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Introduction	



  ZZ production is a rare process but with striking signature and low background.	


  An important probe of the structure of electroweak sector. 	


  The irreducible background to H->ZZ.	


  Standard Model predicted cross section in the on-shell approximation is             . 	


  I describe today a ZZ production cross section measurement in the four lepton 

(electron, muon) channel using the full dataset of 4.7fb-1 collected by ATLAS in 
2011.	



  The two LO SM diagrams are shown below left. Gluon-gluon fusion also 
contributes 6.3% of the cross section.	
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1fb-1 measurement: Phys. Rev. Lett. 108, 041804 (2012) http://arxiv.org/abs/1110.5016	


4.7fb-1 measurement: ATLAS-CONF-2012-026  https://cdsweb.cern.ch/record/1430735 	



each of the channels is obtained from the combined fiducial cross section of 19.0 fb from above, split
according to the relative branching fractions of the three final states, 1 : 1 : 2.

The total cross section was determined by extrapolating the ZZ fiducial cross section to the full phase
space, correcting for the Z ! `+`� branching ratio and the acceptance of the fiducial cuts. The accep-
tance of the fiducial cuts, calculated at NLO using the program MCFM version 6.1 with the MSTW2008
PDF set, is 0.648 ± 0.012, where the error arises from uncertainties in the theory prediction. The fidu-
cial cross section in MCFM is calculated using the full Z lineshape, whereas the total cross section is
calculated with the “on-shell approximation”, using a delta-function for the Z lineshape. The system-
atic uncertainty includes uncertainties due to the choice of PDF, evaluated by determining the variation
with the 44 CTEQ6.6 error sets and the di↵erence between the CTEQ6.6 and MSTW2008 PDF sets;
uncertainties in the factorisation and renormalisation scales, evaluated by moving the factorization and
renormalization scales up and down by a factor of two from their default value of mZ; and uncertainties
on the e↵ect of ISR, FSR and underlying event modeling, evaluated by comparing the predictions of the
parton-level MCFM with the predictions of a fully-simulated sample of events generated with POWHEG
BOX [34] interfaced to Pythia [35]. The measured value of the total on-shell ZZ cross section is:

�tot
ZZ = 7.2+1.1

�0.9 (stat) +0.4
�0.3 (syst) ± 0.3 (lumi) pb

The result is statistically consistent with the NLO Standard Model total cross section for this process of
6.5+0.3
�0.2 pb, calculated with MCFM and PDF set MSTW2008.

6 Conclusions

Measurements of the ZZ production cross section in LHC proton-proton collisions at
p

s = 7 TeV have
been performed using the full 2011 dataset collected by the ATLAS detector, with electrons and muons in
the final state. The dataset corresponds to an integrated luminosity of 4.7 fb�1. A total of 62 candidate ZZ
events with both lepton pairs in the mass range 66 < m`+`� < 116 GeV are observed, with a background
expectation of 0.7+1.3

�0.7 (stat) +1.3
�0.7 (syst). The Standard Model expectation for the number of signal events

is 53.2 ± 1.1 (stat) ± 1.9 (syst).
The fiducial and total ZZ production cross sections were determined to be

�fid
ZZ!`+`�`+`� = 21.2+3.2

�2.7 (stat) +1.0
�0.9 (syst) ± 0.8 (lumi) fb

�tot
ZZ = 7.2+1.1

�0.9 (stat) +0.4
�0.3 (syst) ± 0.3 (lumi) pb

The total ZZ production cross section confirms our previous measurement [15] of 8.5+2.7
�2.3 (stat) +0.4

�0.3
(syst) ±0.3 (lumi) pb, performed with the first 1 fb�1of the present dataset. The result is also consistent
with the NLO Standard Model total cross section for this process of 6.5+0.3

�0.2 pb.
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Detector and object selection	
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Muons	


•  Combine Muon Spectrometer track or 

track segment with Inner Detector track.	


•  Kinematic acceptance: |η| < 2.7,  pT > 7 

GeV	


	


Electrons	


•  Combine EM Calorimeter cluster with 

Inner Detector track.	


•  Inner Detector tracks are fitted using a 

Gaussian Sum Filter to account for 
bremsstrahlung.	



