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Motivation

Test EWK theory
In SM:  

WWγ, WWZ (allowed) 
Zγγ, ZZγ, ZZZ (forbidden) 

Constrains in TGC

Indirect probe for new
physics (anomalous couplings)

Background for many searches 

Higgs searches (ZZ, WW)

BSM searches (WZ, ZZ)
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Diboson measurements status

Wγ, Zγ with ~36 pb-1

Cross section and TGC 
measurements. 

WW, WZ, ZZ with ~1.1 fb-1 

Cross section

Z to 4l with ~4.7 fb-1 

First measuremnt.
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Figure 1: Background from misidentified jets as a function of the photon candidate ET, esti-
mated from the ratio method, is shown with blue squares together with an alternative method
that uses energy deposition shape templates (magenta circles), and MC simulation (green filled
histogram) for (a) Wg and (b) Zg channels. Uncertainties include both statistical and system-
atic sources.

ment. Algorithms designed to suppress such noise reduce it to a negligible level, as shown in
studies based on cosmic rays and control samples [28]. The modeling of Emiss

T in the simula-
tion is checked using events with (W! `n) and without (Z! `+`�) genuine Emiss

T and good
agreement is found [23, 29].

Data for this study are selected with the CMS two-level trigger system by requiring the events
to have at least one energetic electron or muon, consistent with being produced from W or
Z boson decays. This requirement is about 90% efficient for the Wg ! µng signal and 98%
efficient for Wg ! eng. The trigger efficiency is close to 100% for both Zg ! ``g final states.
The events are required to contain at least one primary vertex with reconstructed z position
within 24 cm of the geometric center of the detector and xy position within 2 cm of the beam
interaction region.

The Wg ! `ng final state is characterized by a prompt, energetic, and isolated lepton, signifi-
cant Emiss

T due to the presence of the neutrino from the W boson decay, and a prompt isolated
photon. The basic event selection is similar for the electron and muon channels: we require a
charged lepton, electron or muon, with pT > 20 GeV, which must satisfy the trigger require-
ments; one photon with transverse energy Eg

T > 10 GeV, and the Emiss
T in the event exceeding

25 GeV. As mentioned before, the photon must be separated from the lepton by DR(`, g) > 0.7.
For the eng channel, the electron candidate must satisfy the tight electron selection criteria. If
the event has an additional electron that satisfies the loose electron selection, we reject the event
to reduce contamination from Z/g⇤ ! ee processes. For µng, we reject the event if a second
muon is found with pT > 10 GeV.

After the full selection, 452 events are selected in the eng channel and 520 events are selected
in the µng channel. No events have more than one photon candidate in the final state. The
background from misidentified jets estimated in data amounts to 220 ± 16 (stat.) ± 14 (syst.)
events for the eng final state, and 261 ± 19 (stat.) ± 16 (syst.) events for the µng final state.
Backgrounds from other sources, such as the Zg process in which one of the leptons from the Z
boson decay does not pass the reconstruction and identification criteria and diboson processes
where one of the electrons is misreconstructed as a photon, are estimated from MC simulation

5

 [GeV]
!
TE

20 40 60 80 100 120 140 160 180 200

E
v

en
ts

 /
 1

0
 G

eV

-110

1

10

210

310

410

Data
 MC + backgrounds!W

W+jets
Other backgrounds

 = 0.5!" = 0, !#$aTGC 

-1CMS, 36 pb
 = 7 TeVs

Figure 2: Transverse energy distribution for the photon candidates for Wg production. Data
are shown with black circles with error bars; expected signal plus background is shown as
a black solid histogram; the contribution from misidentified jets is given as a hatched blue
histogram, and the background from g + jets, tt̄, and multiboson processes is given as a solid
green histogram. A typical aTGC signal is given as a red dot-and-line histogram. The last bin
includes overflows. Entries in wider bins are normalized to the ratio of 10 GeV and the bin
width.

and found to be 7.7 ± 0.5 and 16.4 ± 1.0 for Wg ! eng and Wg ! µng, respectively. A larger
contribution from Zg background in the muon channel is due to a smaller pseudorapidity
coverage for muons, thus increasing the probability for one of the Z decay muons to be lost,
which results also in an overestimated value of the measured missing energy in such events
as the lost muon cannot be taken into account in the Emiss

T determination. The Wg ! tng
production, with subsequent t ! `nn decay, also contributes at the few percent level to the
eng and µng final states. We rely on MC simulation to estimate this contribution. The ET
distribution for photon candidates in events passing the full Wg selection is given in Fig. 2.

The three tree-level Wg production processes interfere with each other, resulting in a radiation-
amplitude zero (RAZ) in the angular distribution of the photon [30–34]. The first evidence for
RAZ in Wg production was observed by the D0 collaboration [10] using the charge-signed
rapidity difference Q` ⇥ Dh between the photon candidate and the charged lepton candidate
from the W boson decay [35]. In the SM, the location of the dip minimum is located at Q` ⇥
Dh = 0 for pp collisions. Anomalous Wg production can result in a flat distribution of the
charge-signed rapidity difference.

In Fig. 3 we plot the charge-signed rapidity difference in background-subtracted data with
an additional requirement on the transverse mass of the photon, lepton, and Emiss

T to exceed 90
GeV, to reduce the contribution from FSR Wg production. The agreement between background-
subtracted data and MC prediction is reasonable, with a Kolmogorov-Smirnov test [36, 37]

Wγ → lνγ                             36 pb-1
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Phys. Lett. B701 535 (2011)

One (and only one) isolated leptons (e, µ),   
pT > 20 GeV,  |η| < 2.1 

1 photon, ET > 10 GeV,  ∆R(l,γ) > 0.7

ETmiss > 25 GeV

Signature Main backgrounds
W+jets / tt + jets / Z + jets

QCD/PhotonJet

ZZ/WZ/WW

Z γ 
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Figure 1: Background from misidentified jets as a function of the photon candidate ET, esti-
mated from the ratio method, is shown with blue squares together with an alternative method
that uses energy deposition shape templates (magenta circles), and MC simulation (green filled
histogram) for (a) Wg and (b) Zg channels. Uncertainties include both statistical and system-
atic sources.

ment. Algorithms designed to suppress such noise reduce it to a negligible level, as shown in
studies based on cosmic rays and control samples [28]. The modeling of Emiss

T in the simula-
tion is checked using events with (W! `n) and without (Z! `+`�) genuine Emiss

T and good
agreement is found [23, 29].

Data for this study are selected with the CMS two-level trigger system by requiring the events
to have at least one energetic electron or muon, consistent with being produced from W or
Z boson decays. This requirement is about 90% efficient for the Wg ! µng signal and 98%
efficient for Wg ! eng. The trigger efficiency is close to 100% for both Zg ! ``g final states.
The events are required to contain at least one primary vertex with reconstructed z position
within 24 cm of the geometric center of the detector and xy position within 2 cm of the beam
interaction region.

The Wg ! `ng final state is characterized by a prompt, energetic, and isolated lepton, signifi-
cant Emiss

T due to the presence of the neutrino from the W boson decay, and a prompt isolated
photon. The basic event selection is similar for the electron and muon channels: we require a
charged lepton, electron or muon, with pT > 20 GeV, which must satisfy the trigger require-
ments; one photon with transverse energy Eg

T > 10 GeV, and the Emiss
T in the event exceeding

25 GeV. As mentioned before, the photon must be separated from the lepton by DR(`, g) > 0.7.
For the eng channel, the electron candidate must satisfy the tight electron selection criteria. If
the event has an additional electron that satisfies the loose electron selection, we reject the event
to reduce contamination from Z/g⇤ ! ee processes. For µng, we reject the event if a second
muon is found with pT > 10 GeV.

After the full selection, 452 events are selected in the eng channel and 520 events are selected
in the µng channel. No events have more than one photon candidate in the final state. The
background from misidentified jets estimated in data amounts to 220 ± 16 (stat.) ± 14 (syst.)
events for the eng final state, and 261 ± 19 (stat.) ± 16 (syst.) events for the µng final state.
Backgrounds from other sources, such as the Zg process in which one of the leptons from the Z
boson decay does not pass the reconstruction and identification criteria and diboson processes
where one of the electrons is misreconstructed as a photon, are estimated from MC simulation
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Figure 4: The transverse energy distribution of photon candidates in the Zg channel in data
is shown with black circles with error bars; the expected signal plus background is shown as
a solid black histogram, while the contribution from misidentified jets is given as a hatched
blue histogram. A typical aTGC signal is given as a red dot-and-line histogram. The last bin
includes overflows. Entries in wider bins are normalized to the ratio of 10 GeV and the bin
width.

result of 57%.

