3 real leptonsSignal: 3 real leptons

Background: 2 real leptons + 1 fake

Common signatures and backgrounds 

Samira Hassani 8 

•  Leptons/photons 
–  High-pT, isolated, electrons/muons    

and/or photons 

•  Z Bosons 
–   Invariant mass in windows around 

the Z pole 

•  W Bosons 
–  Large Missing ET to account for the 

neutrino calculated from jets, leptons 
and calorimetric clusters 

–   Transverse mass selection 

 

•  W/Z+jets (data driven) 
–  Genuine high-pt leptons from boson decay 
–  Leptons from heavy flavour decays 
–   Jets misidentified as leptons/photons 
–  Particles outside the detector acceptance 

"Missing ET  

•  ttbar and single top (data driven) 
–  Prompt isolated leptons from W leptons 
–  Leptons from heavy flavour decays 
–  Large Missing ET  

•  Other EW backgrounds are estimated from 
MC 
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Signatures Backgrounds 

ZZ background

ZZ is one of the dominant backgrounds to WZ production.
Significantly suppressed by ZZ veto. Remains 7% contamination in the signal region.
Validation of ZZ estimate is made in 4-lepton control region:

WZ selection ! invert ZZ veto ! remove M

W

T

selection.

Channel eee eµµ µee µµµ All
Data 23 30 19 34 106
Total Expected 23.4 ± 1.0 26.0 ± 0.2 23.8 ± 0.5 30.3 ± 0.5 103.4 ± 1.2
WZ 1.5 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 0.3 ± 0.0 4.0 ± 0.1
ZZ 18.4 ± 0.2 24.2 ± 0.2 20.8 ± 0.2 28.4 ± 0.2 91.8 ± 0.4
W/Z+� 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Z+jets 2.3 ± 0.9 0.0 ± 0.0 0.7 ± 0.5 0.4 ± 0.4 3.4 ± 1.2
tt̄ 0.2 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.4 ± 0.2
tt̄+V 0.7 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 3.0 ± 0.1
VVV 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.9 ± 0.0
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89% ZZ purity in the
validation region.

higher order corrections
are included for qq (gg)
processes.

Very good agreement between
data and Monte-Carlo.

ZZ background is well
controlled.

Background: 4 real leptons

- High-pT, isolated electrons and muons 
- Missing ET 
- Invariant mass in narrow window near Z-pole mass 
- Transverse mass distribution of W

- Leptons falling outside 
detector acceptance 

- Irreducible background

- Leptons from boson decays, as well 
as from heavy flavour decays 

- Jets misidentified as leptons 
- Large missing ET



Background estimation
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Several processes can mimic the WZ signature, with either fake (i) 
or real (ii) leptons in their final state: 

(i) Processes that have at least one fake lepton that can be: 
- A lepton from heavy flavour decays 
- A jet misidentified as an electron 
- An electron from a photon conversion 

These are estimated using data-driven techniques: 
‣ Fake factor method for Z+jets, Z+γ (83% of reducible bkg) 
‣ Extrapolation from control region for ttbar

(ii) Processes that have at least 3 real leptons in the final state, 
estimated using Monte Carlo: ZZ, ttbar+V, VVV



Fake factor method (Z+jets, Z+γ)
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‣ Tight (T) leptons: Pass WZ selection 
‣ Loose (L) leptons: Pass less restrictive selection (with some cuts inverted)

Fake factor

Fake factor method for Z+jets and Z + � background

Z+jets: 2 real + 1 fake Z + �: 2 real + 1 fake

1 Real (R) and Fake (F) leptons are defined for ”truth” categories.
2 ”Reco” categories:

Tight leptons (T) - pass the WZ signal selection;
Loose leptons (L) - pass selection with some cuts inverted (i.e. identification, isolation)
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e - probability (e�ciency), that
a Real lepton passes Tight
selection. ē = 1� e.

f - fake e�ciency: probability,
that Fake lepton passes Tight
selection. f̄ = 1� f .

i = 1: W lepton,
i = 2, 3: Z leptons

Fake-factor: F = f /f̄

• e: probability that a Real lepton passes the Tight selection  (              ) 
• f: probability that a Fake lepton passes Tight selection         (              )

Fake factor method for Z+jets and Z + � background

Z+jets: 2 real + 1 fake Z + �: 2 real + 1 fake

1 Real (R) and Fake (F) leptons are defined for ”truth” categories.
2 ”Reco” categories:

Tight leptons (T) - pass the WZ signal selection;
Loose leptons (L) - pass selection with some cuts inverted (i.e. identification, isolation)
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e - probability (e�ciency), that
a Real lepton passes Tight
selection. ē = 1� e.

f - fake e�ciency: probability,
that Fake lepton passes Tight
selection. f̄ = 1� f .

i = 1: W lepton,
i = 2, 3: Z leptons

Fake-factor: F = f /f̄
➡ Then NTTT, NLTT, … can be associated to NRRR, NFRR

DRAFT
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Figure 5: Schematic representation of the Fake Factor method. In addition to the signal region, three orthogonal
regions are defined by sequential cuts on kinematic and lepton identification variables. The fake factor F is derived
from the region denoted as the “Fake Factor Region”. Number of background events Nbkg in the signal region is
estimated using the fake factor multiplied by the number of events in the “Control Region”, NCR.

In the implementation used here, the fake factor is calculated as a function of the pT of the fake lepton:551

F (i) =
Nid(i)

Nanti-id(i)
, (14)

where i refers to the ith pT bin. For now, given the small dataset used, the fake factor will only be calculated552

in bins of fake lepton pT. With more data, the possibility of the computing pT and ⌘ dependent fake factors553

should be investigated. For now we will simply check the ⌘ distributions in the regions used to compute554

the FF.555

This fake factor is then applied to a control region developed to have exactly the same selection as the556

signal region, except that the signal lepton selection is replaced by the anti-id selection for the lepton in557

question. The number of reducible events in the signal region is then:558

N red
SR =

X

i

N i

CR · F (i), (15)

where the sum is over i pT bins of the fake factor.559

We will use the fake factor procedure to estimate only the Z+Jet and Z� reducible background, which560

features two real leptons and one fake lepton. (Z+Jet and Z� will hereafter be referred to as simply “Z+Jet”561

for brevity, unless otherwise noted.) The tt̄ process also has two real and one fake lepton, however we562

do not use this procedure to estimate tt̄ in the SR. To deal with contamination from tt̄ events in the Z+Jet563

control region, we use a special tt̄ control region to estimate and remove the contamination. In this way,564

we use the fake factor procedure to estimate the Z+Jet process only. We will return later to the question of565

why we use the Fake Factor method to estimate the Z+Jet and Z� processes, but choose to exclude tt̄. To566

obtain the tt̄ estimate in the SR, we use a second control region enriched in tt̄ events, described in section567

6.1.8.568
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i refers to the i-th 
bin (pT, Njets)

DRAFT

from the simulated top-like backgrounds in the final W±Z selection. The kinematic shapes of the top-like218

background are taken from MC simulation for the purposes of control distributions and the exclusive219

jet multiplicity di↵erential cross-section calculation. The shape of the jet multiplicity distribution in the220

top-like control regions is well modelled by the MC simulation.221

Backgrounds from Z + j and Z� processes are estimated by defining a three-lepton Z control sample222

in data, where two of the leptons, referred to as tight (T), meet all identification and isolation criteria223

described in Section 5, and the remaining lepton, referred to as loose (L), fails these requirements and224

instead satisfies less restrictive ones. Events in the Z control sample must satisfy all other W±Z selection225

criteria. The Z control sample is split into three categories of events, labelled as NLTT, NTLT and NTTL,226

where the first index refers to the W lepton, and the second and third indexes refer to the higher- and227

lower-pT leptons from the Z boson decay. The observed number of events in each of these categories is228

1535, 61 and 204, respectively. The contribution from Z + j and Z� events is greater than 75%. Processes229

with at least three prompt leptons are subtracted using the MC prediction. This includes the subtraction of230

W±Z events, for which the MC prediction is increased by 15% to agree with previous measurements [4].231