•  Kinematic acceptance: |η| < 2.47,  pT > 7 
GeV.	



  Apply requirements to leptons on ID track isolation, calorimeter isolation and 
longitudinal and transverse impact parameters to reject fake leptons.	



  Leading lepton must have pT > 25 (20) GeV for electrons (muons).	



  Important detector systems for this measurement are the muon spectrometer, the 
inner tracking detector and the electromagnetic calorimeters.	





Event Selection	
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A Event Display

Figure 4 shows an event display for a selected ZZ ! µ+µ�µ+µ� event. The inner detector tracks are
colored in red and required to have a minimum transverse momentum of 200 MeV. The four recon-
structed muon tracks are drawn in blue. The muon precision chambers shown in green have recorded
at least 6 hits. The yellow structures belong to the muon trigger system. In purple, all calorimeter
cells of the hadronic endcap calorimeters and the forward calorimeters with energy deposits of at least
1 GeV are shown, while in light green are the cells of the electromagnetic calorimeter fulfilling the same
requirement.

Figure 4: Event display of a ZZ ! µ+µ�µ+µ� candidate event (Run Number 183602, Event Number
282919). One Z candidate has a mass of 89.18 GeV and a pT of 36.04 GeV and it is formed by two muons
(µ1, µ2) with {pT , ⌘, �} of {61.60 GeV, -0.89, -2.11 rad} and {25.68 GeV, 0.09, 1.10 rad}, respectively.
The other Z candidate has a mass of 88.03 GeV and a pT of 46.39 GeV and it is formed by two muons
(µ3, µ4) with {pT , ⌘, �} of {42.69 GeV, -2.55, 1.39 rad} and {38.60 GeV, -1.23, -0.54 rad}, respectively.
The four lepton system has a mass of 239.69 GeV and a pT of 21.99 GeV.

9

  Trigger using single electron 
and muon triggers, with pT 

thresholds 18-22 GeV.	


  Select events with exactly 

four leptons passing the 
object selection described 
previously.	



  Form two opposite-flavour 
same-sign pairs, choosing 
the pairing which minimises 
sum of distances from Z 
mass: |m12-mZ|+|m34-mZ|.	



  Both pairs required to be 
on-shell: 66 < mZ < 116 
GeV.	

 Display of a selected ZZ->μ+μ-μ+μ- event with 

m4μ = 249.7 GeV and pT
4μ = 22.0 GeV	





Updates from 1fb-1 analysis	



  Increase in statistics: 1fb-1 measurement extremely statistically limited:	



  Reduced pT threshold on the 2nd, 3rd and 4th leptons from 15 GeV to 7 
GeV.	



  Increased muon acceptance from |η| < 2.5 to |η| < 2.7 "
  Increased signal acceptance by 6% overall.	



  Moved to using electrons with tracks fitted using Gaussian Sum Filter to 
account for bremsstrahlung	


  Improves resolution of parameters in the bending plane.	



  Used a re-optimised electron identification algorithm giving higher 
efficiency for similar fake rejection.	



  Tightened impact parameter cuts	


  Increases heavy flavour background rejection with minimal loss of signal 

efficiency.	


  Overall, signal acceptance increased by approximately 30%.	
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four-lepton channels. The systematic uncertainties are in-
cluded in the fitting procedure as nuisance parameters. The
measured fiducial cross section is:

!fid
ZZ!‘þ‘"‘þ‘" ¼ 19:4þ6:3

"5:2ðstatÞþ0:9
"0:7ðsystÞ & 0:7ðlumiÞ fb;

where ‘þ‘"‘þ‘" refers to the sum of the eþe"eþe",
eþe""þ"", and"þ"""þ"" final states. The total cross
section is determined similarly, correcting for the known
Z ! ‘þ‘" branching ratios and the acceptance of the
fiducial phase space. This acceptance, calculated at NLO
using MCFM version 6.0 with the MSTW2008 PDF set, is
0:507& 0:009, where the error arises primarily from PDF
uncertainties with a 1% contribution from QED radiative
corrections and off-shell Z=#' effects evaluated from
POWHEG BOX [19]. The measured value of the total on-
shell ZZ cross section is:

!tot
ZZ ¼ 8:5þ2:7

"2:3ðstatÞþ0:4
"0:3ðsystÞ & 0:3ðlumiÞ pb:

The result is consistent within errors with the NLO standard
model total cross section for this process of 6:5þ0:3

"0:2 pb [9].
Limits on anomalous nTGCs are determined using the

total number of observed events only. The ZZ production

yield dependency on couplings is parametrized using fully
simulated events generated with SHERPA [20] subsequently
reweighted using the leading-order matrix element [3]
within the framework of Ref. [21]. The reweighting pro-
cedure uses simulated samples with standard model as well
as non-standard-model coupling values to ensure adequate
coverage of all kinematic regions. One dimensional 95%
confidence intervals for the anomalous nTGCs are deter-
mined using a maximum profile likelihood fit to the ob-
served number of events. The systematic errors are
included as nuisance parameters. The resulting limits for
each coupling, determined assuming real couplings and
with the other couplings fixed at their standard model
value, are listed in Table II. The present results are domi-
nated by statistical uncertainties: limits derived using sta-
tistical uncertainties alone differ from those in Table II by
less than 0.01. These limits are comparable with, or are
more stringent than, those derived from measurements at
LEP [5] and the Tevatron [6]; it should be noted that limits
from LEP do not use a form factor, and those from the
Tevatron use ! ¼ 1:2 TeV.
In summary, the ZZ production cross section has been

measured in proton-proton collisions at
ffiffiffi
s

p ¼ 7 TeV using
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FIG. 2 (color online). (a) Transverse momentum pZZ
T and (b) invariant mass MZZ of the four-lepton system for the selected events.

The points represent the observed data and the histograms show the signal prediction from simulation. The shaded band on each
histogram shows the combined statistical and systematic uncertainty on the signal prediction. The predicted number of background
events from the data-driven background estimate is indicated on the plot.

TABLE II. One dimensional 95% confidence intervals for anomalous neutral gauge boson
couplings, where the limit for each coupling assumes the other couplings fixed at their standard
model value. Limits are presented for form-factor scales of ! ¼ 2 TeV and ! ¼ 1 and include
both statistical and systematic uncertainties; the statistical uncertainties are dominant.

! f#40 fZ40 f#50 fZ50

2 TeV [" 0:15, 0.15] [" 0:12, 0.12] [" 0:15, 0.15] [" 0:13, 0.13]
1 [" 0:08, 0.08] [" 0:07, 0.07] [" 0:08, 0.08] [" 0:07, 0.07]

PRL 108, 041804 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 JANUARY 2012

041804-4



Background Estimate	



In reality there are True Leptons (T) and objects that can Fake Leptons (F),  with a 
probability f for the fake object to be identified as a lepton.	


The background is:	



We can only actually measure the number of selected leptons (L) and number of lepton-
like jets that fail one or two of the lepton ID cuts (J).  We can measure FF, the ratio of 
“selected” leptons to “lepton-like” jets in data. The background estimate is then:	



Fake factors are measured using a Z-tag method:	


•  Tag an event by finding a good Z candidate	


•  Look for additional leptons in the event , categorize as L or J,	


•  Subtract the quantity of “real” leptons from WZ events using MC estimates.	


•  Parameterise FF in pT and η.	
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  Main backgrounds are Z->l+l- with additional jets or photons, t-tbar, single-top and other 
diboson processes (WW, WZ).  All involve one or more fake leptons.	





Observed Events	



•  We observe 62 events in 4.7fb-1of data.	


–  Predicted background: ���

0.7+1.3 
-0.7 (stat) +1.3

-0.7 (syst)	


–  Predicted signal (MC): ���

53.2 +1.1 (stat) ± 1.9 (syst)	



•  Sherpa (LO) used for signal predictions, 
scaled to predicted cross section of 
MCFM (NLO).	


–  Cross checked with Pythia and gg2ZZ 

and found to be consistent.	



•  Dominant systematics arise from 
uncertainty on lepton identification 
efficiencies.	