Events in the Zg sample are selected by requiring a pair of electrons or muons, each with
transverse momentum pT > 20 GeV, forming an invariant mass above 50 GeV. One of these
leptons must satisfy the trigger requirements. The events are further required to have a photon
candidate passing the selection criteria with transverse energy Eg

T above 10 GeV. The photon
must be separated from any of the two charged leptons by DR(`, g) > 0.7. After applying these
selection criteria we observe 81 events in the eeg final state and 90 events in the µµg final state.
No events are observed with more than one photon candidate. The Z+jets background to these
final states is estimated to be 20.5 ± 1.7 (stat.) ± 1.9 (syst.) and 27.3 ± 2.2 (stat.) ± 2.3 (syst.),
respectively. Other backgrounds from multijet QCD, g + jets, tt̄, and other diboson processes
contribute less than one event in each of the two channels and are therefore neglected in this
analysis. The ET distribution of the photon candidates in the selected Zg candidate events is
shown in Fig. 4. The distribution of the ``g mass as a function of the dilepton mass is displayed
in Fig. 5. We observe good agreement between data and the SM prediction.

The measurement of the cross sections is based on the formula

s =
Ndata � Nbkg

AeL , (1)

where Ndata is the number of observed events, Nbkg is the number of estimated background
events, A is the fiducial and kinematic acceptance of the selection criteria, e is the selection
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WWγ   -   ZZγ/ Zγγ                         36 pb-1
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Table 2: One dimensional 95% CL limits on WWg, ZZg, and Zgg aTGCs.
WWg ZZg Zgg

�1.11 < Dkg < 1.04 �0.05 < h3 < 0.06 �0.07 < h3 < 0.07
�0.18 < lg < 0.17 �0.0005 < h4 < 0.0005 �0.0005 < h4 < 0.0006

where µW and QW are the magnetic dipole and electric quadrupole moments of the W boson,
respectively.

For the ZZg or Zgg couplings, the most general Lorentz-invariant and gauge-invariant vertex
is described by only four parameters hV

i (i = 1, 2, 3, 4; V = g, Z) [19]. By requiring CP invari-
ance, only two parameters, hV

3 and hV
4 , remain. The SM predicts these couplings to vanish at

tree level. Simulated samples of Wg and Zg signals for a grid of aTGCs values are produced
similarly to the SM signal Wg and Zg samples described above. A grid of lg and Dkg values
is used for the WWg coupling, and a grid of h3 and h4 values is used for the ZZg and Zgg
couplings.

Assuming Poisson statistics and log-normal distributions for the generated samples and back-
ground systematic uncertainties we calculate the likelihood of the observed photon ET spec-
trum in data given the sum of the background and aTGCs Eg

T predictions for each point in the
grid of aTGCs values. To extract the limits we parameterize the expected yields as a quadratic
function of the anomalous couplings. We then form the probability of observing the number of
events seen in data in a given bin of the photon transverse energy using a Poisson distribution
with the mean given by the expected signal plus a data driven background estimate and allow-
ing for variations within the systematic uncertainties. The confidence intervals are found using
MINUIT, profiling the likelihood with respect to all systematic variations [43]. The resultant
two-dimensional 95% confidence level (CL) limits are given in Fig. 6. To set one-dimensional
95% CL limits on a given anomalous coupling we set the other aTGCs to their respective SM
predictions. The results are summarized in Table 2.

All the non-SM terms in the effective Lagrangian are scaled with a/mn
V, where a is an aTGC,

mV is the mass of the gauge boson (W boson for the WWg coupling and Z boson for ZZg and
Zgg couplings), and n is a power that is chosen to make the aTGC dimensionless. The values
of n for Dkg, lg, h3, and h4 are 0, 2, 2, and 4, respectively. An alternative way to scale those new
physics Lagrangian terms is with a/Ln

NP, where LNP is the characteristic energy scale of new
physics [44]. We present upper limits on aTGCs for LNP values between 2 and 8 TeV in Fig. 7.

In summary, we have presented the first measurement of the Wg and Zg cross sections in pp
collisions at

p
s = 7 TeV for Eg

T > 10 GeV, DR(g, `) > 0.7, and for the additional requirement
on the dilepton invariant mass to exceed 50 GeV for the Zg process. We measured the Wg cross
section times the branching fraction for the leptonic W decay to be s(pp ! Wg+ X)⇥B(W !
`n) = 56.3 ± 5.0 (stat.) ± 5.0 (syst.) ± 2.3 (lumi.) pb. This result is in good agreement with
the NLO prediction of 49.4 ± 3.8 pb, where the uncertainty includes both PDF and k-factor
uncertainties. The Zg cross section times the branching fraction for the leptonic Z decay was
measured to be s(pp ! Zg + X)⇥ B(Z ! ``) = 9.4 ± 1.0 (stat.)± 0.6 (syst.)± 0.4 (lumi.) pb,
which also agrees well with the NLO predicted value [19] of 9.6 ± 0.4 pb. We also searched
and found no evidence for anomalous WWg, ZZg, and Zgg trilinear gauge couplings. We set
the first 95% CL limits on these couplings at

p
s = 7 TeV. These limits extend the previous

results [1–4, 9–14] on vector boson self-interactions at lower energies.

We wish to congratulate our colleagues in the CERN accelerator departments for the excellent
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Figure 6: Two-dimensional 95% CL limit contours (a) for the WWg vertex couplings lg and Dkg

(blue line), and (b) for the ZZg (red dashed line) and Zgg (blue solid line) vertex couplings h3
and h4 assuming no energy dependence on the couplings. One-dimensional 95% CL limits on
individual couplings are given as solid lines.
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Figure 1: Distributions, after W+W� selection for 1.1 fb�1 of data, of the trailing lepton pT
(a), leading lepton pT (b), dilepton invariant mass (c) and the min(projMET, projtrk-MET). Each
component in simulation is scaled to data-driven estimates.
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6 4 WW ! ``nn

The remaining top background is estimated from data as well by using top-tagged events and
applying the corresponding tagging efficiency, which is measured in a data control sample
with one counted jet. The top-tagging corresponds to the combination of soft-muon and b-jet
tagging. The residual number of top events is given by, Nno tagged = Ntagged ⇥ (1 � ebtag)/ebtag,
where Ntagged is the number of tagged events, and ebtag is the tagging efficiency which is in-
ferred from the control region.

We estimate the residual Z boson contribution to the e+e� and µ+µ� final states, N``,exp
out , by

normalising the simulation to the observed number of events inside the Z mass window in
data, N``

in [14]. The contribution of WZ and ZZ inside the Z window in data where both leptons
do not come from a Z boson, Nnon�Z

in , is subtracted before performing the normalisation. This
is done by counting the number of e±µ⌥ events in the Z mass window, taking into account
combinatorics and the relative detection efficiencies for electrons and muons. The contribution
of WZ and ZZ in the Z mass window, NZV

in , when leptons come from the same Z boson as well
as Drell-Yan, is also subtracted as estimated from simulation. The residual background in data
outside the Z mass window is thus expressed as:

N``,exp
out = R``

out/in(N``
in � Nnon�Z

in � NZV
in ), with R``

out/in = N``,MC
out /N``,MC

in .

The systematic uncertainty on the final estimate is derived from the dependence of R``
out/in on

the value of the Emiss
T cut.

The remaining background sources are subleading, and they are estimated from simulation.
The Wg background expectation was cross-checked in data using the events passing all se-
lection requirements, except that the two leptons must have the same charge. This sample is
dominated by W+jets and Wg events. Other minor backgrounds are WZ and ZZ diboson pro-
duction where the selected leptons come from different bosons, and Z/g⇤ ! tt production.

In summary, the expected number of signal and background events and observed data after
applying the W+W� selection requirements are reported in Table 2. The distributions of the
key analysis variables are shown in Figure 1.

Sample Yield
qq ! W+W� 349.7 ± 30.3
gg ! W+W� 17.2 ± 1.6

W + jets 106.9 ± 38.9
tt + tW 63.8 ± 15.9

Z/g⇤ ! ``+ WZ + ZZ 12.2 ± 5.3
Z/g⇤ ! tt 1.6 ± 0.4

WZ/ZZ not in Z/g⇤ ! `` 8.5 ± 0.9
W + g 8.7 ± 1.7

signal + background 568.6 ± 52.2
Data 626

Table 2: Expected number of signal and background events from the data-driven methods for
an integrated luminosity of 1.1 fb�1 after applying the W+W� selection requirements. Sta-
tistical and systematic uncertainties on the processes are reported. W+W� expectation is the
expectation from simulation assuming NLO cross section.

signal

data driven

MC

Lake Louise Winter Institute 2012 2012/2/20

W+W- cross section (1.1/fb)

9

Total Systematic UncertaintyTotal Systematic Uncertainty

Source uncertainty

Signal efficiency ~8%

Background 
estimation

~20%

σW+W- = 55.3 ± 3.3 (stat) ± 6.9 (sys) ± 3.3 (lumi) pb
NLO :  47.04 ± 2 pb [arXiv:1105.0020]
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signal
from data

from MC

4.5 Results 9

4.4.3 Summary of Systematic Uncertainties

All of the systematic uncertainties taken into account in this analysis are summarized in Table 3.
The total uncertainty is about 20% on the background estimation and about 8% on the signal
efficiency.

Table 3: Summary of all systematic uncertainties (relative).