The subtraction of top-like processes (18%) uses a procedure with a control region containing one loose232

lepton, analogous to the procedure described above.233

The Z + j and Z� background in the final W±Z selection is obtained by scaling the observed number234

of events in the Z control sample by an extrapolation factor called the “fake factor”. The fake factor is235

measured in a data sample with two tight leptons associated with the Z boson and one additional lepton236

that can be loose or tight. To enrich the sample in Z + j and Z� events, the mW
T requirement is reversed237

and the missing transverse momentum is required to be less than 40 GeV. The fake factor is calculated238

as the ratio of the number of events with a tight third lepton to the number of events with a loose third239

lepton. The dominant contribution (> 97%) to the denominator of the fake-factor ratio originates from240

Z + j and Z� events. Simulation shows that the relative fractions of these two processes are similar in241

this region and the Z control sample where the fake factor is applied, justifying the use of a single fake242

factor to describe both backgrounds. Processes with at least three prompt leptons contaminate the events243

in the numerator of the ratio, particularly at high lepton pT, and are subtracted as described for the Z244

control sample. The fake factor is computed in bins of pT of the lepton not associated with the Z boson,245

separately for muons and electrons, and considering the di↵erent selection criteria used for leptons in the246

analysis. MC simulation is used to verify that the fake factors do not depend on the jet multiplicity of the247

event. The fake-factor values range between 0.02 and 0.1.248

In brief, the Z + j and Z� estimate in each lepton pT bin is obtained by extrapolating from events in the Z249

control sample using the following formula:250

NZ+ j/Z� =
⇣
NLTT � Nprompt

LTT � Ntop
LTT

⌘
FW+

⇣
NTLT � Nprompt

TLT � Ntop
TLT

⌘
FZ+
⇣
NTTL � Nprompt

TTL � Ntop
TTL

⌘
FZ , (1)

where FW and FZ denote the fake factors for W and Z leptons, Nprompt
LTT , Nprompt

TLT and Nprompt
TTL denote the MC251

prediction of processes with at least three prompt leptons, and Ntop
LTT, Ntop

TLT and Ntop
TTL denote the estimate252

of top-like events. Both the normalisation and the kinematic shapes of the Z + j and Z� background are253

estimated from the data using this methodology. The estimate of the Z+ j and Z� background is validated254

in a subset of the signal region which is enriched in background processes.255
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NLTTprompt, NLTTtop: MC prediction



ttbar background estimation
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SFtt =
Ndata − Nother

MC

Ntt
MC

‣ Use dedicated CR in which W+, W- produce eμ 
pairs and a third lepton not forming a same-
flavour opposite-charge pair 

‣ Compute a scale factor (SF):  

‣ Apply SF to MC in signal region where W+,W- 
produce e+e-/μ+μ- pairs



ZZ background estimation
ZZ background

ZZ is one of the dominant backgrounds to WZ production.
Significantly suppressed by ZZ veto. Remains 7% contamination in the signal region.
Validation of ZZ estimate is made in 4-lepton control region:

WZ selection ! invert ZZ veto ! remove M

W

T

selection.

Channel eee eµµ µee µµµ All
Data 23 30 19 34 106
Total Expected 23.4 ± 1.0 26.0 ± 0.2 23.8 ± 0.5 30.3 ± 0.5 103.4 ± 1.2
WZ 1.5 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 0.3 ± 0.0 4.0 ± 0.1
ZZ 18.4 ± 0.2 24.2 ± 0.2 20.8 ± 0.2 28.4 ± 0.2 91.8 ± 0.4
W/Z+� 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Z+jets 2.3 ± 0.9 0.0 ± 0.0 0.7 ± 0.5 0.4 ± 0.4 3.4 ± 1.2
tt̄ 0.2 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.4 ± 0.2
tt̄+V 0.7 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 3.0 ± 0.1
VVV 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.9 ± 0.0
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89% ZZ purity in the
validation region.

higher order corrections
are included for qq (gg)
processes.

Very good agreement between
data and Monte-Carlo.

ZZ background is well
controlled.
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‣ Second largest source of background 
‣ Suppressed by ZZ veto (remains 7% in signal 

region) 
‣ Validation in 4-lepton control region: 

WZselection → Invert ZZ veto → Drop mTW 

‣ 89% ZZ purity in control region 
‣ Higher order corrections included (both for 

qqbar, gg) 
‣ ZZ background well controlledZZ background

ZZ is one of the dominant backgrounds to WZ production.
Significantly suppressed by ZZ veto. Remains 7% contamination in the signal region.
Validation of ZZ estimate is made in 4-lepton control region:

WZ selection ! invert ZZ veto ! remove M

W

T

selection.

Channel eee eµµ µee µµµ All
Data 23 30 19 34 106
Total Expected 23.4 ± 1.0 26.0 ± 0.2 23.8 ± 0.5 30.3 ± 0.5 103.4 ± 1.2
WZ 1.5 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 0.3 ± 0.0 4.0 ± 0.1
ZZ 18.4 ± 0.2 24.2 ± 0.2 20.8 ± 0.2 28.4 ± 0.2 91.8 ± 0.4
W/Z+� 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Z+jets 2.3 ± 0.9 0.0 ± 0.0 0.7 ± 0.5 0.4 ± 0.4 3.4 ± 1.2
tt̄ 0.2 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.4 ± 0.2
tt̄+V 0.7 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 3.0 ± 0.1
VVV 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.9 ± 0.0
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89% ZZ purity in the
validation region.

higher order corrections
are included for qq (gg)
processes.

Very good agreement between
data and Monte-Carlo.

ZZ background is well
controlled.



ZZ anti-ID SF

ZZ background: anti-ID SF

ZZ background yield in the signal selection:
Channel eee eµµ µee µµµ All
Data 98 164 121 186 569
Total Expected 98.1± 1.1 122.6± 1.1 112.9± 0.8 154.0± 1.2 487.5± 2.2
WZ 71.4± 0.5 94.3± 0.6 92.1± 0.6 125.7± 0.7 383.6± 1.2
ZZ 6.3± 0.1 8.1± 0.1 8.3± 0.1 11.4± 0.1 34.1± 0.2

Ine�ciency SF (anti-ID SF): SFanti-ID =
1�" ID

Data

1�" ID
MC

.

The estimated e↵ect on the WZ cross-section is below 1%.
Di↵erent strategies of applying the anti-ID SF are considered. The final yield of ZZ background
will be updated soon.

Elena Yatsenko 9/29

(*see complete yield table on slide 16)

ZZ veto in the analysis
selection: if event contains
at least 4 baseline leptons,
we reject it.

Due to identification ine�ciency,
ZZ events with 3 identified
and 1 unidentified (within
acceptance) leptons
pass the selection.

The fourth (unidentified) lepton should be corrected with anti-ID SF.
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Correct events with 
unidentified 4th lepton:

‣ Effect on cross-section: O(1%) 

‣ anti-ID SF include identification, d0, z0



Systematic uncertainties 
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DRAFT

An uncertainty in the integrated luminosity of 5% is applied to the signal normalisation as well as to all371

background contributions that are estimated purely using MC simulations. The uncertainty is derived372

following a methodology similar to the method described in Ref. [57] and has an e↵ect of 5.6% on the373

measured cross sections.374

The total systematic uncertainty in the W±Z fiducial cross section, excluding the luminosity uncertainty,375

varies between 4% and 10% for the four di↵erent measurement channels, and is dominated by the un-376

certainty in the reducible background estimate. The statistical uncertainty in the fiducial cross section377

measurement is slightly larger than the systematic uncertainty. Table 3 shows the statistical uncertainty378

and main sources of systematic uncertainty in the W±Z fiducial cross section for each of the four channels379

and their combination.380

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 5.8 5.7 5.5 5.6 5.6
Statistics 14 11 10 8.8 5.1

Total 19 14 12 11 8.6

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 measurements381

The measured fiducial cross sections in the four channels are combined using a �2 minimisation method382

that accounts for correlations between the sources of systematic uncertainty a↵ecting each channel [58–383

60]. The combination of the W±Z cross sections in the fiducial phase space yields a p-value of 7.6%.384

The combinations of the W+Z and the W�Z cross sections separately yield p-values of 15% and 57%,385

respectively.386

5th May 2016 – 16:59 13

‣ Comparable contributions:  
- statistical  
- systematic 
- luminosity 

‣ Dominant systematic: fake 
background estimation 



Observed and expected yields
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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 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
VVV 0.24 ± 0.04 0.29 ± 0.05 0.27 ± 0.04 0.35 ± 0.06 1.16 ± 0.18

Table 1: Observed and expected numbers of events after the W±Z inclusive selection described in Section 5 in
each of the considered channels and for the sum of all channels. The expected number of W±Z events from
Powheg+Pythia and the estimated number of background events from other processes are detailed. The total
uncertainties quoted include the statistical uncertainties, the theoretical uncertainties in the cross sections, the ex-
perimental uncertainties and the uncertainty in the integrated luminosity.