–  Evaluate using Tag and Probe 

measurements on large samples of Z->ll 
events.	
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pair against that of the subleading (lower pT) lepton pair.
Events are required to contain two Z candidates with invariant masses satisfying 66 GeV < m`+`� <

116 GeV, resulting in 62 observed events.
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Figure 2: Invariant mass of the leading Z candidate versus the invariant mass of the subleading Z candidate. The
events observed in the data are shown as solid circles and the signal prediction from simulation as pink boxes.
The large dashed red box indicates the signal region defined by the ZZ fiducial cuts on the Z candidate masses.
Contributions from events with one or both Z bosons o↵-shell are also seen.

The reconstruction e�ciencies for the ZZ candidates, including the trigger e�ciency, the lepton
identification and reconstruction e�ciencies and the e�ciency of the selection criteria, are derived from
simulation, and are corrected with scale factors to account for the small di↵erences in e�ciencies be-
tween data and simulation. Systematic uncertainties on the reconstruction and identification scale factors
are derived from e�ciency measurements in the data using samples of single Z ! `+`� events. A smear-
ing and scale correction is added to the muon pT in the simulation [32] so that the Z ! µµ invariant mass
distribution in data is correctly reproduced. Similarly, corrections are applied to the calorimeter energy
scale and resolution for the electrons [33]. A correction parameterised by the number of primary vertices
in the event is applied to both the electron and muon calorimetric isolation to account for the e↵ects of
pile-up. The overall e�cency correction factor is 96% for the e+e�e+e� channel, 99% for the µ+µ�µ+µ�
channel and 97% for the e+e�µ+µ� channel.

The reconstruction correction factors, used to correct from the observed events to the ZZ fiducial
phase space, are (0.46±0.02 (stat)±0.04 (syst)), (0.81±0.02 (stat)±0.02 (syst)) and (0.60±0.01 (stat)±

4



Candidate distributions	



  Invariant mass (left) and transverse momentum (right) of the four 
lepton system.	



  Good agreement between data and Monte-Carlo.	
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Cross Section Measurement	



  We first calculate a “fiducial cross section” in a phase 
space close to the experimental selection. 	



  This is extracted combining all four lepton channels 
and using a profile likelihood method, with systematic 
uncertainties included as nuisance parameters.	



  We then extrapolate to the total cross section in the 
on-shell approximation, correcting for the acceptance 
of the fiducial cuts estimated using the MCFM NLO 
generator and the Z->ll branching ratios.	
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February 28, 2012 – 13 : 46 DRAFT 8

The result is statistically consistent with the NLO Standard Model total cross section for this process of221

6.5+0.3
�0.2 pb, calculated with MCFM and PDF set MSTW2008.222

6 Conclusion223

Measurements of the ZZ production cross section in LHC proton-proton collisions at
p

s = 7 TeV have224

been performed using the full 2011 dataset collected by the ATLAS detector with electrons and muons in225

the final state. The dataset corresponds to an integrated luminosity of 4.7 fb�1. A total of 62 candidate ZZ226

events with both lepton pairs in the mass range 66 < m`+`� < 116 GeV are observed, with a background227

expectation of 0.7+1.3
�0.7 (stat) +1.3

�0.7 (syst). The Standard Model expectation for the number of signal events228

is 53.2 ± 1.1 (stat) ± 1.9 (syst).229

The fiducial and total cross sections were determined to be230

�fid
ZZ!`+`�`+`� = 21.2+3.2

�2.7 (stat) +1.0
�0.9 (syst) ± 0.8 (lumi) fb

�tot
ZZ = 7.2+1.1

�0.9 (stat) +0.4
�0.3 (syst) ± 0.3 (lumi) pb

The total cross section confirms our previous measurement [15] of 8.5+2.7
�2.3 (stat) +0.4

�0.3 (syst) ±0.3 (lumi) pb,231

performed with the first 1 fb�1of the present dataset. The result is also consistent with the NLO Standard232

Model total cross section for this process of 6.5+0.3
�0.2 pb.233

  Observed total cross section is consistent with the Standard Model cross section, 
calculated with MCFM and PDF set MSTW2008, of               .	



each of the channels is obtained from the combined fiducial cross section of 19.0 fb from above, split
according to the relative branching fractions of the three final states, 1 : 1 : 2.