Source qq ! gg ! non-Z resonant top DY W + jets V(W/Z)
W+W� W+W� WZ/ZZ +g

Luminosity — — 6 — — — 6
Trigger efficiencies 1.5 1.5 1.5 — — — 1.5
Muon efficiency 1.5 1.5 1.5 — — — 1.5
Electron id efficiency 2.5 2.5 2.5 — — — 2.5
Momentum scale 1.5 1.5 1.5 — — — 1.5
Emiss

T resolution 2.0 2.0 2.0 — — — 1.0
pile-up 1.0 1.0 1.9 — — — 1.0
Jet counting 5.5 5.5 5.5 — — — 5.5
PDF uncertainties 3.0 3.0 4.0 — — — 4.0
gg ! WW QCD scale — 50 — — — — —
W + jets norm. — — — — — 36 —
top norm. — — — 25 — — —
Z/g⇤ ! `` norm. — — — — 60 — —
Monte Carlo statistics 1 1 4 6 20 20 10

4.5 Results

To obtain the W+W� cross-section measurement we take into account the background estima-
tion and the signal efficiencies from Ref. [14], and the systematic uncertainties from Section 4.4.
We obtain a total W+W� ! 2`2n efficiency of (6.69 ± 0.51)% and a background yield of 201.7
± 42.4 events. The W+W� yield is calculated from the number of events in the signal region,
after subtracting the expected contributions of the various SM background processes. From
this yield and the W ! `n branching fraction [17], the W+W� production cross section in pp
collisions at

p
s = 7 TeV is found to be

sW+W� = 55.3 ± 3.3 (stat)± 6.9 (syst)± 3.3 (lumi)pb.

This measurement is consistent with the SM expectation of 43.0 ± 2.0 pb at NLO [18] within
one standard deviation.

5 WZ! `±n`0+`0� (`, `0 = e, µ)
The fully leptonic WZ final states are studied, considering the four final states with electrons
and muons: eee, eeµ, µµe and µµµ. As for the W+W� measurement, this analysis is based on
data taken in 2011, corresponding to an integrated luminosity of 1.09 fb�1.

5.1 Event Selection

The WZ ! 3l decay is characterized by a pair of same-flavor, opposite-charge, high pT isolated
leptons with an invariant mass corresponding to a Z boson, together with a third high pT,
isolated lepton and a significant amount of transverse energy (Emiss

T ) associated to the escaping
neutrino.

The background sources come from events with 3 leptons, genuine or fake, and can be grouped
in the following classes:

47.04 ± 2 pb @NLO [arXiv:1105.0020]

CMS-PAS-EWK-11-010

Cross section measurement 

Counting method
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Figure 2: Dilepton invariant mass for the ee (top row) and µµ channels (middle row), and
for all channels combined (bottom row), for events passing the full selection. The left and
right columns show the same distributions, but represented in logarithmic and linear scales,
respectively.

The observables are the total number of events in these two samples. The Loose-cut sample
contains events with the W candidates reconstructed from either true isolated leptons (Nlep) or
from fake ones from misidentified jets (Njet) or from leptons from heavy flavour decays. Hence
the number of events in this sample can be expressed as:

Nloose = Nlep + Njet (1)

The number of events in the Tight-cut sample can be written as:

Ntight = etightNlep + PfakeNjet, (2)

where etight is the efficiency for true isolated leptons to pass the isolation cuts and Pfake is the
corresponding efficiency for fake leptons. We will obtain etight and Pfake from independent

WZ → lνll                          1.1 fb-1
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3 isolated leptons (electron, muon) + ETmiss. 

Z candidate:  pT > 20,10 GeV (ee), pT > 15,15 GeV (µµ),      
60 GeV < mll < 120 GeV.
 
W candidate:  pT > 20 GeV, ETmiss > 30 GeV

Signature

ZZ
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mis-reconstructed objects ZZ, Zγ
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Z+jets and top background

tight lepton selection

WZ  (including τ):   fτ O(6%)

from MC, subtracted when computing xsec. 
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Cross section measurement 
12 5 WZ! `±n`0+`0� (`, `0 = e, µ)

Sample 3e0µ 2e1µ 1e2µ 0e3µ
Z + Jets 0.82 0.04 0.31 0.07

Z ! bb + Jets 0.04 0.06 0.00 0.10
Z ! cc + Jets 0.03 0.00 0.00 0.00

tt̄ 0.83 0.95 0.56 0.59
ZZ ! 4` 0.40 0.95 0.40 0.97

Vg 0.80 0.10 0.03 0.00
W + Jets 0.00 0.00 0.00 0.00

WW ! 2`2n + Jets 0.02 0.04 0.00 0.00
Background 2.95 2.14 1.31 1.72
WZ ! 3`n 14.47 17.49 13.95 18.56

AllMC 17.42 19.62 15.26 20.28
Data 22 20 13 20

Table 4: Observed and expected signal and background yields for WZ! 3` final states. The
numbers correspond to an integrated luminosity of 1.09 fb�1.

NTT BTT NTF BTF etight

Electron 164984±406 24106±217 24953±158 5624±106 93.58 ± 0.06%
Muon 246506±496 33590±259 18294±135 6180±111 97.23 ± 0.03%

Table 5: Measured values for the etight calculation.

samples in data.

Measurement of Lepton Isolation Efficiency using Tag and Probe :

The efficiency for the true leptons to pass the isolation cuts is measured using data with the tag-
and-probe method. A Z-enriched sample containing the signal and Z+jets as well as W+jets
and tt as background is obtained by requiring two opposite-charged leptons with the same
flavor and invariant mass within the 60 to 120 GeV range. The leptons are required to have
pT > 10 GeV and pass the above loose-cut sample lepton ID selections. Only one Z candi-
date per event is allowed in the above mass window. The efficiency is then obtained via the
following equation:

etight =
2(NTT � BTT)

(NTF � BTF) + 2(NTT � BTT)
(3)

Here, N is the total number of events in the Z-candidate mass window, while B is the com-
binatorial background from W events, as estimated from a linear fit on events outside of the
Z window (sideband region from [70-80 GeV] and [100-110 GeV]). The sub-note TT means
that both leptons pass the isolation cuts and TF means that exactly one of the leptons fails the
isolation cuts. The estimated efficiencies for muons and electrons are given in Table 5.

Isolation Efficiency for Fake Leptons :

We use a W+jets sample in data to estimate the rate at which a jet that satisfies the relaxed
lepton cuts also satisfies the tight requirements. The jets in this sample have a very similar
composition as those in the Z+jets process, the major background to the WZ signal process.
We select W+jet candidate events by requiring the event to have a very good quality W lepton
candidate satisfying tight lepton identification requirements and also to have passed the single
lepton trigger (and pT > 20 GeV). We require the event to have Emiss

T > 20 GeV, and the W
candidate transverse mass to exceed 20 GeV. The W lepton candidate is thereafter referred to
as a tag lepton. Then we require the event to have only one additional relaxed-cut lepton with

17

In the above formula, B(Z ! ``) and B(W ! `n`) stand for the average branching ratios for
heavy boson decays into one lepton flavor. Using their known values [17], the inclusive WZ
cross section can be extracted,

s(pp ! WZ + X) = 17.0 ± 2.4 (stat.)± 1.1 (syst.)± 1.0 (lumi.) pb. (9)

The theoretical NLO prediction is 19.790 ± 0.088 [18], which is in good agreement with the
measured value.

6 ZZ! `±`⌥`
0±`

0⌥ (`, `0 = e, µ or t)

The ZZ! `±`⌥`
0±`

0⌥ process with `, `0 = e, µ or t is characterized by two pairs of same flavour,
opposite charge, high pT, isolated leptons, coming from the primary vertex, with an invariant
mass corresponding to a Z boson. A measurement of the ZZ production cross section in the
four-lepton decay channel, ZZ! `±`⌥`

0±`
0⌥ with `, `0 = e, µ or t for a pair Z bosons in the

mass range 60 < mZ < 120 GeV/c2 is presented here. One Z is required to decay into a pair of
electrons or muons and the second Z is allowed to decay to µµ, ee or tt. The analysis uses data
collected in 2010 and 2011, corresponding to an integrated luminosity of L = 1.13 ± 0.07 fb�1.

6.1 Datasets

The trigger used in this analysis has evolved in response to the rapidly increasing instantaneous
luminosity. The presence of a pair of electrons with Ee

T,1 > 17 and Ee
T,2 > 8 GeV, or a pair

of muons with pµ
T,1 > 13 and pµ

T,2 > 8 GeV/c, is required for a major fraction of the data
sample, collected with instantaneous luminosities up to ' 1.3 ⇥ 1033 cm�2s�1. The trigger is
fully efficient for the 4e, 4µ and 2e2µ channels.