8. Corrections for detector e↵ects and acceptance282

For a given channel W±Z ! `0±⌫`+`�, where ` and `0 are either an electron or a muon, the integrated283

fiducial cross section, which includes the leptonic branching fractions of the W and Z, is calculated as284

�fid.
W±Z!`0⌫`` =

Ndata � Nbkg

L ·CWZ
⇥

 
1 � N⌧

Nall

!
, (2)

where Ndata is the number of observed events, Nbkg is the estimated number of background events, L is285

the integrated luminosity and CWZ , obtained from simulation, is the ratio of the number of selected signal286

events at detector level to the number of events at particle level in the fiducial phase space. This factor287

corrects for detector e�ciency and resolution e↵ects and for QED final-state radiation e↵ects. The term in288

parentheses represents the correction applied to the measurement to account for the ⌧-lepton contribution289

to the analysis phase space. This contribution is estimated using the simulation, from the ratio of N⌧, the290

number of selected events in which at least one of the bosons decays into a ⌧ lepton, and Nall, the number291

of selected WZ events with decays into any lepton.292

The CWZ factors for the W�Z, W+Z and W±Z inclusive processes, as well as the ⌧-lepton contribution293

to the analysis phase space, N⌧/Nall, are computed with Powheg+Pythia for each of the four leptonic294

channels and are shown in Table 2.295

The total cross section is calculated as296

�tot.
W±Z =

�fid.
W±Z!`0⌫``
BW BZ AWZ

, (3)

where BW = 10.86 ± 0.09 % and BZ = 3.3658 ± 0.0023 % are the W and Z leptonic branching frac-297

tions [11], respectively, and AWZ is the acceptance factor calculated at particle level as the ratio of the298
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‣ Analysis was developed in a blind way 

‣ Statistical uncertainties only shown 

‣ Combined S/B ~ 3.7 

‣ (Data-MC)/MC [%] ~ 17% (NLO)



Cross-section methodology
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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 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
VVV 0.24 ± 0.04 0.29 ± 0.05 0.27 ± 0.04 0.35 ± 0.06 1.16 ± 0.18

Table 1: Observed and expected numbers of events after the W±Z inclusive selection described in Section 5 in
each of the considered channels and for the sum of all channels. The expected number of W±Z events from
Powheg+Pythia and the estimated number of background events from other processes are detailed. The total
uncertainties quoted include the statistical uncertainties, the theoretical uncertainties in the cross sections, the ex-
perimental uncertainties and the uncertainty in the integrated luminosity.

8. Corrections for detector e↵ects and acceptance282

For a given channel W±Z ! `0±⌫`+`�, where ` and `0 are either an electron or a muon, the integrated283

fiducial cross section, which includes the leptonic branching fractions of the W and Z, is calculated as284

�fid.
W±Z!`0⌫`` =

Ndata � Nbkg

L ·CWZ
⇥

 
1 � N⌧

Nall

!
, (2)

where Ndata is the number of observed events, Nbkg is the estimated number of background events, L is285

the integrated luminosity and CWZ , obtained from simulation, is the ratio of the number of selected signal286

events at detector level to the number of events at particle level in the fiducial phase space. This factor287

corrects for detector e�ciency and resolution e↵ects and for QED final-state radiation e↵ects. The term in288

parentheses represents the correction applied to the measurement to account for the ⌧-lepton contribution289

to the analysis phase space. This contribution is estimated using the simulation, from the ratio of N⌧, the290

number of selected events in which at least one of the bosons decays into a ⌧ lepton, and Nall, the number291

of selected WZ events with decays into any lepton.292

The CWZ factors for the W�Z, W+Z and W±Z inclusive processes, as well as the ⌧-lepton contribution293

to the analysis phase space, N⌧/Nall, are computed with Powheg+Pythia for each of the four leptonic294

channels and are shown in Table 2.295

The total cross section is calculated as296

�tot.
W±Z =

�fid.
W±Z!`0⌫``
BW BZ AWZ

, (3)

where BW = 10.86 ± 0.09 % and BZ = 3.3658 ± 0.0023 % are the W and Z leptonic branching frac-297

tions [11], respectively, and AWZ is the acceptance factor calculated at particle level as the ratio of the298
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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 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
VVV 0.24 ± 0.04 0.29 ± 0.05 0.27 ± 0.04 0.35 ± 0.06 1.16 ± 0.18

Table 1: Observed and expected numbers of events after the W±Z inclusive selection described in Section 5 in
each of the considered channels and for the sum of all channels. The expected number of W±Z events from
Powheg+Pythia and the estimated number of background events from other processes are detailed. The total
uncertainties quoted include the statistical uncertainties, the theoretical uncertainties in the cross sections, the ex-
perimental uncertainties and the uncertainty in the integrated luminosity.

8. Corrections for detector e↵ects and acceptance282

For a given channel W±Z ! `0±⌫`+`�, where ` and `0 are either an electron or a muon, the integrated283

fiducial cross section, which includes the leptonic branching fractions of the W and Z, is calculated as284

�fid.
W±Z!`0⌫`` =

Ndata � Nbkg

L ·CWZ
⇥

 
1 � N⌧

Nall

!
, (2)

where Ndata is the number of observed events, Nbkg is the estimated number of background events, L is285

the integrated luminosity and CWZ , obtained from simulation, is the ratio of the number of selected signal286

events at detector level to the number of events at particle level in the fiducial phase space. This factor287

corrects for detector e�ciency and resolution e↵ects and for QED final-state radiation e↵ects. The term in288

parentheses represents the correction applied to the measurement to account for the ⌧-lepton contribution289

to the analysis phase space. This contribution is estimated using the simulation, from the ratio of N⌧, the290

number of selected events in which at least one of the bosons decays into a ⌧ lepton, and Nall, the number291

of selected WZ events with decays into any lepton.292

The CWZ factors for the W�Z, W+Z and W±Z inclusive processes, as well as the ⌧-lepton contribution293

to the analysis phase space, N⌧/Nall, are computed with Powheg+Pythia for each of the four leptonic294

channels and are shown in Table 2.295

The total cross section is calculated as296

�tot.
W±Z =

�fid.
W±Z!`0⌫``
BW BZ AWZ

, (3)

where BW = 10.86 ± 0.09 % and BZ = 3.3658 ± 0.0023 % are the W and Z leptonic branching frac-297

tions [11], respectively, and AWZ is the acceptance factor calculated at particle level as the ratio of the298
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‣ Fiducial phase-space definition: 
- |ηl| < 2.5 
- pT > 15 (20) GeV 
- 66 GeV < mll < 116 GeV 
- mTW > 30 GeV 
- dRll > 0.2, dRll’ > 0.3 
- |mll - mZPDG| < 10 GeV

‣ Total phase-space definition: 
- 66 GeV < mll < 116 GeV

CWZ =
Nreco

signal

Ngen, fid
signal

AWZ =
Ngen, fid

signal

Ngen,total
signal

Cross-section methodology

Fiducial cross-section:

Fiducial phase space

|m`` �m

Z

| < 10 GeV
m

W

T

> 30 GeV
p

`
T

> 15 GeV for Z leptons
p

`
T

> 20 GeV for W lepton
|⌘`| < 2.5

�R(`, `) > 0.3 W and Z leptons
�R(`, `) > 0.2 between Z leptons

�fiducial
W

±
Z!`⌫`` =

Ndata�Nbkg

L·C
WZ

⇥
⇣
1� N

⌧
MC,reco

N

all
MC,reco

⌘

C

WZ

=
N

signal
reco

N

signal
gen.,fiducial

- correction factor for detector e↵ects.

N

⌧
MC,reco

N

all
MC,reco

term determines rate of Z and W decay to tau

processes passed reco selection (order of 4%).

