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In short

Measure fiducial inclusive cross section for ZZ at
√
s = 13 TeV

in the four-lepton channel, using 3.2 fb−1 of data

“Z” = Z/γ ∗ with mass between 66–116 GeV (CMS uses 60–120 GeV)

` = e, µ

Also extrapolate to ‘total’ phase space and all Z boson decays

Paper: Phys. Rev. Le�. 116, 101801 (2016)
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Cambridge
Introduction

Motivations: 
!

• Good test of the electroweak sector of the Standard 
Model at unprecedented energy 

!
• Important background to searches for rare multilepton 

final states (like H→ZZ) 
!

• First step towards differential cross sections, aTGCS, etc.
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Cambridge
Introduction

DRAFT

1. Introduction193

This note presents the first measurement of the ZZ production1 cross section in proton-proton interactions194

at a centre-of-mass energy
p

s = 13 TeV. The data correspond to an integrated luminosity of 1.7 fb�1. The195

plan is to use the full 2015 dataset, which is about 3.34 fb�1. Studying the production of pairs of Z bosons196

in proton–proton interactions tests the predictions of the electroweak sector of the Standard Model at this197

unprecedented energy. ZZ production is an important background in Higgs analyses and searches for new198

physics, thus an understanding of the process is an important first step in understanding
p

s = 13 TeV199

proton interactions. ZZ production at the LHC is dominated by quark-antiquark (qq) interactions, such as200

those shown in Figure 1(a), with a smaller contribution from loop-induced gluon-gluon (gg) interactions,201

such as those shown in Figure 1(b). Candidate events are reconstructed in the ZZ ! `+`�`0+`0� decay
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Figure 1: Examples of leading-order Feynman diagrams for ZZ production with a (a) qq and (b) gg initial state in
hadron collisions.

202

channel where ` and `0 can be an electron or a muon. The cross section is corrected for experimental203

ine�ciencies of the detector and presented in a fiducial phase-space which corresponds closely to the204

experimental acceptance. In addition, an extrapolation to the cross section in a total phase-space for205

on-shell Z bosons, �tot
ZZ, is performed using predictions from Monte Carlo event generators, which are206

introduced in Section 2.207

The fiducial cross section �fid
ZZ!`+`�`0+`0� (defined in Section 3) is calculated as:208

�fid
ZZ!`+`�`0+`0� =

Nobs � Nbkg

CZZ ⇥L
(1)209

where Nobs is the number of observed events in data passing the event selection (described in Section 4),210

Nbkg is the predicted number of background events (described in Section 5), CZZ is a correction factor that211

converts the number of observed events in data to the number expected within the fiducial phase-space212

region (described in Section 6) and L is the integrated luminosity (1.7 ± 0.2 fb�1). The extrapolation of213

the cross section into a total phase-space for on-shell Z bosons is described in Section 7 and the results214

are discussed in Section 8.215

Technical details of the analysis are described in the appendices, referring to ATLAS-specific software in216

many places. They are referenced from the corresponding section in the main part of the note.217

1 Throughout this document the symbol Z denotes the combination of a Z boson and virtual photon, Z/�⇤. However, the
invariant mass of the decay products is required to lie between 66 GeV and 116 GeV, meaning that the contribution of the Z
boson dominates. The dilepton mass requirement is our definition of an on-shell Z boson.
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Two examples of important Feynman diagrams

Three leptonic channels: 4e, 2e2µ, 4µ 
Clean channel, small backgrounds  

Small cross section: statistically limited
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Fiducial lepton definition

Generator-level
Prompt final-state muons and electrons

‘Dressing’ to account for Bremsstrahlung: add four-momenta
of prompt photons within ∆R =

√
(∆η)2 + (∆ϕ)2 = 0.1

p⊥ > 20 GeV

|η | < 2.7

5 Stefan Richter 5



Lepton selection

Reconstructed
Lepton identification
Electrons: electromagnetic calorimeter deposits + tracking info
Muons: tracking and/or muon spectrometer info, calorimeter signature consistent with muon

p⊥ > 20 GeV

|η | < 2.47 (electrons) or 2.7 (muons)