Monte Carlo (MC) data samples for the ZZ(⇤) signal and a large variety of electroweak and
QCD-induced SM background processes, including full simulation and reconstruction, have
been used for the optimization of the event selection prior to the analysis. They are also used
in this analysis for comparisons to the measurements, and the evaluation of acceptance cor-
rections and systematic uncertainties. All production cross sections are re-weighted at least
to next-to-leading-order (NLO) predictions, or beyond where possible. The general multi-
purpose MC event generator PYTHIA [22] is used in conjunction with other event generators,
for the showering, hadronization, decays and to add the underlying pp event. The events are
processed with a detailed simulation of the CMS detector based on GEANT4 [23]. Di-boson pro-
duction (WW, WZ, ZZ) is generated at leading order (LO) with PYTHIA. The qq̄ ! ZZ(⇤) events
are re-weighted with a m4`-dependent both qq̄ ! ZZ(⇤) NLO contribution and gg ! ZZ(⇤)

contributions are evaluated with MCFM [18]. An uncertainty of ±30 % is attributed the gluon-
induced contribution. An inclusive Z+jets sample has been generated with MadGraph [24],
considering all (five) quark flavours for the initial state parton density functions (PDFs), and
gluons, light (d, u, s) and heavy (c, b) quarks for the jets in the final state. A K-factor is used to
correct to the NLO cross section. Using a filter that selects events with two b jets or two c jets in
the final state, the sample is partitioned in Z + light jets (henceforward called ”Z+jets”) and Z +
heavy flavour jets (henceforward called Zbb̄/Zcc̄). A top pair production sample is generated
at NLO with POWHEG.

19.790 ± 0.088 pb @NLO [MCFM]

source uncertainty
theoretical uncertainty 

and acceptance 2.8 - 3.2 %

lepton efficiencies 3.6 - 6.7 %

background estimation 1.5 - 2.8 % (top)
3.5 - 5.5 % (Z+jet)

data driven

signal
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First Z (→ee, µµ):  two isolated leptons with pT > 20,10 GeV (ee) with 60 GeV < mll < 120 GeV.

Second Z:  
Z→ ee, µµ:                 pT > 7/5 GeV, 60 GeV < mll < 120 GeV.
Z→ ττ (τ→e,µ, had):  pT (τ→e,µ) > 10 GeV, pT (τ→had) > 20 GeV,  30 GeV < mττvisible < 80 GeV 

Signature

Heavy flavour jets: tt/Zbb
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Figure 3: Distributions of the four-lepton reconstructed mass for the 2e2µ and the 4µ final states
(top). No events were observed in the 4e final state. The bottom left plot represents the sum
of the three 4` channels. The bottom right plot represents the invariant mass of the 2l2t final
state. The data samples correspond to an integrated luminosity of L = 1.1 fb�1.

of the visible invariant mass value.

6.3 Background Control and systematics

6.3.1 Background estimate

The small number of observed events precludes a precise evaluation of the background, e.g.
in a relevant signal-like mass window, only from the measurement of side-bands. We thus
rely on other methods, based on experimental data, for the control of the background and the
evaluation of the associated systematics. The typical procedure consists of choosing a wide
background control region outside the signal phase space which gets populated by relaxing
some cuts in the event selection, and verifying that the event rates change according to the
expectation from Monte Carlo. The control region for any given background must be chosen
carefully since any or both of the other two reducible backgrounds might rapidly become dom-
inant if the event selection is relaxed, thus making the extrapolation to the signal phase space
difficult.

For the measurement of the Zbb̄/cc̄ and tt̄ backgrounds, a four-lepton background control re-
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24 7 Conclusion

Table 13: Number of expected and observed events for the individual final states, as well as the
number of backround events estimated using data-driven techniques as described in the text.

Final state Nobs Nbackg.
estimated NZZ

expected
4µ 2 0.004 ± 0.004 3.7 ± 0.4
4e 0 0.14 ± 0.06 2.5 ± 0.2

2e2µ 6 0.15 ± 0.06 6.3 ± 0.6
2l2t 1 0.8 ± 0.1 1.4 ± 0.1

To include all final states in the cross section calculation a simultaneous constrained fit on the
number of observed events in all decay channels was performed. It allows for combining many
decay modes with very few or no events observed and background compatible with the signal
expectation.

The likelihood is written as a combination of individual channel likelihoods for the signal and
background hypothesis:

L(r) = ’
i
Li(Nobs

i , r, Si, Bi, nS, nB), (10)

where r is a signal strength, Nobs
i is number of observed events in channel i, Si - number of

expected signal events, Bi - number of expected background events, nS and nB are statistical
and systematical uncertainties in form of scaling nuisance parameters. Each tau decay mode
was treated as a separated channel.

The resulting cross section was found to be

s(pp ! ZZ + X) = 3.8+1.5
�1.2(stat.)± 0.2(sys.)± 0.2(lumi.) pb (11)

can be compared to the theoretical value of 6.4 ± 0.6 pb calculated with MCFM [18].

7 Conclusion
The production of WW, WZ and ZZ diboson final states has been measured in proton proton
collisions at

p
s = 7 TeV at the Large Hadron Collider. An improved measurement of the WW

cross section and the first measurements of WZ and ZZ production with the CMS detector
have been presented, based on data taken in 2010 and 2011, corresponding to an integrated lu-
minosity of 1.1 fb�1. The W and Z bosons are identified through their decays into electrons and
muons for the WW and WZ measurements, and also in tau leptons for the ZZ measurements.

The following values of diboson cross sections have been measured:

s(pp ! W+W� + X) = 55.3 ± 3.3 (stat.)± 6.9 (syst.)± 3.3 ( lumi.) pb.
s(pp ! WZ + X) = 17.0 ± 2.4 (stat.)± 1.1 (syst.)± 1.0 ( lumi.) pb.
s(pp ! ZZ + X) = 3.8+1.5

�1.2 (stat.)± 0.2 (syst.)± 0.2 ( lumi.) pb.

These measurements are consistent with Standard Model predictions.

6.4 ± 0.6 pb @NLO [MCFM]
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collisions at

p
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cross section and the first measurements of WZ and ZZ production with the CMS detector
have been presented, based on data taken in 2010 and 2011, corresponding to an integrated lu-
minosity of 1.1 fb�1. The W and Z bosons are identified through their decays into electrons and
muons for the WW and WZ measurements, and also in tau leptons for the ZZ measurements.

The following values of diboson cross sections have been measured:

s(pp ! W+W� + X) = 55.3 ± 3.3 (stat.)± 6.9 (syst.)± 3.3 ( lumi.) pb.
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Cross section measurement 
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•  CMS 1.1/fb: �
•  NLO prediction (MCFMv6):                        6.4±0.6 pb �

•  Main uncertainties �

Event summary� B data-driven � S�
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4 isolated leptons with pT > 20,10 GeV for the hardest 
leptons, and pT >  7/5 GeV for other e/µ.  
Opposite charge pairs
80 GeV < m4l < 100 GeV.

Signature

5.1 Observation of (Z ! 4`) Decays 5

Table 2: Number of expected and observed events. The rate from the fit for the 4e final state
is not defined, since statistics in this individual channel is too small (two events) for a fit to
provide meaningful results.

Final state channels 4e 4µ 2e2µ 4`
Irreducible background (pp ! Zg⇤ ! 4`) 0.04 0.16 0.08 0.3 ± 0.03
Other reducible backgrounds 0.01 0.01 0.05 0.1 ± 0.13
Expected signal (pp ! Z ! 4`) 3.1 12.3 9.2 24.6 ± 2.2
Total expected (MC) 3.2 12.5 9.3 25.0 ± 2.2
Observed events 2 14 10 26
Rate from the fit of the observed mass distribution 13.6 9.7 25.4

Figure 2: Four-lepton mass distribution. The data are shown by points. The filled histograms
represent standard model expectations for pp ! Zg⇤/Z ! 4` (taken from simulation) and
for reducible backgrounds predicted using the data driven estimation method. The three final
states, 4e, 4µ, 2e2µ, are added together. The peak at m4` = mZ constitutes the first observation
of pp ! Z ! 4` decays.

Background free sample.

5.1 Observation of (Z ! 4`) Decays 5

Table 2: Number of expected and observed events. The rate from the fit for the 4e final state
is not defined, since statistics in this individual channel is too small (two events) for a fit to
provide meaningful results.

Final state channels 4e 4µ 2e2µ 4`
Irreducible background (pp ! Zg⇤ ! 4`) 0.04 0.16 0.08 0.3 ± 0.03
Other reducible backgrounds 0.01 0.01 0.05 0.1 ± 0.13
Expected signal (pp ! Z ! 4`) 3.1 12.3 9.2 24.6 ± 2.2
Total expected (MC) 3.2 12.5 9.3 25.0 ± 2.2
Observed events 2 14 10 26
Rate from the fit of the observed mass distribution 13.6 9.7 25.4

Figure 2: Four-lepton mass distribution. The data are shown by points. The filled histograms
represent standard model expectations for pp ! Zg⇤/Z ! 4` (taken from simulation) and
for reducible backgrounds predicted using the data driven estimation method. The three final
states, 4e, 4µ, 2e2µ, are added together. The peak at m4` = mZ constitutes the first observation
of pp ! Z ! 4` decays.