Total cross-section:

Total phase space

66 < m`` < 116 GeV
�Total
W

±
Z!`⌫`` =

�fiducial

BR
W!`⌫ ·BRZ!``·AWZ

A

WZ

=
N

signal
gen.,fiducial

N

signal
gen.,total

- acceptance correction factor.

Total and fiducial phase space definitions are identical to Run1 WZ measurement.

Elena Yatsenko 23/29

accounts for W and Z 
decays to taus O(4%)

Identical definitions of total and fiducial phase-spaces to Run I



CWZ and AWZ factors
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Channel CW�Z CW+Z CW±Z N⌧/Nall

eee 0.428 ± 0.005 0.417 ± 0.004 0.421 ± 0.003 0.040 ± 0.001
µee 0.556 ± 0.006 0.550 ± 0.005 0.553 ± 0.004 0.038 ± 0.001
eµµ 0.550 ± 0.006 0.553 ± 0.005 0.552 ± 0.004 0.036 ± 0.001
µµµ 0.729 ± 0.007 0.734 ± 0.006 0.732 ± 0.005 0.040 ± 0.001

Table 2: The CWZ and N⌧/Nall factors for each of the eee, µee, eµµ, and µµµ inclusive channels. The Powheg+Pythia
MC event sample with the “resonant shape” lepton assignment algorithm at particle level is used. Only statistical
uncertainties are reported.

number of events in the fiducial phase space to the number of events in the total phase space as defined in299

Section 3.300

A single acceptance factor of AWZ = 0.343 ± 0.002 (stat.) is obtained using the Powheg+Pythia simula-301

tion by averaging the acceptance factors computed in the µee and eµµ channels. The use of these channels302

avoids the ambiguity arising from the assignment at particle level of final state leptons to the W and Z303

bosons. Cross section di↵erences between `0`` and ``` channels caused by interference e↵ects due to the304

three identical leptons in the ``` final states are shown by simulation to be below 1%.305

The di↵erential detector-level distributions of the exclusive jet multiplicity is corrected for detector resol-306

ution and for QED FSR e↵ects using an iterative Bayesian unfolding method [49, 50]. Simulated signal307

events from Powheg+Pythia are used to obtain a response matrix that accounts for bin-to-bin migration308

e↵ects between the reconstructed and particle-level distribution.309

9. Systematic uncertainties310

The systematic uncertainties in the measured cross sections are due to experimental and theoretical un-311

certainties in the acceptance, uncertainties in the correction procedure for detector e↵ects, uncertainties312

in the background estimation and uncertainties in the luminosity.313

The systematic uncertainties in the AWZ and CWZ factors due to the theoretical modelling in the event314

generators are evaluated by taking into account the uncertainties related to the choice of PDF set, to315

the QCD renormalisation µR and factorisation µF scales and to the parton showering simulation. The316

uncertainties due to the choice of PDF are computed using the CT10 eigenvectors and the envelope of the317

di↵erences between the CT10 and CT14 [51], MMHT2014 [52] and NNPDF 3.0 [53] PDF sets, according318

to the PDF4LHC recommendations [54]. The QCD scale uncertainties are estimated by varying µR and319

µF by factors of two around the nominal scale mWZ/2 with the constraint 0.5  µR/µF  2, where mWZ is320

the invariant mass of the WZ system. Uncertainties arising from the choice of parton shower model are321

obtained from Ref. [4]. None of the three sources of theoretical uncertainty have a significant e↵ect on322

the CWZ factors. The uncertainty in the acceptance factor AWZ is less than 0.5% due to PDF choice, and323

less than 0.7% due to QCD scale choice.324

The uncertainty in the unfolded jet multiplicity distribution arising from the MC modelling of the response325

matrix in the unfolding procedure is estimated by reweighting simulated events at particle level to the326

unfolded results obtained as described in Section 8. An alternative response matrix is defined using327
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162 Chapter 7: WZAnalysis

it is necessary to be able to associate generator-level leptons to a parent boson in order to2497

be able to correct the raw measurements to a phase space at ”particle level”, that is close2498

to the detector fiducial phase space. For this reason the Resonant shapes algorithm has2499

been developed. It uses the final-state generator-level leptons (status=1) that are dressed2500

with Final State Radiation (FSR) photons. The process of dressing constists of gathering2501

all photons closer than 0.1 in �R to a lepton and adding their four-momenta to the lepton’s2502

four-momentum. The photons used should be generator-level quantities6 and they should2503

not originate from a hadron nor a ⌧ lepton. Events with ⌧ leptons are not considered. The2504

dressed with FSR leptons are then matched to the three highest-pT Matrix Element (ME)2505

leptons (the generator-level leptons before any radiation). The final input element for the2506

algorithm are the neutrinos; the highest-pT is selected and the event is kept in case it does2507

not violate leptonic number conservation.2508

After gathering the three dressed leptons and the neutrino, all possible combina-2509

tions, preserving leptonic flavour, of lepton-neutrino are considered along with all possible2510

same-flavour, opposite-charge lepton pairs. The invariant masses of the combinations are2511

calculated (M(`⌫)k and M(``)k, k = 1, 2) and the decision is made based on the highest2512

probability, calculated by Equation 7.2:2513

Pk =
1

(M2
(``)k � M2

Z)2 + �2
ZM2

Z

⇥ 1

(M2
(`⌫)k � M2

W )2 + �2
WM2

W

(7.2)

with �Z and �W the total width of the Z and W bosons respectively (PDG values). The two2514

terms in Equation 7.2 represent the Breit-Wigner distributions of the two bosons, while the2515

final choice corresponds to the combination that yields the highest Pk.2516

6This is implemented in the analysis by asking for photons with a barcode of less than 200000, in order
to avoid GEANT particles, i.e before simulation.

‣ “Resonant shapes” 
algorithm to associate 
leptons to bosons 

‣ Provides smallest bias and 
independence on the 
generator used 

‣ It maximises Pk:

Statistical uncertainties only

AWZ factor taken as the average of μee and eμμ:  

AWZ  = 0.343±0.002 (statistical uncertainty) 

Scale unc: ±0.4% 
PDF unc: +0.5/-0.8%



Fiducial and total cross-sections
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Combining the four channels to obtain a weighted mean value, the cross section of W±Z production and387

decay to a single leptonic channel with muons or electrons in the detector fiducial region is388

�fid.
W±Z!`0⌫`` = 62.2 ± 3.2 (stat.) ± 2.5 (sys.) ± 3.5 (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 theoretical389

predictions are estimated using the CT10 PDF set and setting the dynamic QCD scales, µR and µF, equal390

to mWZ/2. The uncertainty in the theoretical prediction due to the PDF is estimated using the eigenvectors391

of the CT10 PDF set scaled to 68% confidence level (CL) and the envelope of the di↵erences between the392

results obtained with the CT14 [51], MMHT2014 [52] and NNPDF3.0 [53] NLO PDF sets. The QCD393

scale uncertainty is estimated conventionally by varying the scales µR and µF by factors of two around394

the nominal value of mWZ/2 with the constraint 0.5  µR/µF  2. The measured W±Z production cross395

sections are compared to the SM NLO prediction from Powheg+Pythia in Figure 2 and all results for396

W±Z, W+Z and W�Z final states are reported in Table 4. The measured cross section is larger than the397

SM prediction, similarly to the corresponding cross section measurements performed at lower centre-of-398

mass energies by the ATLAS Collaboration [3, 4].399

Using the integrated fiducial cross section measured for W±Z production at
p

s = 8 TeV from Ref. [4],400

the ratio �fid.,13 TeV
W±Z /�fid.,8 TeV

W±Z of the W±Z production cross sections at the two centre-of-mass energies of401

8 and 13 TeV is calculated and yields402

�fid.,13 TeV
W±Z

�fid.,8 TeV
W±Z

= 1.77 ± 0.10 (stat.) ± 0.08 (sys.) ± 0.11 (lumi.). (5)

All uncertainties are treated as uncorrelated between the measurements at the two beam energies. The403

measured ratio is in good agreement with the Standard Model prediction of 1.78±0.03 from Powheg+Pythia.404

The ratio of W+Z to W�Z production cross sections is405

�fid.
W+Z!`0⌫``
�fid.