Associated with primary vertex
Transverse impact parameter significance |d0/σ (d0) | < 5 (electrons) or 3 (muons)
Longitudinal impact parameter w.r.t. primary vertex |z0 sin θ | < 0.5 mm

Isolated from other tracks/energy deposits
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Event selection
Same for fiducial and reconstructed
except for some reconstruction quality requirements

Exactly 4 leptons in
2 same-flavour opposite-charge pairs

∆R`` > 0.2

If 4 same-flavour leptons, form pairs such that
|m12 − mZ | + |m34 − mZ | is minimised

Z candidate selection: 66 GeV < m12,m34 < 116 GeV

In reconstructed: single-muon or dielectron trigger matched by selected
leptons, hard-sca�ering vertex, and at most 1 muon without inner-detector
or muon-system track (standalone, calorimeter-tagged )
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Candidate event (dilepton masses 95 and 88 GeV)



Cambridge
Backgrounds

Two types of backgrounds, Irreducible and Fake leptons

Irreducible backgrounds have four genuine leptons

Triboson processes (ZZZ, WZZ, etc) 
ZZ→[4τ, 2τ2l] 
ttZ 
!
Well modelled in MC

9 Jonatan Rosten 9



Cambridge
Fake lepton backgrounds

Fake lepton backgrounds: jets can be misidentified as leptons

One or two identified leptons might be jets 
!
• Not modelled well in MC, use data driven 

“fake factor” method 
!

• Equivalent to the matrix method, except no 
leptons faking jets

10 Jonatan Rosten 10



Cambridge
Fake factor

Control region of leptons with inverted definition cuts

Lepton-like Jet-like

Electrons Pass ID and ISO cut Fail ID xor ISO cut

Muons Pass d0 and ISO cut Fail d0 or ISO cut

Assumption: Three lepton events are from Z+fake leptons 
(except ZZ, WZ) 
!
Go through data, find Z+lepton events, save info on  
jet-like and lepton-like leptons
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Data driven background

DRAFT
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Figure 28: Muon fake factors as a function of (a) pT and (b) ⌘ for data and Z ! `+`�+X MC.

respectively) and for the fake factor, Fmis-ID. Because of the contamination to selected ``` j events from745

true `` j j events (such as Z + jets events) the equation must be calculated by first considering the number746

of true ``` j events (N``` j
true ) from WZ + jets events, and the number of true `` j j events (N`` j j

true ) from all the747

other sources of background where there are only two true leptons. Therefore the number of background748

events with misidentified leptons is given by749

Nmisid. leptons
bkg = N``` j

true ⇥ f + N`` j j
true ⇥ f 2 , (13)750

where f is the fraction of ‘jets’ that are reconstructed as selected leptons and is given by:751

f =
L

L + J
. (14)752

753

which can be combined with Equation 10 to give:754

f =
Fmis-ID

1 + Fmis-ID
(15)755

756

Now it is possible to get the relation between the truth and measurable quantities via:757

N`` j j
= N`` j j

true ⇥ (1 � f )2 (16)758
759

and760

N``` j
= N``` j

true ⇥ (1 � f ) + N`` j j
true ⇥ 2 f (1 � f ) (17)761

762

where the factor 2 is due to combinatorics. Writing N`` j j
true and N``` j

true in terms of the measurable quantities763

N`` j j and N``` j, and substituting into Equation 13 gives764

Nmisid. leptons
bkg = N``` j ⇥ f

1 � f
� N`` j j ⇥ f 2

(1 � f )2 , (18)765

766

finally, substituting in Equation 15 and correcting for the small contributions to N``` j and N`` j j from true767

ZZ events, which have to be taken into account when it is assumed that the probability of a true lepton768

passing the selection is 100%, gives:769

Nmisid. leptons
bkg =

⇣
N``` j � N``` j

ZZ

⌘
⇥ Fmis-ID �

⇣
N`` j j � N`` j j

ZZ

⌘
⇥ F2

mis-ID . (19)770
771
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Assume fake rate is the same for second fake

Done in p  and η bins, for each channel T
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Figure 24: Position of primary vertices (including hard-scattering and pileup vertices) along the beam axis in data.
A Gaussian shape is fitted.