Efficiencies
MC efficiencies corrected by Data/MC from Z→2l

Systematics
Interference:  0.2 % 
Efficiencies:   1 to 6 %
Acceptance and theoretical: ~5 %

1

1 Introduction
We present the first observation of Z ! 4` production in proton-proton (pp) collisions atp

s = 7 TeV, and the measurement of the production cross section s(pp ! Z) · BR(Z ! 4`)
and branching fraction BR(Z ! 4`). Here and throughout the note, ` stands for an electron
or muon. Previously, all four LEP collaborations reported observations of four-fermion ( f )
production e+e� ! 4 f , which includes e+e� ! Z ! 4 f (e.g., Refs. [1–4]). However, the obser-
vation of Z ! 4` decays in pp collisions is of special interest. The clean resonant peak in the
four-lepton invariant mass distribution at m4` = mZ can be used as a standard candle for direct
calibration of the four-lepton mass scale, the four-lepton mass resolution, and the overall four-
lepton reconstruction efficiency in phase space similar to the Higgs boson four-lepton decays,
H ! ZZ ! 4`. The pp ! Z ! 4` process and its implications for the H ! ZZ ! 4` search at
the Large Hadron Collider (LHC) were first studied in Ref. [5].

The results presented are based on the data collected in 2010 and 2011 by the CMS detector at
the LHC in pp collisions at

p
s = 7 TeV. The dataset used in the analysis corresponds to the

total integrated luminosity of 4.7 fb�1.

2 Signal Definition
The leading order (LO) Feynman diagram for the production and decay, qq̄ ! Z ! 4`, is
presented in Fig. 1 (left). This process is sometimes referred to as single-resonant four-lepton
production.

We define signal events as those with four leptons, e+e�e+e� (4e), µ+µ�µ+µ� (4µ), e+e�µ+µ�

(2e2µ), with four-lepton invariant mass is 80 < m4` < 100 GeV and di-lepton masses for all
six possible pairings of leptons satisfying m`` > 4 GeV. The reason for this di-lepton mass
requirement stems from the fact that the Z ! 4` amplitude becomes divergent as m2

g⇤ tends
to zero. Lepton masses provide a natural cut-off: however, events with such a low cut-off are
very difficult to reconstruct experimentally. The branching fraction we report is for events in
the m4` and m`` phase space specified above.

Another noteworthy feature of Z ! 4` is that the proportions fi between the 4e, 4µ, and 2e2µ
decay rates are not 0.25:0.25:0.50 as one might expect. This is related to the fact that decays
to four leptons of the same flavor allow for additional Feynman diagrams with permutations

Figure 1: (Left) Z ! 4` diagram (“signal”). (Right) Zg⇤ ! 4` diagram for the irreducible
“background” of Z ! 2` production with the initial state radiation undergoing an internal
conversion g⇤ ! 2`. Technically, both Z and g⇤ are present in all propagators. The choice of
propagators shown in the figures corresponds to dominant contributions in the phase space
80 < m4` < 100 GeV.
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5.3 Z ! 4` decays as a standard candle in the H ! ZZ ! 4` search. 7

at m4` = mZ is an order of magnitude larger than the expected number of events for the SM
Higgs boson with a mass mH anywhere in the remaining allowed range of 117.5–118.5 and
122.5–127.5 GeV [14, 15]. Therefore, the Z ! 4` peak can be used for a direct calibration of the
four-lepton mass scale, the four-lepton mass resolution, and the overall four-lepton reconstruc-
tion efficiency in a similar phase space to the Higgs boson four-lepton decays. Such a direct
calibration using the Z ! 4` peak will be complementary to the currently employed indirect
method of tag-and-probe making use of Z ! 2` events, with the benefits that Z ! 4` has:
similar kinematics, a final state with 4` and the same proportion between electrons and muons.

Figure 3 (right) shows the fit of the four-lepton mass distribution for the observed events. The
background shape is taken from pp ! ZZ ! 4` simulation, with the overall normalization
floating in the fit (differences in shape between the reducible and irreducible backgrounds are
ignored due to the small contribution of the former). The signal is a convolution of the Breit-
Wigner and Crystal Ball functions. The central value and width of the Breit-Wigner function
are fixed at the Z boson mass mZ and width GZ [7]. The Crystal Ball parameters are free in the
fit.

One can see that the offset of the peak is 0.4±0.5 GeV, or, in relative units, 0.4±0.5%. These
numbers can be used to constrain the possible systematic errors of the four-lepton mass scale.
With the current data, we can state that the average four-lepton mass scale does not show any
significant bias within the 0.5% statistical uncertainty.

The Crystal Ball width (sigma of the Gaussian core) returned by the fit is 1.3±0.6 GeV. This
is consistent with the MC-based expectations of 1% for 4µ and 1.4% for 2e2µ in this low mass
range. There are only two 4e events, therefore their mass resolution cannot be yet constrained
with the current luminosity. With the current data, we can measure the average four-lepton
mass resolution with about 0.6/1.3 = 46% statistical uncertainty.

Figure 3: (Left) Four lepton mass distribution in simulation for pp ! 4`, without the Higgs
boson, and pp ! H ! ZZ ! 4` for a Higgs boson mass mH = 120 GeV stacked on top. The
Higgs boson signal is scaled up by a factor of 10. (Right) Four-lepton mass distribution. Data
are shown by points. The three final states, 4e, 4µ, and 2e2µ, are added together. The solid line
represents a simultaneous fit for the background and Z boson peak (see text for details).

6 5 Results

5.2 Measurement of s(pp ! Z) · BR(Z ! 4`) and BR(Z ! 4`)

The number of observed events in signal (Z ! 4`) and control (Z ! µµ) regions can be ex-
pressed as follows:

Â
i

L · s(pp ! Z) · BR(Z ! 4`) · fi · eacc
i · e

exp
i · ci = NZ!4`

obs � Nbkg (i = 4e, 4µ, 2e2µ), (1)

L · s(pp ! Z) · BR(Z ! µ+µ�) · eacc
Z!µ+µ · e

exp
Z!µ+µ� · cZ!µ+µ� = NZ!µ+µ�

obs � N
0
bkg, (2)

where

• L stands for the integrated luminosity,
• s(pp ! Z) for theoretical Z boson production cross section (80 < mZ⇤ < 100 GeV),

26908 fb (calculated with FEWZ 1),
• BR(Z ! 4`) for the signal decay branching fraction (with the m`` > 4 GeV cut),
• BR(Z ! 2µ) for the Z ! µµ branching fraction, 0.03366 [7],
• fi for the relative fraction of all 4` events going into the ith sub-channel ( i = 4e, 4µ, 2e2µ),
• eacc

i for the theoretical acceptance of lepton pT and h requirements used in the anal-
ysis,

• e
exp
i for the experimental efficiency, as obtained in the simulation, to reconstruct

events within the acceptance,
• ci for the data-to-simulation correction factor for the experimental efficiency derived

from Monte Carlo.

Eq. (1) allows extraction of the production cross section times branching fraction s(pp ! Z) ·
BR(Z ! 4`): 125 ± 25(stat) fb, while the fraction of Eqs. (1) and (2) allows extraction of the
branching fraction BR(Z ! 4`), with cancellation of several systematic errors: 4.5± 0.9(stat)⇥
10�6. The statistical error is defined by the 26 events observed. These measurements agree with
the standard model predictions: 120 ± 4.92 fb and 4.45 ⇥ 10�6, respectively.

To properly account for systematic errors, including their correlations between different chan-
nels as well as between signal and background, we construct the full likelihood for the four
observations (4e, 4µ, 2e2µ, and 2µ), as described in Appendix A. Using the full likelihood in
conjunction with the profile likelihood method [13], we measure the Z ! 4` production cross
section s(pp ! Z) · BR(Z ! 4`) and the branching fraction BR(Z ! 4`) as follows:

s ⇥ BR(Z ! 4`) = 125+26
�23(stat)+9

�6(syst)+7
�5(lumi) fb,

BR(Z ! 4`) = 4.4+1.0
�0.8(stat)± 0.2(syst)⇥ 10�6.

5.3 Z ! 4` decays as a standard candle in the H ! ZZ ! 4` search.

The Z ! 4` decays give a clean resonant peak in the four-lepton invariant mass distribu-
tion, which can be used as a standard candle in the context of the Higgs boson search in the
H ! ZZ ! 4` decay mode. Fig. 3 (left), shows the number of events in the Z ! 4` peak

1https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSections

120 ± 4.92 pb

4.45 x 10-6

Standard candle for H search
Minimization of a likelihood including:

Number of signal events in each final state.

Number of background events

Nuisance parameters to handle systematics

Same method for BR extraction using a Zµµ control 
region to get rid of the xsec.

10 A Statistical Analysis

A Statistical Analysis
In this appendix, we outline the overall mathematical formalism we use for quantifying sig-
nificance of the observed peak in the m4` distribution as well as for extracting the overall pro-
duction rate s(pp ! Z) · BR(Z ! 4`) and the branching fraction BR(Z ! 4`). The overall
statistical analysis procedure follows closely the methodology documented in Ref. [13].