The total cross section was determined by extrapolating the ZZ fiducial cross section to the full phase
space, correcting for the Z ! `+`� branching ratio and the acceptance of the fiducial cuts. The accep-
tance of the fiducial cuts, calculated at NLO using the program MCFM version 6.1 with the MSTW2008
PDF set, is 0.648 ± 0.012, where the error arises from uncertainties in the theory prediction. The fidu-
cial cross section in MCFM is calculated using the full Z lineshape, whereas the total cross section is
calculated with the “on-shell approximation”, using a delta-function for the Z lineshape. The system-
atic uncertainty includes uncertainties due to the choice of PDF, evaluated by determining the variation
with the 44 CTEQ6.6 error sets and the di↵erence between the CTEQ6.6 and MSTW2008 PDF sets;
uncertainties in the factorisation and renormalisation scales, evaluated by moving the factorization and
renormalization scales up and down by a factor of two from their default value of mZ; and uncertainties
on the e↵ect of ISR, FSR and underlying event modeling, evaluated by comparing the predictions of the
parton-level MCFM with the predictions of a fully-simulated sample of events generated with POWHEG
BOX [34] interfaced to Pythia [35]. The measured value of the total on-shell ZZ cross section is:

�tot
ZZ = 7.2+1.1

�0.9 (stat) +0.4
�0.3 (syst) ± 0.3 (lumi) pb

The result is statistically consistent with the NLO Standard Model total cross section for this process of
6.5+0.3
�0.2 pb, calculated with MCFM and PDF set MSTW2008.

6 Conclusions

Measurements of the ZZ production cross section in LHC proton-proton collisions at
p

s = 7 TeV have
been performed using the full 2011 dataset collected by the ATLAS detector, with electrons and muons in
the final state. The dataset corresponds to an integrated luminosity of 4.7 fb�1. A total of 62 candidate ZZ
events with both lepton pairs in the mass range 66 < m`+`� < 116 GeV are observed, with a background
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8

Fiducial Phase Space	


•  ZZ -> l+ l- l+ l-  (l= e, μ)	


•  66 < m01< 116 GeV 	


•  66 < m23 < 116 GeV	


•  pT (lepton) > 7 GeV	


•  |η(lepton) | < 2.7 	





aTGC limits	



  Search for general ZZV couplings where V = 
(Z,γ), introduced using an effective Lagrangian 
given above.	



  Couplings paramaterised by two CP-violating (fV4) 
and two CP-conserving (fV5) complex parameters. 
All are zero in the SM.	



  Signature for aTGCs is enhanced cross section at 
high energies and at large scattering angles => 
observables proportional to MZZ, PT

ZZ sensitive to 
aTGCs.	



  Limits on aTGCs set using ZZ->4l cross section 
measured with the first 1fb-1 of the 2011 dataset 
using the observed number of events only.	



  Limits are comparable with, or tighter than, those 
derived with measurements from LEP and the 
Tevatron.	
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Vµ

P

Z α 

q 1

Z β 

q 2

= ieΓαβµ(q1,q2,P)

FIG. 3. Feynman rule for the general ZZV (V = Z, γ) vertex. The vertex function is given in
Eq. (1). e is the charge of the proton.
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ZZ Anomalous Triple Gauge Coupling 
There are two most generalized ZZV vertex,  V=Z,gamma 

Form factor is introduced to preserve unitarity at high energy  

A common choice of exponent n=3 is chosen 
Energy cut-off LamFF is chosen to be 2TeV in LHC 
Tevatron results are listed below (LamFF~1TeV) 
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FIG. 4. Anomalous nTGC 95% confidence intervals from ATLAS, LEP[hep-ex/0612034] and Tevatron [Phys. Rev. Lett. 100,
131801 (2008)] experiments. Luminosities, centre-of-mass energy and cut-o↵ ⇤ for each experiment are shown.
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  ZZ cross section measurement 
pushes the lower boundary of 
ATLAS Standard Model cross 
section measurements.	



  Cross section measured using full 
2011 dataset and found to be 
consistent with Standard Model 
prediction.	