F.3. Background due to misidentified leptons or leptons in jets702

The data-driven estimate is derived using the so-called fake factor method. The technique is described in703

the following.704

F.3.1. Fake factor determination705

The fake factor Fmis-ID is derived by selecting a set of ‘pre-leptons’ by applying all lepton selection706

requirements except the ones that are used for the inversion. The pre-leptons are then either ‘selected707

leptons’ (denoted by L) if they pass in addition the other signal selection cuts or ‘lepton-like objects’708

(denoted by J) if they fail one (or both for muons) of the following cuts:709

• isolation or impact parameter (or both) for muons,710

• isolation or likelihood-based ID (but not both) for electrons.711

The fake factor is then defined as712

Fmis-ID =
L
J

(10)713
714

and is calculated for electrons and muons separately. Fmis-ID is determined in selected Z ! `+`� events. 6
715

The event selection for this sample is given in Table 18. It includes an upper Emiss
T cut in order to suppress716

W events. All additional leptons in a Z tagged event are taken for the fake factor calculation.717

6 Note that the jets in Z ! `+`� events are typically of light flavour, whereas the tt̄ background included in this estimate will
have mostly heavy-flavour jets. The determined Fmis-ID is therefore not entirely appropriate. However, it is shown in Table 24
that the MC predicted background for tt̄ is completely negligible so this should not be an important e↵ect.
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Background yields

DRAFT

Channel 4e 2e2µ 4µ Total 4`

ZZ! 2`2⌧, 4⌧ 0.01 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.07 ± 0.02
ZZZ, WZZ, WWZ 0.04 ± 0.01 0.08 ± 0.02 0.05 ± 0.02 0.17 ± 0.05
tt̄Z 0.07 ± 0.02 0.13 ± 0.04 0.10 ± 0.03 0.30 ± 0.09
Background with 1–2 misidentified leptons 0.09 ± 0.04 0.00+0.40

�0.00 0.00+1.00
�0.00 0.09+1.08

�0.04

Total 0.20 ± 0.05 0.25+0.40
�0.05 0.17+1.00

�0.04 0.62+1.08
�0.11

Table 1: Background estimates. Uncertainties include statistical and systematic contributions. Since negative ex-
pectations in the background with 1–2 misidentified leptons are not physical, the contribution is kept positive by
constraining it with a Poisson distributed likelihood function, further described in Appendix J.1.

where N`` j j is the number of `` j j events, N``` j in the number of ``` j events and N`` j j
ZZ (N``` j

ZZ ) are the392

expected number of ZZ ! `+`�`0+`0� events that are reconstructed as `` j j (``` j) events. The uncertainty393

arises from the limited statistics in the `` j j and ``` j event samples.394

All background estimates are shown in Table 1. The total expected background is found to be 0.62+1.08
�0.11395

events.396

Further technical details on the background estimation can be found in Appendix F.397

6. Detector corrections398

The correction factor, CZZ , introduced in Section 1 is defined as the ratio of MC generator events passing399

the selection criteria at the reconstruction level (described in Section 4) to the number passing the fiducial400

criteria at the truth level (defined in Section 3). It is a correction factor for the ine�ciency of selecting401

events within the acceptance of the detector, as well as resolution e↵ects.402

CZZ is determined from the ZZ event sample generated with Powheg + Pythia 8 described in Section 2.403