The expected number of signal events si in the ith sub-channel (4e, 4µ, 2e2µ) can be written as
follows:

si = L · s(pp ! Z) · BR(Z ! 4`) · fi · eacc
i · e

exp
i · ci, (3)

where

• L stands for the integrated luminosity,
• s(pp ! Z) for theoretical Z boson production cross section (80 < mZ⇤ < 100 GeV),
• BR(Z ! 4`) for the signal decay branching fraction (with the m`` > 4 GeV cut),
• fi for the relative fraction of all 4` events going into the ith sub-channel ( i = 4e, 4µ, 2e2µ),
• eacc

i for the theoretical acceptance of lepton pT and h requirements used in the anal-
ysis,

• e
exp
i for the experimental efficiency, as obtained in simulation, to reconstruct and

select events within the acceptance,
• ci for data-to-simulation correction factor for the experimental efficiency derived

from Monte Carlo.

The expected event rates for the irreducible ZZ background bZZ
i can be written as follows:

bZZ
i = L · s(pp ! ZZ ! 2`) · eacc

i · e
exp
i · ci, (4)

where all notations are similar to those used in Eq. (3). Technically, the pp ! ZZ ! 4` cross
section is a sum of qq̄ ! ZZ ! 4` and gg ! ZZ ! 4`. The latter contribution is actually very
small for events with 80 < m4` < 100 GeV. Note that for simplicity we use the same notations
for efficiencies and correction factors in both Eq. (3) and Eq. (4); however, in the analysis, they
are not exactly the same.

The expected event rates from reducible backgrounds in the signal region can be written as
follows:

bother
i = ai · NCR

i , (5)

where

• NCR
i is the number of events observed in the control region,

• ai is the extrapolation factor from the control to signal regions.

To reduce systematic errors arising from luminosity and theoretical uncertainties on the pp !
Z cross section, we make use of a control sample Z ! µµ. Similarly to Eq. 3, the expected
number of events n0 in the control region (Z ! µµ) can be written:

n0 = L · s(pp ! Z) · BR(Z ! µµ) · eacc
0 · e

exp
0 · c0. (6)

m4l  scale known to 0.4 %
       (offset 0.4 ± 0.5 GeV)

m4l mass resolution to 46%
      (width 1.3 ± 0.6 GeV) 



Summary

• Measured cross sections are on agreement with SM expectations

• New results with 5 fb-1 coming soon. Stay tuned.

• All these measurements will be repeated this year’s data @ 8 TeV. 
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Figure 1: Background from misidentified jets as a function of the photon candidate ET, esti-
mated from the ratio method, is shown with blue squares together with an alternative method
that uses energy deposition shape templates (magenta circles), and MC simulation (green filled
histogram) for (a) Wg and (b) Zg channels. Uncertainties include both statistical and system-
atic sources.

ment. Algorithms designed to suppress such noise reduce it to a negligible level, as shown in
studies based on cosmic rays and control samples [28]. The modeling of Emiss

T in the simula-
tion is checked using events with (W! `n) and without (Z! `+`�) genuine Emiss

T and good
agreement is found [23, 29].

Data for this study are selected with the CMS two-level trigger system by requiring the events
to have at least one energetic electron or muon, consistent with being produced from W or
Z boson decays. This requirement is about 90% efficient for the Wg ! µng signal and 98%
efficient for Wg ! eng. The trigger efficiency is close to 100% for both Zg ! ``g final states.
The events are required to contain at least one primary vertex with reconstructed z position
within 24 cm of the geometric center of the detector and xy position within 2 cm of the beam
interaction region.

The Wg ! `ng final state is characterized by a prompt, energetic, and isolated lepton, signifi-
cant Emiss

T due to the presence of the neutrino from the W boson decay, and a prompt isolated
photon. The basic event selection is similar for the electron and muon channels: we require a
charged lepton, electron or muon, with pT > 20 GeV, which must satisfy the trigger require-
ments; one photon with transverse energy Eg

T > 10 GeV, and the Emiss
T in the event exceeding

25 GeV. As mentioned before, the photon must be separated from the lepton by DR(`, g) > 0.7.
For the eng channel, the electron candidate must satisfy the tight electron selection criteria. If
the event has an additional electron that satisfies the loose electron selection, we reject the event
to reduce contamination from Z/g⇤ ! ee processes. For µng, we reject the event if a second
muon is found with pT > 10 GeV.

After the full selection, 452 events are selected in the eng channel and 520 events are selected
in the µng channel. No events have more than one photon candidate in the final state. The
background from misidentified jets estimated in data amounts to 220 ± 16 (stat.) ± 14 (syst.)
events for the eng final state, and 261 ± 19 (stat.) ± 16 (syst.) events for the µng final state.
Backgrounds from other sources, such as the Zg process in which one of the leptons from the Z
boson decay does not pass the reconstruction and identification criteria and diboson processes
where one of the electrons is misreconstructed as a photon, are estimated from MC simulation
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Figure 5: Distribution of the ``g invariant mass as a function of the dilepton invariant mass
for selected Zg candidates in the electron (filled circles) and muon (open circles) final states.
The data accumulation at M``g ' MZ corresponds to FSR events, while the data at M`` ' MZ
correspond to ISR events.

efficiency for events within the acceptance, and L is the integrated luminosity. The acceptance
is determined relative to the phase space defined by the cuts Eg

T > 10 GeV and DR(`, g) > 0.7,
and in addition by M`` > 50 GeV for Zg. We determine the product A · e from MC simulations
and apply correction factors r to account for differences in efficiencies between data and simu-
lations. These correction factors come from efficiency ratios r = e/esim derived by measuring
e and esim in the same way on data and simulations, respectively, following the procedure used
in the inclusive W and Z measurement [23].

Systematic uncertainties are grouped into three categories. In the first group, we combine the
uncertainties that affect the product of the acceptance, reconstruction, and identification ef-
ficiencies of final state objects, as determined from Monte Carlo simulation. These include
uncertainties on lepton and photon energy scales and resolution, effects from pile-up interac-
tions, and uncertainties in the parton distribution functions (PDFs). Lepton energy scale and
resolution effects are estimated by studying the invariant mass of Z ! `` candidates, while the
photon energy scale and resolution uncertainty comes from ECAL calibration studies which
are further cross-checked with the Zg FSR study. The uncertainty due to the PDFs is estimated
following Ref. [38]. The second group includes the systematic uncertainties affecting the data
vs. simulation correction factors r for the efficiencies of the trigger, reconstruction, and identifi-
cation requirements. These include lepton trigger, lepton and photon reconstruction and iden-
tification, and Emiss

T efficiencies for the Wg process. The lepton efficiencies are determined by
the “tag-and-probe” method [23] in the same way for data and simulation, and the uncertainty
on the ratio of efficiencies is taken as a systematic uncertainty. The third category comprises
uncertainties on the background yield. These are dominated by the uncertainties on the data-
driven W+jets and Z+jets background estimation. These include systematic uncertainties due
to the modeling of the Eg

T-dependent ratio and the uncertainty due to the g + jets contribution.
Finally, an additional uncertainty due to the measurement of the integrated luminosity is con-

ISR

FSR
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Systematic uncertainties for Wγ / Zγ
9

sidered. This uncertainty is 4% [39]. All systematic uncertainties for the Wg and Zg channels
are summarized in Table 1.

Table 1: Summary of systematic uncertainties.
Wg ! eng Wg ! µng Zg !eeg Zg ! µµg

Source Effect on A · eMC
Lepton energy scale 2.3% 1.0% 2.8% 1.5%
Lepton energy resolution 0.3% 0.2% 0.5% 0.4%
Photon energy scale 4.5% 4.2 % 3.7% 3.0%
Photon energy resolution 0.4% 0.7% 1.7% 1.4%
Pile-up 2.7% 2.3% 2.3% 1.8%
PDFs 2.0% 2.0% 2.0% 2.0%
Total uncertainty on A · eMC 6.1% 5.2% 5.8% 4.3%

Effect on edata/eMC
Trigger 0.1% 0.5% < 0.1% < 0.1%
Lepton identification and isolation 0.8% 0.3% 1.1% 1.0%
Emiss

T selection 0.7% 1.0% N/A N/A
Photon identification and isolation 1.2% 1.5% 1.0% 1.0%
Total uncertainty on edata/eMC 1.6% 1.9% 1.6% 1.5%
Background 6.3% 6.4% 9.3% 11.4%
Luminosity 4%

We find the cross section for Wg production for Eg
T > 10 GeV and DR(`, g) > 0.7 to be

s(pp ! Wg + X)⇥ B(W ! en) = 57.1 ± 6.9 (stat.) ± 5.1 (syst.) ± 2.3 (lumi.) pb and s(pp !
Wg + X) ⇥ B(W ! µn) = 55.4 ± 7.2 (stat.) ± 5.0 (syst.) ± 2.2 (lumi.) pb. Taking into ac-
count correlated uncertainties between these two results, due to photon identification, energy
scale, resolution, data-driven background, and signal modeling, and following the Best Lin-
ear Unbiased Estimator method [40], we measure the combined cross section to be s(pp !
Wg + X)⇥ B(W ! `n) = 56.3 ± 5.0 (stat.) ± 5.0 (syst.) ± 2.3 (lumi.) pb. This result agrees well
with the NLO prediction [41] of 49.4 ± 3.8 pb.