W�Z!`0⌫``
= 1.39 ± 0.14 (stat.) ± 0.03 (sys.). (6)

Most of the systematic uncertainties, and especially the luminosity uncertainty, cancel in the ratio, and406

the measurement is dominated by the statistical uncertainty. The measured cross section ratios, for each407

channel and for their combination, are compared in Figure 3 to the SM prediction of 1.47+0.03
�0.06, which is408

calculated with Powheg+Pythia and the CT10 PDF set.409

The combined fiducial cross section is extrapolated to the total phase space. The result is410

�tot.
W±Z = 49.8 ± 2.6 (stat.) ± 2.0 (sys.) ± 0.9 (th.) ± 2.8 (lumi.) pb, (7)

where the theoretical uncertainty accounts for the uncertainties in the AWZ factor due to the choice of PDF411

set, QCD scales and parton shower model. The NLO SM prediction calculated with Powheg+Pythia412

is 42.4 ± 0.8 (PDF) ± 1.6 (scale) pb. A recent calculation [7] of the W±Z production cross section at413

NNLO in QCD with MATRIX, obtained using the NNPDF3.0 PDF set and with µR and µF scales fixed414

to (mW + mZ)/2, yields 48.2+1.1
�1.0 (scale) pb, which is in better agreement with the measurement. As this415
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σ NLO,POWHEG+PYTHIA
fid = 53.4−2.8

+3.6 fb

‣ Combination of 4 channels using a 
χ2 minimisation 

‣ NLO SM prediction from POWHEG
+PYTHIA with μR=mWZ/2 and CT10 
PDF 

‣ Same deviation (~1.3σ) from NLO 
prediction as observed in RunI
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sections are compared to the SM NLO prediction from Powheg+Pythia in Figure 2 and all results for399

W±Z, W+Z and W�Z final states are reported in Table 4. The measured cross section is larger than the400

SM prediction, as also were the corresponding cross-section measurements performed at lower centre-of-401

mass energies by the ATLAS Collaboration [3, 4].402

Using the integrated fiducial cross section measured for W±Z production at
p

s = 8 TeV from Ref. [4],403

the ratio �fid.,13 TeV
W±Z /�fid.,8 TeV

W±Z of the W±Z production cross sections at the two centre-of-mass energies of404

8 and 13 TeV is calculated and yields405

�fid.,13 TeV
W±Z

�fid.,8 TeV
W±Z

= 1.77 ± 0.10 (stat.) ± 0.08 (sys.) ± 0.11 (lumi.). (5)

All uncertainties are treated as uncorrelated between the measurements at the two beam energies. The406

measured ratio is in good agreement with the Standard Model prediction of 1.78±0.03 from Powheg+Pythia.407

The ratio of W+Z to W�Z production cross sections is408

�fid.
W+Z!`0⌫``
�fid.

W�Z!`0⌫``
= 1.39 ± 0.14 (stat.) ± 0.03 (sys.). (6)

Most of the systematic uncertainties, and especially the luminosity uncertainty, cancel in the ratio, and409

the measurement is dominated by the statistical uncertainty. The measured cross-section ratios, for each410

channel and for their combination, are compared in Figure 3 to the SM prediction of 1.47+0.03
�0.06, which is411

calculated with Powheg+Pythia and the CT10 PDF set.412

The combined fiducial cross section is extrapolated to the total phase space. The result is413

�tot.
W±Z = 49.8 ± 2.6 (stat.) ± 2.0 (sys.) ± 0.9 (th.) ± 2.8 (lumi.) pb, (7)

where the theoretical uncertainty accounts for the uncertainties in the AWZ factor due to the choice of PDF414

set, QCD scales and parton shower model. The NLO SM prediction calculated with Powheg+Pythia415

is 42.4 ± 0.8 (PDF) ± 1.6 (scale) pb. A recent calculation [7] of the W±Z production cross section at416

NNLO in QCD with MATRIX, obtained using the NNPDF3.0 PDF set and with µR and µF scales fixed417

to (mW + mZ)/2, yields 48.2+1.1
�1.0 (scale) pb, which is in better agreement with the measurement. As this418

prediction does not include e↵ects of QED final-state radiation, a correction factor of 0.972 as estimated419

from Powheg+Pythia is applied.420

Finally, the exclusive jet multiplicity cross section is presented in Figure 4 and compared to the predictions421

from Powheg+Pythia and Sherpa. The shape of the measured cross section as a function of jet multi-422

plicity is described well by Sherpa, but it is reproduced poorly by Powheg+Pythia. The matrix-element423

calculation in the Sherpa prediction includes up to three jets, while in the Powheg+Pythia prediction only424

the leading jet is included, and higher jet multiplicities are described by the parton shower models.425
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σ NNLO,MATRIX
tot = 48.2−1.0

+1.1 (pb)

σ NLO,POWHEG
tot = 42.4 ± 0.3(stat.)± 0.8(PDF)±1.6(scale)pb

- Fiducial cross-section 
extrapolated to the total PS 

- Theoretical uncertainties 
include PDF, scale and parton 
shower model (AWZ)
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Combining the four channels to obtain a weighted mean value, the cross section of W±Z production and387

decay to a single leptonic channel with muons or electrons in the detector fiducial region is388

�fid.
W±Z!`0⌫`` = 62.2 ± 3.2 (stat.) ± 2.5 (sys.) ± 3.5 (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 theoretical389

predictions are estimated using the CT10 PDF set and setting the dynamic QCD scales, µR and µF, equal390

to mWZ/2. The uncertainty in the theoretical prediction due to the PDF is estimated using the eigenvectors391

of the CT10 PDF set scaled to 68% confidence level (CL) and the envelope of the di↵erences between the392

results obtained with the CT14 [51], MMHT2014 [52] and NNPDF3.0 [53] NLO PDF sets. The QCD393

scale uncertainty is estimated conventionally by varying the scales µR and µF by factors of two around394

the nominal value of mWZ/2 with the constraint 0.5  µR/µF  2. The measured W±Z production cross395

sections are compared to the SM NLO prediction from Powheg+Pythia in Figure 2 and all results for396

W±Z, W+Z and W�Z final states are reported in Table 4. The measured cross section is larger than the397

SM prediction, similarly to the corresponding cross section measurements performed at lower centre-of-398

mass energies by the ATLAS Collaboration [3, 4].399

Using the integrated fiducial cross section measured for W±Z production at
p

s = 8 TeV from Ref. [4],400

the ratio �fid.,13 TeV
W±Z /�fid.,8 TeV

W±Z of the W±Z production cross sections at the two centre-of-mass energies of401

8 and 13 TeV is calculated and yields402

�fid.,13 TeV
W±Z

�fid.,8 TeV
W±Z

= 1.77 ± 0.10 (stat.) ± 0.08 (sys.) ± 0.11 (lumi.). (5)

All uncertainties are treated as uncorrelated between the measurements at the two beam energies. The403

measured ratio is in good agreement with the Standard Model prediction of 1.78±0.03 from Powheg+Pythia.404

The ratio of W+Z to W�Z production cross sections is405

�fid.
W+Z!`0⌫``
�fid.