The sample is passed through a simulation of the ATLAS detector based on Geant 4. The results of the404

simulation are corrected with scale factors determined by comparing e�ciencies to reconstruct electrons405

and muons observed in experimental data to those in the simulated events, and the lepton momentum406

scale and resolution are finely adjusted to match the data. The distribution of the number of collisions per407

bunch crossing is reweighted to match that observed in data.408

The values and total uncertainties of CZZ in each signal channel are shown in Table 2. The systematic

Channel CZZ

4e 0.546 ± 0.019
2e2µ 0.630 ± 0.021
4µ 0.813 ± 0.026

Table 2: Value and total uncertainty of the correction factor CZZ in each signal channel.
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pectations in the background with 1–2 misidentified leptons are not physical, the contribution is kept positive by
constraining it with a Poisson distributed likelihood function, further described in Appendix J.1.

where N`` j j is the number of `` j j events, N``` j in the number of ``` j events and N`` j j
ZZ (N``` j

ZZ ) are the392

expected number of ZZ ! `+`�`0+`0� events that are reconstructed as `` j j (``` j) events. The uncertainty393

arises from the limited statistics in the `` j j and ``` j event samples.394

All background estimates are shown in Table 1. The total expected background is found to be 0.62+1.08
�0.11395

events.396

Further technical details on the background estimation can be found in Appendix F.397

6. Detector corrections398

The correction factor, CZZ , introduced in Section 1 is defined as the ratio of MC generator events passing399

the selection criteria at the reconstruction level (described in Section 4) to the number passing the fiducial400

criteria at the truth level (defined in Section 3). It is a correction factor for the ine�ciency of selecting401

events within the acceptance of the detector, as well as resolution e↵ects.402

CZZ is determined from the ZZ event sample generated with Powheg + Pythia 8 described in Section 2.403

The sample is passed through a simulation of the ATLAS detector based on Geant 4. The results of the404

simulation are corrected with scale factors determined by comparing e�ciencies to reconstruct electrons405

and muons observed in experimental data to those in the simulated events, and the lepton momentum406

scale and resolution are finely adjusted to match the data. The distribution of the number of collisions per407

bunch crossing is reweighted to match that observed in data.408

The values and total uncertainties of CZZ in each signal channel are shown in Table 2. The systematic

Channel CZZ

4e 0.546 ± 0.019
2e2µ 0.630 ± 0.021
4µ 0.813 ± 0.026

Table 2: Value and total uncertainty of the correction factor CZZ in each signal channel.
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Data driven

√s = 13 TeV, 3.2 fb-1
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Cambridge
Yields

In 2015, LHC delivered 3.2 ± 0.2 fb-1 of useful √s = 
13 TeV, 25 ns data DRAFT

Channel 4e 2e2µ 4µ Total 4`

Observed 15 29 18 62
Expected signal 12.5 ± 1.0 28.5+2.2

�2.2 18.8 ± 1.5 59.8 ± 2.9
Expected background 0.20 ± 0.05 0.25+0.40

�0.05 0.17+1.00
�0.04 0.62+1.08

�0.11

Table 5: Observed event yields in the data, together with expected yields. The expected signal yields are taken from
Powheg + Pythia 8 reweighted to NNLO (excluding the loop-induced gg-initiated process) plus the loop-induced
process from Sherpa, as described in Appendix C.3.

the sample, the choice of PDFs, varying the renormalization and factorization scales up and down by a427

factor of two and di↵erences between using Pythia 8 and Herwig for the parton shower.428

Further technical details on the extrapolation to the total phase-space and the associated systematic un-429

certainties can be found in Appendix I and a full break-down of the uncertainties is given in Table 37.430

8. Results431

The observed and expected numbers of events for each channel as well as the sum of all channels, denoted432

as `+`�`0+`0�, are shown in Table 5. The fiducial cross section is determined from Equation 1 and a433

maximum likelihood fitting method is used to combine the three channels. The systematic uncertainties434

are included in the fitting procedure as nuisance parameters. The measured fiducial cross sections and the435

total combined cross section are given in Table 6 and show in Figure 7 where they are also compared to436

the theoretical NNLO SM predictions. As explained in Section 2 the theory uncertainites represent scale437

uncertainties only. The NLO SM predictions are 13% lower than the NNLO predictions.438