The Zg cross section within the requirements Eg
T > 10 GeV, DR(`, g) > 0.7, and m`` > 50 GeV,

is measured to be s(pp ! Zg+X)⇥B(Z ! ee) = 9.5± 1.4 (stat.)± 0.7 (syst.)± 0.4 (lumi.) pb
for the eeg final state, and s(pp ! Zg + X)⇥ B(Z ! µµ) = 9.2 ± 1.4 (stat.)± 0.6 (syst.)±
0.4 (lumi.) pb for the µµg final state. The combination of the two results yields s(pp !
Zg + X) ⇥ B(Z ! ``) = 9.4 ± 1.0 (stat.) ± 0.6 (syst.)± 0.4 (lumi.) pb. The theoretical NLO
prediction [19] is 9.6 ± 0.4 pb, which is in agreement with the measured value.

Given the good agreement of both the measured cross sections and the Eg
T distributions with

the corresponding SM predictions, we proceed to set limits on anomalous TGCs. The most
general Lorentz-invariant Lagrangian that describes the WWg coupling has seven independent
dimensionless couplings gg

1 , kg, lg, gg
4 , gg

5 , k̃g, and l̃g [42]. By requiring CP invariance and
SU(2)⇥ U(1) gauge invariance only two independent parameters remain: kg and lg. In the
SM, kg = 1 and lg = 0. We define aTGCs to be deviations from the SM predictions, so instead
of using kg we define Dkg ⌘ kg � 1. While these couplings have no physical meaning as such,
they are related to the electromagnetic moments of the W boson,

µW =
e

2MW
(2 + Dkg + lg), QW = � e

M2
W
(1 + Dkg � lg), (2)
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Figure 7: Upper 95% CL limits on log10(|aTGC|) as a function of LNP for Dkg, lg, hg
3 , and hg

4 .
Limits on the latter two couplings are similar to those for hZ

3 and hZ
4 . These limits refer to the

formulation in which the new physics Lagrangian terms are scaled with a/Ln
NP, where LNP is

the characteristic energy scale of new physics and a is the aTGC.
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gamma W W and Z W W in e+ e- collisions”, Phys. Lett. B614 (2005) 7.
doi:10.1016/j.physletb.2005.03.058.

[6] ALEPH Collaboration, “Measurement of Z-pair production in e+ e- collisions and
constraints on anomalous neutral gauge couplings”, JHEP 04 (2009) 124.
doi:10.1088/1126-6708/2009/04/124.

[7] DELPHI Collaboration, “Study of Triple-Gauge-Boson Couplings ZZZ, ZZgamma and
Zgammagamma at LEP”, Eur. Phys. J. C51 (2007) 525, arXiv:0706.2741.
doi:10.1140/epjc/s10052-007-0345-0.
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Figure 1: Distributions, after W+W� selection for 1.1 fb�1 of data, of the trailing lepton pT
(a), leading lepton pT (b), dilepton invariant mass (c) and the min(projMET, projtrk-MET). Each
component in simulation is scaled to data-driven estimates.
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4.5 Results 9

4.4.3 Summary of Systematic Uncertainties

All of the systematic uncertainties taken into account in this analysis are summarized in Table 3.
The total uncertainty is about 20% on the background estimation and about 8% on the signal
efficiency.

Table 3: Summary of all systematic uncertainties (relative).

Source qq ! gg ! non-Z resonant top DY W + jets V(W/Z)
W+W� W+W� WZ/ZZ +g

Luminosity — — 6 — — — 6
Trigger efficiencies 1.5 1.5 1.5 — — — 1.5
Muon efficiency 1.5 1.5 1.5 — — — 1.5
Electron id efficiency 2.5 2.5 2.5 — — — 2.5
Momentum scale 1.5 1.5 1.5 — — — 1.5
Emiss

T resolution 2.0 2.0 2.0 — — — 1.0
pile-up 1.0 1.0 1.9 — — — 1.0
Jet counting 5.5 5.5 5.5 — — — 5.5
PDF uncertainties 3.0 3.0 4.0 — — — 4.0
gg ! WW QCD scale — 50 — — — — —
W + jets norm. — — — — — 36 —
top norm. — — — 25 — — —
Z/g⇤ ! `` norm. — — — — 60 — —
Monte Carlo statistics 1 1 4 6 20 20 10

4.5 Results

To obtain the W+W� cross-section measurement we take into account the background estima-
tion and the signal efficiencies from Ref. [14], and the systematic uncertainties from Section 4.4.
We obtain a total W+W� ! 2`2n efficiency of (6.69 ± 0.51)% and a background yield of 201.7
± 42.4 events. The W+W� yield is calculated from the number of events in the signal region,
after subtracting the expected contributions of the various SM background processes. From
this yield and the W ! `n branching fraction [17], the W+W� production cross section in pp
collisions at

p
s = 7 TeV is found to be

sW+W� = 55.3 ± 3.3 (stat)± 6.9 (syst)± 3.3 (lumi)pb.

This measurement is consistent with the SM expectation of 43.0 ± 2.0 pb at NLO [18] within
one standard deviation.

5 WZ! `±n`0+`0� (`, `0 = e, µ)
The fully leptonic WZ final states are studied, considering the four final states with electrons
and muons: eee, eeµ, µµe and µµµ. As for the W+W� measurement, this analysis is based on
data taken in 2011, corresponding to an integrated luminosity of 1.09 fb�1.

5.1 Event Selection

The WZ ! 3l decay is characterized by a pair of same-flavor, opposite-charge, high pT isolated
leptons with an invariant mass corresponding to a Z boson, together with a third high pT,
isolated lepton and a significant amount of transverse energy (Emiss

T ) associated to the escaping
neutrino.

The background sources come from events with 3 leptons, genuine or fake, and can be grouped
in the following classes:
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Figure 2: Dilepton invariant mass for the ee (top row) and µµ channels (middle row), and
for all channels combined (bottom row), for events passing the full selection. The left and
right columns show the same distributions, but represented in logarithmic and linear scales,
respectively.

The observables are the total number of events in these two samples. The Loose-cut sample
contains events with the W candidates reconstructed from either true isolated leptons (Nlep) or
from fake ones from misidentified jets (Njet) or from leptons from heavy flavour decays. Hence
the number of events in this sample can be expressed as:

Nloose = Nlep + Njet (1)

The number of events in the Tight-cut sample can be written as:

Ntight = etightNlep + PfakeNjet, (2)

where etight is the efficiency for true isolated leptons to pass the isolation cuts and Pfake is the
corresponding efficiency for fake leptons. We will obtain etight and Pfake from independent
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luminosity is considered. This uncertainty is 6%. A summary of all systematic uncertainties is
given in Table 9.

Table 9: Summary of systematic uncertainties for the WZ ! 3` cross section measurement.

eee eeµ µµe µµµ
Source Systematic uncertainty Effect on F = A · eMC
Electron energy scale 2% 1.7% 0.25% 0.9% n/a
Muon pT scale 1% n/a 0.5% 0.2% 0.9%
MET Resolution 0.5% 0.5% 0.5% 0.5%
MET Scale 0.3% 0.2% 0.1% 0.1%
Pileup 3.1% 0.8% 1.6% 1.6%
PDF 1.0% 1.0% 1.0% 1.0% 1.0%
NLO effect 2.5% 2.5% 2.5% 2.5% 2.5%
Total uncertainty on F = A · eMC 4.5% 2.9% 3.3% 3.3%
Source Systematic uncertainty Effect on re f f
Electron trigger 1.5% 1.5% 1.5% n/a n/a
Electron reconstruction 0.9% 2.7% 1.8% 0.9% n/a
Electron ID and isolation 2.5% (loose), 3.2% (tight) 5.9% 5.0% 3.2% n/a
Muon trigger 0.54% n/a n/a 1.08% 1.08%
Muon reconstruction 0.74% n/a 0.74% 1.48% 2.22%
Muon ID and isolation 0.74% n/a 0.74% 1.48% 1.94%
Total uncertainty on re f f 6.7% 5.6% 4.2% 3.6%
Source Systematic uncertainty Effect on WZ yield
Background estimation
ZZ 7.5% 0.2% 0.4% 0.3% 0.4%
Zg 13% 0.5% 0.08% 0.04% 0.08%
tt̄ 1.3% 1.3% 0.9% 0.5%
Pfake 3.3% 4.9% 5.2% 4.2%
Source Systematic uncertainty Effect on luminosity
Luminosity 6.0% 6.0% 6.0% 6.0% 6.0%

5.4 Results

The measurement of the cross section is based on the formula:

s =
Nsig

A · e · L (5)

where Nsig is the number of observed signal events, A is the fiducial and kinematic acceptance,
e is the selection efficiency for events in the acceptance, and L is the integrated luminosity. The
value of A is affected by the PDF and other theoretical uncertainties, while the value of e is
susceptible to errors from triggering and reconstruction. In order to control the efficiency un-
certainties, we concentrate on the extraction of corrections to the efficiencies obtained from the
simulation. These correction factors come from efficiency ratios r = e/esim derived by mea-
suring e and esim in the same way on data and simulation, respectively. We then replace the
product A⇥ e by the product F ⇥ r, where F ⌘ A⇥ esim is the fraction of generated WZ events
with dilepton mass in the [60, 120]GeV window selected in the simulation. Furthermore, the
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Figure 3: Distributions of the four-lepton reconstructed mass for the 2e2µ and the 4µ final states
(top). No events were observed in the 4e final state. The bottom left plot represents the sum
of the three 4` channels. The bottom right plot represents the invariant mass of the 2l2t final
state. The data samples correspond to an integrated luminosity of L = 1.1 fb�1.

of the visible invariant mass value.