W�Z!`0⌫``
= 1.39 ± 0.14 (stat.) ± 0.03 (sys.). (6)

Most of the systematic uncertainties, and especially the luminosity uncertainty, cancel in the ratio, and406

the measurement is dominated by the statistical uncertainty. The measured cross section ratios, for each407

channel and for their combination, are compared in Figure 3 to the SM prediction of 1.47+0.03
�0.06, which is408

calculated with Powheg+Pythia and the CT10 PDF set.409

The combined fiducial cross section is extrapolated to the total phase space. The result is410

�tot.
W±Z = 49.8 ± 2.6 (stat.) ± 2.0 (sys.) ± 0.9 (th.) ± 2.8 (lumi.) pb, (7)

where the theoretical uncertainty accounts for the uncertainties in the AWZ factor due to the choice of PDF411

set, QCD scales and parton shower model. The NLO SM prediction calculated with Powheg+Pythia412

is 42.4 ± 0.8 (PDF) ± 1.6 (scale) pb. A recent calculation [7] of the W±Z production cross section at413

NNLO in QCD with MATRIX, obtained using the NNPDF3.0 PDF set and with µR and µF scales fixed414

to (mW + mZ)/2, yields 48.2+1.1
�1.0 (scale) pb, which is in better agreement with the measurement. As this415
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Most of the systematic uncertainties, and especially the luminosity uncertainty, cancel in the ratio, and406

the measurement is dominated by the statistical uncertainty. The measured cross section ratios, for each407

channel and for their combination, are compared in Figure 3 to the SM prediction of 1.47+0.03
�0.06, which is408

calculated with Powheg+Pythia and the CT10 PDF set.409

The combined fiducial cross section is extrapolated to the total phase space. The result is410

�tot.
W±Z = 49.8 ± 2.6 (stat.) ± 2.0 (sys.) ± 0.9 (th.) ± 2.8 (lumi.) pb, (7)

where the theoretical uncertainty accounts for the uncertainties in the AWZ factor due to the choice of PDF411

set, QCD scales and parton shower model. The NLO SM prediction calculated with Powheg+Pythia412

is 42.4 ± 0.8 (PDF) ± 1.6 (scale) pb. A recent calculation [7] of the W±Z production cross section at413

NNLO in QCD with MATRIX, obtained using the NNPDF3.0 PDF set and with µR and µF scales fixed414

to (mW + mZ)/2, yields 48.2+1.1
�1.0 (scale) pb, which is in better agreement with the measurement. As this415
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SM NLO prediction (POWHEG+PYTHIA): 1.78±0.03
13TeV/8TeV:

σfidW+Z/σfidW-Z:

Dominated by statistical uncertainty

SM NLO prediction (POWHEG+PYTHIA): 1.47 −0.06
+0.03



Differential cross-section vs Njets
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E. Table of di↵erential jet multiplicity cross section631

Njets 0 1 2 3 � 4

��fid.
W±Z [fb] 28.2 19.9 6.0 4.2 3.2

Relative Uncertainties [%]

Statistics 8.1 10.6 20.6 23.7 30.1
All systematics 8.7 6.2 15.3 18.2 22.6
Luminosity 5.5 5.7 6.4 6.3 7.5

Total 13.1 13.6 26.5 30.6 38.4

Prediction from Powheg+Pythia

��fid.
W±Z [fb] 24.5 18.6 7.1 2.3 0.9

Prediction from Sherpa

��fid.
W±Z [fb] 27.0 16.0 8.0 3.8 3.0

Table 6: Di↵erential cross section as a function of the exclusive jet multiplicity for W±Z events.

Njets 0 1 2 3 � 4

0 1 0.052 0.142 0.090 0.097
1 0.052 1 0.146 0.018 0.032
2 0.142 0.146 1 0.216 -0.05
3 0.090 0.018 0.216 1 0.064
� 4 0.097 0.032 -0.05 0.064 1

Table 7: Correlation matrix for the total uncertainties, including all sources of systematic and statistical uncertain-
ties, for the di↵erential cross section as a function of the exclusive jet multiplicity.
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‣ All 4 channels added together 

‣ Jets with pT > 25 GeV, |η|<4.5 

‣ Unfolded distribution 
(Bayesian iterative)



Comparison of WZ results to SM
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‣ Comparison of previous 
results vs √s to MCFM 
(NLO) predictions 

‣ LHC results in excellent 
agreement with NNLO 
predictions



Synopsis
‣ New measurement of WZ production cross-section at 13 TeV 

presented 

‣ Inclusive cross-sections, charge-dependent cross-sections and 
differential measurement of Njets 

‣ NNLO predictions in very good agreement with the measured total 
cross-section 

‣ At submission state, soon to be published in Phys.Rev.D
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Future plans

‣ Future plans (data2016): 

- A first polarisation measurement 

- VBS (potentially, if enough data) 

- Measure the parameters of the 6-dimentional operators of the EFT 
description using differential (unfolded) distributions and combine 
them with Higgs results 

✓Increase sensitivity in the parameters of the 6-D EFT operators
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Back up 
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Object selection

Selection Baseline Z W

pT > 7 GeV ✓ ✓ ✓

|η| < 2.5 ✓ ✓ ✓

Loose quality ✓ ✓ ✓

σ(d0BL) < 3 ✓ ✓ ✓

|Δz0BLsinθ| < 0.5 mm ✓ ✓ ✓

LooseTrackOnly isolation ✓ ✓ ✓

μ-jet Overlap Removal ✓ ✓

pT > 15 GeV ✓ ✓

Medium quality ✓ ✓

Gradient Loose isolation ✓ ✓

pT > 20 GeV ✓

Muons
Selection Baseline Z W

pT > 7 GeV ✓ ✓ ✓
Electron object quality ✓ ✓ ✓
|ηcluster| < 2.47, |η| < 2.5 ✓ ✓ ✓

LooseLH + BLayer identification ✓ ✓ ✓

σ(d0BL) < 5 ✓ ✓ ✓

|Δz0BLsinθ| < 0.5 mm ✓ ✓ ✓

LooseTrackOnly isolation ✓ ✓ ✓
e-μ and e-e overlap removal ✓ ✓ ✓

e-jet Overlap Removal ✓ ✓
pT > 15 GeV ✓ ✓

Exclude 1.37 < |ηcluster| < 1.52 ✓ ✓
MediumLH identification ✓ ✓
Gradient Loose isolation ✓ ✓

pT > 20 GeV ✓
TightLH identification ✓

Gradient isolation ✓

Electrons

Jets
AntiKt4EMTopoJets

pT > 25 GeV

|η| < 4.5

JVT > 0.64, for jets with 
pT < 50 GeV and |η| < 2.4

Dimitrios Iliadis WZ@13TeV - 21

MET
Track soft term

Hard term: baseline leptons

Calo based MET with JVT cut

Experimental signature: 3 high pT isolated leptons + MET



Event selection
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Event cleaning LAr, Tile, SCT corrupted events
GRL v73-pro19-08_DQDefects-00-01-02_PHYS_StandardGRL_All_Good_25ns

Trigger HLT_e24_lhmedium_L1EM20VΗ or HLT_e60_lhmedium or HLT_e120_lhloose 
HLT_mu20_iloose_L1MU15 or HLT_mu50

ZZ veto Less than 4 baseline leptons
N leptons Exactly 3 leptons passing Z selection
pTlead pTlead > 25 GeV

Z leptons Two SF, OC Z-selected leptons, closest to Z 
peak

Z mass window |Mll - MZ| < 10 GeV
W lepton W lepton passes W selection
W transverse mass MTW > 30 GeV



Data-driven systematics
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6.1.9. Summary of Z+jet and t t̄ estimates and systematics (using Fake Factor and dedicated t t̄ CR)974

Table 24 shows a complete summary of the Z+jet and tt̄ estimates, along with each source of systematic975

uncertainty. The total estimate of both reducible backgrounds is 54.28 ± 17.59.976

Channels eee eµµ µee µµµ All Correlation
Z+jet 15.93 13.99 6.50 8.70 45.12 -

tt̄ 1.23 2.38 1.97 3.58 9.16 -
total yield 17.16 16.37 8.47 12.28 54.28 -

ZCR stat (data, MC) 1.02 0.79 0.43 0.72 1.54 none
Z FF WZ/ZZ Subtraction 1.59 1.66 2.29 2.36 7.90 all
ZCR WZ/ZZ Subtraction 0.25 0.09 0.02 0.09 0.45 all

Z muon FF stat - - 3.46 3.50 6.94 Wµ

Z electron FF stat 3.21 3.41 - - 6.61 W
e

Composition/closure (µ) - - 1.68 2.14 3.82 Wµ

Composition/closure (ele) 6.09 5.23 - - 11.32 W
e

Z FF tt̄ µ SF MC+data stat - - 0.12 0.39 0.51 Wµ

Z FF tt̄ ele SF MC+data stat 0.38 0.14 - - 0.52 W
e

ZCR tt̄ region Extrapolation 0.10 0.02 0.04 0.07 0.23 all
tt̄ MC stat in SR 0.24 0.49 0.41 0.71 0.98 none

tt̄ CR| |SR mu SF MC+data stat - 0.67 0.30 1.32 2.29 µ-fake
tt̄ CR| |SR ele SF MC+data stat 0.74 0.33 0.69 - 1.76 e-fake

tt̄ CR| |SR Extrapolation 0.05 0.05 0.03 0.05 0.18 all
Total Uncertainty 7.20 6.57 4.58 5.03 17.59 all

Total Uncertainty (%) 41.9 40.2 54.1 41.0 32.4 -

Table 24: Summary of systematics. “none”: no correlation between channels; “all”: 100% correlation between
channels; “W

e

/Wµ”: 100% correlation among channels with an electron (muon) associated to the W-boson, e.g.
eee and eµµ (µee and µµµ); 0% correlation between these two categories; µ-fake (e-fake): 100% correlation
among events where the truth-matched fake is a muon (electron).