The NNLO SM predictions include a contribution from loop induced ZZ production as shown in Fig-439

ure 1(b). This process is only calculated to LO, and contributes 5.8% of the cross section in the total440

on-shell phase-space and 7.0% in the fiducial phase-spaces. The ratio of NLO to LO cross sections for441

this process is found to be 1.67 [21], which would lead to an increase of 3.9% and 4.7% in the total and442

fiducial phase spaces respectively.443

It should also be noted that since QED final state radiation e↵ects are not included in the NNLO predic-444

tions, the leptons are e↵ectively defined at the Born level. If QED e↵ects were included this should lead445

to ⇠4% decrease of the predicted fiducial cross sections.446

Finally, the contribution from double-parton scattering, where two individual Z bosons are produced in447

di↵erent parton-parton interactions, is included in the cross section measurement, but not in the theoretical448

predictions. The contribution from these events is estimated using the e↵ective area parameter for double-449

parton interactions [22] together with the measured cross section for Z production at 13 TeV [23] to be450

0.71+0.31
�0.23% of the total ZZ cross section and 0.41+0.18

�0.13% of the measured fiducial cross sections.451

Further technical details on the calculation of the cross section can be found in Appendix J. A break-452

down of the systematic uncertainties, and cross sections obtained from MC pseudo-data can be found453

in Appendix K. Details of the calculation of the double-parton scattering contributions are given in Ap-454

pendix M.455
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Dilepton masses (before on-shell requirement)
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Four-lepton mass
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Four-lepton p⊥
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Four-lepton rapidity
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Correction factor CZZ

Corrects measured cross section for detector e�ects

CZZ ≡ selected reconstructed events
fiducial events

Determined using simulated signal samples

4e 2e2µ 4µ

CZZ 0.55 ± 0.02 0.63 ± 0.02 0.81 ± 0.03

Relative uncertainties in %:

Source 4e 2e2µ 4µ

Statistical 0.7 0.5 0.5
Theory (generator, PDFs) 2.5 2.5 2.5
Experimental e�iciencies 2.3 2.2 2.0
Momentum scales and resolutions 0.4 0.2 0.1

Total 3.5 3.3 3.2
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Extrapolation factor AZZ

Extrapolates fiducial cross section to total phase space

AZZ ≡ fiducial events
on-shell events

= 0.39 ± 0.02

Determined using simulated signal samples

Relative uncertainties in %:

Source Uncertainty

Statistical 0.9
Generator 3.4
Parton shower 0.8
PDFs 0.8
QCD scales 0.3

Total 3.7

20 Stefan Richter 20
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Cross section extraction

DRAFT

J. Technical details for the cross section calculation1092

This method is based on the likelihood of the observed data, i.e. on their probability within a given1093

Model. Since, in the present case, the observations are counts of events in non-overlapping bins, they are1094

uncorrelated and the likelihood is the simple product of the Poisson laws of each bin count.1095

Therefore the focus is on building a Model for the Data, i.e on setting the means of these laws, the1096

expected number of events in each bin. These expectations are the sum of various components, signal or1097

background, and depends on parameters of interest, e.g cross-sections, as well as on the parametrization1098

of the e↵ects of a set of known systematics sources, the actual amplitudes of which are known within1099

some uncertainty only. The amplitudes of these sources are represented by constrained pulled nuisance1100

variables a↵ecting the expected number of events 8.1101

The Likelihood function is then minimized over all the parameters of interest and nuisance parameters, to1102

get the central values of their measurements. The Confidence domain of a given parameter is obtained by1103

profiling over all the other parameters. Since the Likelihood function includes all the relevant influences1104

of the nuisance parameters as well as constraint terms on these parameters, the procedure guarantees the1105
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Likelihood model,  
poisson distributions model for statistical part 
!
!
Multiplied by Gaussians for systematic uncertainties

Lstat =
Y

chan

Pois(N chan
obs , N chan

exp )
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Table 6: Cross-section measurement results compared to the O(↵2
s ) standard model predictions. The per-channel

and combined fiducial cross sections are shown along with the combined total cross section. For experimental
results, the statistical, systematic, and luminosity uncertainties are shown. For theoretical predictions, the PDF and
renormalization and factorization scale uncertainties added in quadrature are shown.