  Limits on aTGCs set using cross-
section measured with 1fb-1 of the 
dataset; no deviation from SM 
prediction.	



Future Plans	


  Differential cross-section 

measurements.	


  Update aTGC limits using full dataset 

and differential distributions.	


  Push detector acceptance even further 

using forward electrons and calorimeter 
tagged muons.	





Extra Slides	
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Observed Events by lepton channel	



  Fiducial cross section by channel:	


–  eeee:	


–  μμμμ:	



–  eeμμ:	
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uncertainty on the factor f for each pT and ⌘ bin is taken as the sum in quadrature of the statistical
uncertainty for the bin and the di↵erence between data and simulation.

5 Cross section measurement

The numbers of expected and observed events after applying all selection criteria are shown in Table 1.
Both statistical and systematic uncertainties are given.

We observe 62 candidates passing the ZZ selection in data, with a background expectation of 0.7 +1.3
�0.7

(stat) +1.3
�0.7 (syst) from the data-driven estimate. The errors on the background estimates span the 68%

confidence interval, which is not symmetric about the best estimate because the background cannot
be negative. As seen in Table 1, the background prediction from Monte Carlo is in agreement within
uncertainties with the data-driven estimate.

Final state eeee µµµµ eeµµ combined (````)

Observed 15 21 26 62

Signal(MC) 9.9 ± 0.5 ± 0.8 16.6 ± 0.6 ± 0.3 26.8 ± 0.8 ± 1.0 53.2 ± 1.1 ± 1.9
Bkg(d.d.) 0.6+0.7

�0.6
+0.8
�0.6 < 0.3+0.5

�0.2 0.3+0.9
�0.3
+0.8
�0.3 0.7+1.3

�0.7
+1.3
�0.7

Bkg(MC) 0.3 ± 0.3 < 0.8 0.6 ± 0.6 1.0 ± 0.6

Table 1: Summary of observed events and expected signal and background contributions in each of the
four-lepton channels and combined for the ZZ selection. The background (Bkg) predictions labeled
(d.d.) are obtained with the data-driven method described in the text and cover Z+X, W±+X, top and
other diboson processes. The first error is statistical while the second is systematic. The limits set
on the µµµµ channel are the 68% confidence interval based on the statistical uncertainty. The errors
shown on the data driven estimate in this channel are systematic only. The background prediction from
Monte Carlo is also shown and is in agreement within uncertainties with the data-driven estimate. The
uncertainty on the luminosity is not included.

Figure 3 shows the invariant mass distributions for the leading and subleading lepton pairs after all
selections requirements are applied, except for the dilepton mass requirements. The transverse momen-
tum distributions of the lepton pairs and the combined four-lepton system, and the invariant mass of the
four-lepton system are also shown for the ZZ candidates. The pT distributions observed in data are in
agreement with the expectation from the signal Monte Carlo.

The ZZ fiducial cross section was determined using a maximum likelihood fitting method combining
the three four-lepton channels, using the combined number of observed events and the estimated back-
ground from Table 1 and a combined reconstruction correction factor of 0.62 ± 0.02 (stat) ± 0.02 (syst).
The systematic uncertainties were included in the fitting procedure as nuisance parameters. The mea-
sured fiducial cross section is:

�fid
ZZ!`+`�`+`� = 21.2+3.2

�2.7 (stat) +1.0
�0.9 (syst) ± 0.8 (lumi) fb

where `+`�`+`� refers to the sum of the e+e�e+e� µ+µ�µ+µ� and e+e�µ+µ� final states. The result is
consistent with the prediction from MCFM for the fiducial cross section, 19.0+1.1

�1.0 fb, where the error
reflects the uncertainty on the PDFs and on the scale, as described below. Measuring the fiducial cross
section in each of the final states separately yields 6.6+2.0