The reducible background has also been assessed with a matrix method procedure, similar to the one used977

in the measurement of W±Z production at
p

s = 8 TeV[3]. The results from this method are documented978

in Appendix D. The matrix method estimates Z + jet/Z� and tt̄ backgrounds simultaneously. The method979

predicts 51.6 ± 5.9 ± 17.5 reducible background events, where the first error is statistical, and the second980

is the systematic error. The results of the two methods give compatible results, improving our confidence981

in the estimate.982

Summary of Z+jet and t t̄ estimates and systematics - split into W+ and W� Channels983

Table 25 shows a summary of the Z+jet fake factor estimate, split into W+Z and W�Z channels (the same984

fake factors described in the previous section are used).985

Table 26 shows a summary of the tt̄ estimate, split into W+Z and W�Z channels.986
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Fiducial cross-sections and kinematic plots
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Channel �fid. �stat. �sys. �lumi. �tot.
[fb] [%] [%] [%] [%]

�fid.
W±Z!`0⌫``

e±ee 49.6 14.2 10.6 5.8 18.6
µ±ee 54.1 11.1 5.1 5.7 13.5
e±µµ 73.9 9.5 5.3 5.5 12.2
µ±µµ 62.5 8.9 4.1 5.6 11.3

Combined 62.2 5.2 4.1 5.6 8.6

SM prediction 53.4 — — — 6.0

�fid.
W+Z!`0⌫``

e+ee 27.5 19.2 11.2 5.8 22.9
µ+ee 31.7 14.4 5.0 5.6 16.2
e+µµ 44.2 12.1 4.6 5.5 14.0
µ+µµ 35.9 11.6 4.1 5.6 13.5

Combined 36.1 6.7 3.9 5.6 9.6

SM prediction 31.8 — — — 5.8

�fid.
W�Z!`0⌫``

e�ee 22.1 21.0 10.5 5.8 24.2
µ�ee 22.5 17.5 5.8 5.8 19.3
e�µµ 29.7 15.2 6.9 5.6 17.6
µ�µµ 26.6 13.7 5.0 5.7 15.6

Combined 25.7 8.1 4.7 5.7 11.0

SM prediction 21.6 — — — 7.9

Table 4: Fiducial integrated cross section in fb, for W±Z, W+Z and W�Z production, measured in each of the eee,
µee, eµµ, and µµµ channels and all four channels combined. The statistical (�stat.), total systematic (�sys.), luminosity
(�lumi.) and total (�tot.) uncertainties are given in percent.
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Unfolding notion
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‣y: Measured distribution of 
observable 

‣x: “True” distribution 

‣A: Response (transfer) matrix: 
constructed in MC, it describes 
the detector effects along with 
the bin migrations

y = A·x 
x = A−1 ·y



Unfolding uncertainties 1/2
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Njets 0 1 2 3 � 4

Prior uncertainty 0.1 2.2 10.0 14.9 8.8

Misid. leptons background 3.73 4.59 9.53 6.73 6.12
ZZ background 0.57 0.74 0.99 0.48 0.22
WZ ! ⌧ background 0.30 0.37 0.50 0.23 0.13
tZ background 0.00 0.10 1.10 0.79 0.79
tt̄V background 0.00 0.00 0.19 1.33 4.84

Jet energy scale, E↵ectiveNP 1 -4.32 1.80 3.21 4.19 11.2
Jet energy scale, E↵ectiveNP 2 0.78 -0.42 -0.85 -0.92 -1.98
Jet energy scale, E↵ectiveNP 3 -0.23 0.17 0.37 0.45 0.59
Jet energy scale, E↵ectiveNP 4 0.10 -0.06 -0.18 -0.31 -0.00
Jet energy scale, E↵ectiveNP 5 -0.00 0.00 0.11 0.00 -0.09
Jet energy scale, E↵ectiveNP 6 -0.00 0.00 0.09 -0.07 -0.05
Jet ⌘ intercalibration, modelling -2.21 0.84 2.04 3.03 5.46
Jet ⌘ intercalibration, total -0.79 0.35 0.79 0.50 2.07
Jet flavor composition -4.57 1.88 3.49 4.41 12.4
Jet flavor response 1.40 -0.58 -0.97 -1.59 -3.32
Jet pile-up, o↵set term, µ 0.26 -0.15 -0.20 -0.10 -0.68
Jet pile-up, o↵set term, number of primary vertexes -0.06 -0.06 0.30 0.00 0.32
Jet pile-up, pT term -0.00 0.00 0.11 -0.13 0.00
Jet pile-up, ⇢ topology -1.42 0.64 1.09 1.35 3.63
Jet punch through -0.00 0.00 0.00 -0.00 0.00
Jet single particle, high pT 0.00 0.00 0.00 0.00 0.00
Jet vertex tagger -0.78 0.32 1.12 0.64 2.43

Emiss
T track soft term scale 0.05 0.16 0.11 0.00 0.07

Emiss
T track soft term resolution 0.12 0.16 0.09 0.15 0.15

Pile-up 2.88 0.44 0.36 1.24 2.79

Electron energy resolution, calorimeter material 0.00 0.00 0.00 0.00 0.14
Electron energy resolution, cryostat material 0.00 0.00 0.05 0.11 0.15
Electron energy resolution, gap 0.00 0.00 0.05 0.06 0.00
Electron energy resolution, ID material 0.00 0.00 0.10 0.08 0.09
Electron energy resolution, pile-up 0.00 0.00 0.07 0.00 0.06
Electron energy resolution, sampling term 0.05 0.00 0.06 0.10 0.12
Electron energy resolution, Z smearing 0.05 0.18 0.00 0.26 0.32
Electron energy scale, GEANT4 0.00 0.00 0.00 0.00 0.05
Electron energy scale, layer 1 gain 0.00 0.00 0.00 0.00 0.00
Electron energy scale, layer 2 gain 0.00 0.00 0.00 0.05 0.19
Electron energy scale, LAr E1/E2 relative calibration from muons 0.00 0.00 0.06 0.00 0.10
Electron energy scale, LAr E1/E2 electron calibration 0.00 0.00 0.00 0.00 0.00
Electron energy scale, LAr E1/E2 modelling di↵erences between electrons and unconverted photons 0.00 0.06 0.07 0.08 0.11
Electron energy scale, LAr E1/E2 modelling for unconverted photons 0.00 0.00 0.00 0.00 0.09
Electron energy scale, calorimeter material 0.00 0.00 0.00 0.00 0.09
Electron energy scale, cryostat material 0.00 0.00 0.00 0.00 0.19
Electron energy scale, ID material 0.00 0.00 0.05 0.00 0.14
Electron energy scale, pedestal 0.00 0.00 0.00 0.00 0.00
Electron energy scale, presampler layer 0.00 0.00 0.00 0.00 0.09
Electron energy scale, E1/E2 ratio 0.00 0.00 0.00 0.00 0.06
Electron energy scale, Z ! ee statistics 0.00 0.00 0.00 0.00 0.00
Electron energy scale, Z ! ee systematics 0.18 0.15 0.11 0.24 0.26
Electron ID e�ciency 1.10 1.20 1.32 1.48 1.56
Electron isolation e�ciency 0.30 0.37 0.50 0.62 0.71
Electron reconstruction e�ciency 0.49 0.55 0.59 0.64 0.66
Electron trigger e�ciency 0.00 0.00 0.00 0.00 0.00