Measurement O(↵2
s ) prediction

�fid
ZZ!e+e�e+e� 8.4 +2.4

�2.0(stat.) +0.4
�0.2(syst.) +0.5

�0.3(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!e+e�µ+µ� 14.7 +2.9

�2.5(stat.) +0.6
�0.4(syst.) +0.9

�0.6(lumi.) fb 13.6+0.4
�0.4 fb

�fid
ZZ!µ+µ�µ+µ� 6.8 +1.8

�1.5(stat.) +0.3
�0.3(syst.) +0.4

�0.3(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!`+`�`0+`0� 29.7 +3.9

�3.6(stat.) +1.0
�0.8(syst.) +1.7

�1.3(lumi.) fb 27.4+0.9
�0.8 fb

�tot
ZZ 16.7 +2.2

�2.0(stat.) +0.9
�0.7(syst.) +1.0

�0.7(lumi.) pb 15.6+0.4
�0.4 pb

theoryσ/dataσ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Measurement
Tot. uncertainty
Stat. uncertainty

 prediction2
sα

σ 1±

σ 2±

Theory: PLB 750 (2015) 407
CT10 NNLO

Combined

4µ

2 µe2

4e

ATLAS PreliminaryFiducial
 4l→ ZZ →pp 

-1 = 13 TeV, 3.2 fbs

Figure 7: Comparison between measured cross sections and NNLO predictions in Table 6.

9. Conclusion456

In summary we have measured the ZZ production cross section in proton–proton collisions at a centre-457

of-mass energy of 13 TeV. The cross section is measured in a fiducial phase-space region corresponding458

closely to the detector acceptance with dilepton masses in the range 66 GeV to 116 GeV. In addition459

an extrapolation is performed using predictions from Monte Carlo event generators to give a total ZZ460

production cross section, corrected for the leptonic branching fraction, for Z masses in the range 66 GeV461

14th December 2015 – 14:24 19

DRAFT

Table 6: Cross-section measurement results compared to the O(↵2
s ) standard model predictions. The per-channel

and combined fiducial cross sections are shown along with the combined total cross section. For experimental
results, the statistical, systematic, and luminosity uncertainties are shown. For theoretical predictions, the PDF and
renormalization and factorization scale uncertainties added in quadrature are shown.

Measurement O(↵2
s ) prediction

�fid
ZZ!e+e�e+e� 8.4 +2.4

�2.0(stat.) +0.4
�0.2(syst.) +0.5

�0.3(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!e+e�µ+µ� 14.7 +2.9

�2.5(stat.) +0.6
�0.4(syst.) +0.9

�0.6(lumi.) fb 13.6+0.4
�0.4 fb

�fid
ZZ!µ+µ�µ+µ� 6.8 +1.8

�1.5(stat.) +0.3
�0.3(syst.) +0.4

�0.3(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!`+`�`0+`0� 29.7 +3.9

�3.6(stat.) +1.0
�0.8(syst.) +1.7

�1.3(lumi.) fb 27.4+0.9
�0.8 fb

�tot
ZZ 16.7 +2.2

�2.0(stat.) +0.9
�0.7(syst.) +1.0

�0.7(lumi.) pb 15.6+0.4
�0.4 pb

theoryσ/dataσ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Measurement
Tot. uncertainty
Stat. uncertainty

 prediction2
sα

σ 1±

σ 2±

Theory: PLB 750 (2015) 407
CT10 NNLO

Combined

4µ

2 µe2

4e

ATLAS PreliminaryFiducial
 4l→ ZZ →pp 

-1 = 13 TeV, 3.2 fbs

Figure 7: Comparison between measured cross sections and NNLO predictions in Table 6.