�1.6 (stat) +0.8
�0.5 (syst) +0.3

�0.2 (lumi) fb for the e+e�e+e�
final state, 5.5+1.3

�1.1 (stat) +0.2
�0.1 (syst) +0.3

�0.2 (lumi) fb for the µ+µ�µ+µ� final state and 9.1+2.1
�1.7 (stat) +0.5

�0.4 (syst)
+0.4
�0.3 (lumi) fb for the e+e�µ+µ� final state. The theoretical prediction of the fiducial cross sections in
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confidence interval, which is not symmetric about the best estimate because the background cannot
be negative. As seen in Table 1, the background prediction from Monte Carlo is in agreement within
uncertainties with the data-driven estimate.
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Table 1: Summary of observed events and expected signal and background contributions in each of the
four-lepton channels and combined for the ZZ selection. The background (Bkg) predictions labeled
(d.d.) are obtained with the data-driven method described in the text and cover Z+X, W±+X, top and
other diboson processes. The first error is statistical while the second is systematic. The limits set
on the µµµµ channel are the 68% confidence interval based on the statistical uncertainty. The errors
shown on the data driven estimate in this channel are systematic only. The background prediction from
Monte Carlo is also shown and is in agreement within uncertainties with the data-driven estimate. The
uncertainty on the luminosity is not included.

Figure 3 shows the invariant mass distributions for the leading and subleading lepton pairs after all
selections requirements are applied, except for the dilepton mass requirements. The transverse momen-
tum distributions of the lepton pairs and the combined four-lepton system, and the invariant mass of the
four-lepton system are also shown for the ZZ candidates. The pT distributions observed in data are in
agreement with the expectation from the signal Monte Carlo.

The ZZ fiducial cross section was determined using a maximum likelihood fitting method combining
the three four-lepton channels, using the combined number of observed events and the estimated back-
ground from Table 1 and a combined reconstruction correction factor of 0.62 ± 0.02 (stat) ± 0.02 (syst).
The systematic uncertainties were included in the fitting procedure as nuisance parameters. The mea-
sured fiducial cross section is:
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consistent with the prediction from MCFM for the fiducial cross section, 19.0+1.1
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reflects the uncertainty on the PDFs and on the scale, as described below. Measuring the fiducial cross
section in each of the final states separately yields 6.6+2.0
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uncertainty on the luminosity is not included.

Figure 3 shows the invariant mass distributions for the leading and subleading lepton pairs after all
selections requirements are applied, except for the dilepton mass requirements. The transverse momen-
tum distributions of the lepton pairs and the combined four-lepton system, and the invariant mass of the
four-lepton system are also shown for the ZZ candidates. The pT distributions observed in data are in
agreement with the expectation from the signal Monte Carlo.
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Figure 3 shows the invariant mass distributions for the leading and subleading lepton pairs after all
selections requirements are applied, except for the dilepton mass requirements. The transverse momen-
tum distributions of the lepton pairs and the combined four-lepton system, and the invariant mass of the
four-lepton system are also shown for the ZZ candidates. The pT distributions observed in data are in
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6

  Table shows number of observed events, predicted signal from Monte Carlo, and 
predicted background from MC using both the date driven technique and a Monte 
Carlo estimation, split by four lepton final states.	





Observed Events	



  Mass distributions of the leading and subleading lepton pair.	
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Observed Events	



  Transverse momentum of the leading and subleading lepton 
pair.	
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels. The dilepton mass distribution is
shown in Figure (a) for the leading pair and Figure (b) for the subleading pair, without applying the dilepton mass
requirements. For the rest of the figures the complete selection criteria have been applied. The dilepton transverse
momentum is shown in Figure (c) for the leading pair and Figure (d) for the subleading pair. Finally the four-lepton
transverse momentum and mass distributions are shown in Figure (e) and Figure (f) respectively. In all figures, the
points are data and the histogram shows the signal prediction from simulation, normalized to the luminosity of the
data. The grey band indicates the combined statistical and systematic uncertainty on the signal prediction. The
background distribution is not shown, however the estimated background is indicated on the figure label.
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Lepton Like Jet definitions	



  Lepton like jets (J) are objects that fall into either area B or D – fail either impact parameter 
significance (d0sig) or isolation (muons) / fail either Loose++ or isolation (electrons).	



  Selected Leptons (L) fall into area A – pass all cuts.	


  We only want to extrapolate from control regions close to the signal, so only allow a “lepton-

like” jet J to fail one of the requirements (so exclude region C)	



Muons	

 Electrons	
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