Muon reconstruction, ID 0.00 0.06 0.08 0.00 0.20
Muon reconstruction, MS 0.00 0.00 0.07 0.15 0.06
Muon scale 0.00 0.00 0.13 0.09 0.16
Muon ID e�ciency, statistics 0.20 0.10 0.00 0.10 0.41
Muon ID e�ciency, low pT systematics 0.00 0.20 0.36 0.45 0.58
Muon ID e�ciency, systematics 0.51 0.41 0.51 0.65 0.21
Muon trigger e�ciency, statistics 0.09 0.09 0.08 0.08 0.08
Muon trigger e�ciency, systematics 0.00 0.00 0.00 0.00 0.00
Muon isolation e�ciency, statistics 0.06 0.07 0.08 0.08 0.10
Muon isolation e�ciency, systematics 0.35 0.35 0.36 0.36 0.40
Muon track-to-vertex association e�ciency, statistics 0.13 0.16 0.17 0.17 0.18
Muon track-to-vertex association e�ciency, systematics 0.17 0.18 0.18 0.16 0.15

Table 8: All correlated systematic relative uncertainties in % on measured di↵erential cross section as a function of
the exclusive jet multiplicity.
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DRAFT

Njets 0 1 2 3 � 4

Prior uncertainty 0.1 2.2 10.0 14.9 8.8

Misid. leptons background 3.73 4.59 9.53 6.73 6.12
ZZ background 0.57 0.74 0.99 0.48 0.22
WZ ! ⌧ background 0.30 0.37 0.50 0.23 0.13
tZ background 0.00 0.10 1.10 0.79 0.79
tt̄V background 0.00 0.00 0.19 1.33 4.84

Jet energy scale, E↵ectiveNP 1 -4.32 1.80 3.21 4.19 11.2
Jet energy scale, E↵ectiveNP 2 0.78 -0.42 -0.85 -0.92 -1.98
Jet energy scale, E↵ectiveNP 3 -0.23 0.17 0.37 0.45 0.59
Jet energy scale, E↵ectiveNP 4 0.10 -0.06 -0.18 -0.31 -0.00
Jet energy scale, E↵ectiveNP 5 -0.00 0.00 0.11 0.00 -0.09
Jet energy scale, E↵ectiveNP 6 -0.00 0.00 0.09 -0.07 -0.05
Jet ⌘ intercalibration, modelling -2.21 0.84 2.04 3.03 5.46
Jet ⌘ intercalibration, total -0.79 0.35 0.79 0.50 2.07
Jet flavor composition -4.57 1.88 3.49 4.41 12.4
Jet flavor response 1.40 -0.58 -0.97 -1.59 -3.32
Jet pile-up, o↵set term, µ 0.26 -0.15 -0.20 -0.10 -0.68
Jet pile-up, o↵set term, number of primary vertexes -0.06 -0.06 0.30 0.00 0.32
Jet pile-up, pT term -0.00 0.00 0.11 -0.13 0.00
Jet pile-up, ⇢ topology -1.42 0.64 1.09 1.35 3.63
Jet punch through -0.00 0.00 0.00 -0.00 0.00
Jet single particle, high pT 0.00 0.00 0.00 0.00 0.00
Jet vertex tagger -0.78 0.32 1.12 0.64 2.43

Emiss
T track soft term scale 0.05 0.16 0.11 0.00 0.07

Emiss
T track soft term resolution 0.12 0.16 0.09 0.15 0.15

Pile-up 2.88 0.44 0.36 1.24 2.79

Electron energy resolution, calorimeter material 0.00 0.00 0.00 0.00 0.14
Electron energy resolution, cryostat material 0.00 0.00 0.05 0.11 0.15
Electron energy resolution, gap 0.00 0.00 0.05 0.06 0.00
Electron energy resolution, ID material 0.00 0.00 0.10 0.08 0.09
Electron energy resolution, pile-up 0.00 0.00 0.07 0.00 0.06
Electron energy resolution, sampling term 0.05 0.00 0.06 0.10 0.12
Electron energy resolution, Z smearing 0.05 0.18 0.00 0.26 0.32
Electron energy scale, GEANT4 0.00 0.00 0.00 0.00 0.05
Electron energy scale, layer 1 gain 0.00 0.00 0.00 0.00 0.00
Electron energy scale, layer 2 gain 0.00 0.00 0.00 0.05 0.19
Electron energy scale, LAr E1/E2 relative calibration from muons 0.00 0.00 0.06 0.00 0.10
Electron energy scale, LAr E1/E2 electron calibration 0.00 0.00 0.00 0.00 0.00
Electron energy scale, LAr E1/E2 modelling di↵erences between electrons and unconverted photons 0.00 0.06 0.07 0.08 0.11
Electron energy scale, LAr E1/E2 modelling for unconverted photons 0.00 0.00 0.00 0.00 0.09
Electron energy scale, calorimeter material 0.00 0.00 0.00 0.00 0.09
Electron energy scale, cryostat material 0.00 0.00 0.00 0.00 0.19
Electron energy scale, ID material 0.00 0.00 0.05 0.00 0.14
Electron energy scale, pedestal 0.00 0.00 0.00 0.00 0.00
Electron energy scale, presampler layer 0.00 0.00 0.00 0.00 0.09
Electron energy scale, E1/E2 ratio 0.00 0.00 0.00 0.00 0.06
Electron energy scale, Z ! ee statistics 0.00 0.00 0.00 0.00 0.00
Electron energy scale, Z ! ee systematics 0.18 0.15 0.11 0.24 0.26
Electron ID e�ciency 1.10 1.20 1.32 1.48 1.56
Electron isolation e�ciency 0.30 0.37 0.50 0.62 0.71
Electron reconstruction e�ciency 0.49 0.55 0.59 0.64 0.66
Electron trigger e�ciency 0.00 0.00 0.00 0.00 0.00

Muon reconstruction, ID 0.00 0.06 0.08 0.00 0.20
Muon reconstruction, MS 0.00 0.00 0.07 0.15 0.06
Muon scale 0.00 0.00 0.13 0.09 0.16
Muon ID e�ciency, statistics 0.20 0.10 0.00 0.10 0.41
Muon ID e�ciency, low pT systematics 0.00 0.20 0.36 0.45 0.58
Muon ID e�ciency, systematics 0.51 0.41 0.51 0.65 0.21
Muon trigger e�ciency, statistics 0.09 0.09 0.08 0.08 0.08
Muon trigger e�ciency, systematics 0.00 0.00 0.00 0.00 0.00
Muon isolation e�ciency, statistics 0.06 0.07 0.08 0.08 0.10
Muon isolation e�ciency, systematics 0.35 0.35 0.36 0.36 0.40
Muon track-to-vertex association e�ciency, statistics 0.13 0.16 0.17 0.17 0.18
Muon track-to-vertex association e�ciency, systematics 0.17 0.18 0.18 0.16 0.15

Table 8: All correlated systematic relative uncertainties in % on measured di↵erential cross section as a function of
the exclusive jet multiplicity.
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DRAFT

E. Table of di↵erential jet multiplicity cross section633

Njets 0 1 2 3 � 4

��fid.
W±Z [fb] 28.2 19.9 6.0 4.2 3.2

Relative Uncertainties [%]

Statistics 8.1 10.6 20.6 23.7 30.1
All systematics 8.7 6.2 15.3 18.2 22.6
Luminosity 5.5 5.7 6.4 6.3 7.5

Total 13.1 13.6 26.5 30.6 38.4

Prediction from Powheg+Pythia

��fid.
W±Z [fb] 24.5 18.6 7.1 2.3 0.9

Prediction from Sherpa

��fid.
W±Z [fb] 27.0 16.0 8.0 3.8 3.0

Table 6: Di↵erential cross section as a function of the exclusive jet multiplicity for W±Z events.

Njets 0 1 2 3 � 4

0 1 0.052 0.142 0.090 0.097
1 0.052 1 0.146 0.018 0.032
2 0.142 0.146 1 0.216 -0.05
3 0.090 0.018 0.216 1 0.064
� 4 0.097 0.032 -0.05 0.064 1

Table 7: Correlation matrix for the total uncertainties, including all sources of systematic and statistical uncertain-
ties, for the di↵erential cross section as a function of the exclusive jet multiplicity.
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‣ Correlation matrix for the total 
uncertainties 

‣ Includes all sources of systematic and 
statistical uncertainties
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D. Iliadis  – AUTh Thessaloniki

Uncertainty due to the prior choice
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➘ Slight reduction of the prior unc. if Sherpa MC is 
used for unfolding