9. Conclusion456

In summary we have measured the ZZ production cross section in proton–proton collisions at a centre-457

of-mass energy of 13 TeV. The cross section is measured in a fiducial phase-space region corresponding458

closely to the detector acceptance with dilepton masses in the range 66 GeV to 116 GeV. In addition459

an extrapolation is performed using predictions from Monte Carlo event generators to give a total ZZ460

production cross section, corrected for the leptonic branching fraction, for Z masses in the range 66 GeV461

14th December 2015 – 14:24 19

Table 2: Cross-section measurement results compared to the O(↵2
S) standard model predictions. The per-channel

and combined fiducial cross sections are shown along with the combined total cross section. For experimental
results, the statistical, systematic, and luminosity uncertainties are shown. For theoretical predictions, the PDF and
renormalization and factorization scale uncertainties added in quadrature are shown.

Measurement O(↵2
S) prediction

�fid
ZZ!e+e�e+e� 8.4 +2.4
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Figure 2: (a) Comparison between measured fiducial cross sections and O(↵2
S) predictions. (b) Total cross section

compared to measurements at lower center-of-mass energies by ATLAS, CMS, CDF, and D0 [11–13, 48, 49], and to
a prediction from MCFM at O(↵1

S) accuracy for the qq-initiated process and at O(↵2
S) accuracy for the loop-induced

gg-initiated process. A full O(↵2
S) prediction (known to improve agreement at

p
s = 13 TeV) was not yet available

for all the di↵erent center-of-mass energies. Some data points are shifted horizontally to improve readability.

total cross section for Z bosons with mass 66–116 GeV have been measured and agree well with O(↵2
S)

SM predictions.
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Figure 46: Comparison of experimental measurements and theoretical predictions of the total ZZ pro-
duction cross section as a function of centre of mass energy

p
s. Shown are experimental measurements

from CDF and D0 in pp̄ collisions at the Tevatron at
p

s = 1.96 TeV, and experimental measurements
from ATLAS in pp collisions at the LHC at

p
s = 7 TeV,

p
s = 8 TeV and

p
s = 13 TeV. The blue dashed

line shows the theoretical prediction for the ZZ production cross section in pp̄ collisions, calculated at
NLO in QCD using MCFM with PDF set CT10. The solid red line shows the theoretical prediction for
the ZZ production cross section in pp collisions, calculated in the same way. The theoretical curves
assume the zero-width approximation.
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Theory considerations

NNLO prediction: [arXiv:1507.06257]

Correction for final-state photon radiation:
decrease fiducial cross section by ∼4%

Double parton sca�ering (∼1%)
in measurement, not in prediction

NLO corrections to loop-induced process (NNNLO)
could increase prediction by ∼4–5% [arXiv:1509.06734]

NLO-α electroweak corrections
could decrease prediction by ∼7–8% [arXiv:1601.07787], [arXiv:1305.5402]
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Conclusions
ZZ production cross section measured at

√
s = 13 TeV

Total uncertainty ca. 15%, statistically dominated

Agreement with NNLO Standard Model prediction

Measurement uncertainty of similar size as gg-initiated
loop-induced production→ start to be sensitive!

Future goals with more data:

• di�erential cross sections
• search for anomalous gauge couplings
• double parton sca�ering contribution
• also 2`2ν and 2`2q channels
• . . .
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Cambridge
8 TeV analysis

√s = 8 TeV
Total of 321 events in 20.3fb-1 of 8 TeV data
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8 TeV analysis

Signal region plots: ZZÆ4l
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√s = 8 TeV
Total of 321 events in 20.3fb-1 of 8 TeV data
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