6.3 Background Control and systematics

6.3.1 Background estimate

The small number of observed events precludes a precise evaluation of the background, e.g.
in a relevant signal-like mass window, only from the measurement of side-bands. We thus
rely on other methods, based on experimental data, for the control of the background and the
evaluation of the associated systematics. The typical procedure consists of choosing a wide
background control region outside the signal phase space which gets populated by relaxing
some cuts in the event selection, and verifying that the event rates change according to the
expectation from Monte Carlo. The control region for any given background must be chosen
carefully since any or both of the other two reducible backgrounds might rapidly become dom-
inant if the event selection is relaxed, thus making the extrapolation to the signal phase space
difficult.

For the measurement of the Zbb̄/cc̄ and tt̄ backgrounds, a four-lepton background control re-
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gion is defined inverting SIP3D and relaxing isolation, charge and flavour requirements for two
leptons. In detail, the Zbb̄/cc̄ and tt̄ control region is defined taking a set of events with a pair
of identified leptons with opposite charge and matching flavour (e+e�, µ+µ�) making a good
Z1, as requested for the signal selection. For the other pair of leptons, the isolation cuts, the
flavour and charge requirements are removed. Finally, the SIP3D impact parameter cuts are
reversed for the two leptons by asking |SIP3D| > 5. The inverted SIP3D cuts for the two leptons
ensure a negligible Z+jets contribution in the four-lepton background control region.

A comparison of the MC expectation with data is shown in Fig. 4 for the sum of the Z1+2e,
Z1+2µ and Z1+eµ final states. The data are compatible with the MC expectation with a very

Figure 4: Distribution of the best reconstructed Z candidate invariant mass for the events in
the four-lepton background control region defined by a pair of identified leptons with opposite
charge and matching flavour and another pair of leptons with isolation cut relaxed, flavour and
charge requirements removed and high impact parameter. Solid points with errors represent
the data, solid histograms represent the MC expectations, the signal and the ZZ background
are fully absent. The samples correspond to an integrated luminosity of L = 1.1 fb�1.

clean and distinct resonant contribution from Zbb̄/cc̄ and non-resonant contribution from tt̄.
Only a very small contamination from Z+jets remains. The ZZ signal is fully absent.

To extract the number of tt̄ and Zbb̄/cc̄ events in the four-lepton signal region, we exploit the
distinct features of the SIP3D distribution. The SIP3D distributions for the Z2 leptons of the tt̄
and Zbb̄/cc̄ backgrounds are uniform and have similar shapes. This is in sharp contrast with
the expected SIP3D distribution for the signal which is concentrated at low SIP3D and steeply
falling with increasing SIP3D. We measure the functional shape of the SIP3D distributions for
the Z2 leptons of the tt̄ and Zbb̄/cc̄ backgrounds in data and calculate the acceptance ratio
RSIP3D = A|SIP3D|<4/A|SIP3D|>5.

Final factors for estimating the number of events in the signal-like regions include a combina-
torial factor to account for relaxing lepton flavours and charges, a factor for the mass of the Z2
selection and for the relative isolation for the pair of additional leptons. The estimated number
of events from the reducible background including the full statistical error propagation, in the
4e, 4µ and 2e2µ channels are <10�3, and can thus be neglected.
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Figure 5: Data to simulation comparison for the background estimation control region.

Table 12: Summary of statistical and systematic uncertainties.
4µ 4e 2e2µ

source Effects on acceptance A
PDF+QCD scale 2.2 % 2.2 % 1.8 %

source Effects on efficiency e (from [6])
total uncertainty on e 1.7 % 3.7 % 3.0 %
Background (Z+jets) 100 % 43 % 40 %

Luminosity 6 %

tion, and propagated to the four-lepton final states. For the 4` case with ` = e or µ, the lepton
reconstruction and identification, isolation and energy scales lead to a systematic uncertainty
on the signal of 3%, 2% and 1%, respectively. An additional efficiency of 1.5% is taken con-
servatively for the trigger. The pp integrated luminosity has an uncertainty of 6%. Additional
systematics affecting the reducible backgrounds come from the limited statistics in the back-
ground control regions which propagates to the background evaluation in the signal region,
and from the uncertainty on the extrapolation factor from the background control to the signal
control regions. In Table 12 the statistical and systematic uncertainties are listed. For the QCD
scale and PDF+aS uncertainties affecting the acceptance we followed the recommendation of
the LHC Higgs Cross Section working group [25].

In case of the t channels, an additional systematic uncertainty of 6% arises due to the tau
reconstruction efficiency and a 3% uncertainty is attributed to the tau energy scale.

6.4 Results

The total number of observed and expected events as well as the number of estimated back-
ground events are summarized in Table 13.

The requirements on pT and h for the particles in the final state reduces the full possible phase
space of the ZZ ! 4l measurement by factor of 0.56–0.59 for the 4µ,4e and 2e2µ and by factor
of 0.18–0.21 for the 2l2t final states.
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13

Figure 4: Four-lepton mass distribution for pp ! 4` process in the linear (left) and log (right)
y-axis scales.

1

1 Introduction
We present the first observation of Z ! 4` production in proton-proton (pp) collisions atp

s = 7 TeV, and the measurement of the production cross section s(pp ! Z) · BR(Z ! 4`)
and branching fraction BR(Z ! 4`). Here and throughout the note, ` stands for an electron
or muon. Previously, all four LEP collaborations reported observations of four-fermion ( f )
production e+e� ! 4 f , which includes e+e� ! Z ! 4 f (e.g., Refs. [1–4]). However, the obser-
vation of Z ! 4` decays in pp collisions is of special interest. The clean resonant peak in the
four-lepton invariant mass distribution at m4` = mZ can be used as a standard candle for direct
calibration of the four-lepton mass scale, the four-lepton mass resolution, and the overall four-
lepton reconstruction efficiency in phase space similar to the Higgs boson four-lepton decays,
H ! ZZ ! 4`. The pp ! Z ! 4` process and its implications for the H ! ZZ ! 4` search at
the Large Hadron Collider (LHC) were first studied in Ref. [5].

The results presented are based on the data collected in 2010 and 2011 by the CMS detector at
the LHC in pp collisions at

p
s = 7 TeV. The dataset used in the analysis corresponds to the

total integrated luminosity of 4.7 fb�1.

2 Signal Definition
The leading order (LO) Feynman diagram for the production and decay, qq̄ ! Z ! 4`, is
presented in Fig. 1 (left). This process is sometimes referred to as single-resonant four-lepton
production.

We define signal events as those with four leptons, e+e�e+e� (4e), µ+µ�µ+µ� (4µ), e+e�µ+µ�

(2e2µ), with four-lepton invariant mass is 80 < m4` < 100 GeV and di-lepton masses for all
six possible pairings of leptons satisfying m`` > 4 GeV. The reason for this di-lepton mass
requirement stems from the fact that the Z ! 4` amplitude becomes divergent as m2

g⇤ tends
to zero. Lepton masses provide a natural cut-off: however, events with such a low cut-off are
very difficult to reconstruct experimentally. The branching fraction we report is for events in
the m4` and m`` phase space specified above.

Another noteworthy feature of Z ! 4` is that the proportions fi between the 4e, 4µ, and 2e2µ
decay rates are not 0.25:0.25:0.50 as one might expect. This is related to the fact that decays
to four leptons of the same flavor allow for additional Feynman diagrams with permutations

Figure 1: (Left) Z ! 4` diagram (“signal”). (Right) Zg⇤ ! 4` diagram for the irreducible
“background” of Z ! 2` production with the initial state radiation undergoing an internal
conversion g⇤ ! 2`. Technically, both Z and g⇤ are present in all propagators. The choice of
propagators shown in the figures corresponds to dominant contributions in the phase space
80 < m4` < 100 GeV.

Signal Background
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at m4` = mZ is an order of magnitude larger than the expected number of events for the SM
Higgs boson with a mass mH anywhere in the remaining allowed range of 117.5–118.5 and
122.5–127.5 GeV [14, 15]. Therefore, the Z ! 4` peak can be used for a direct calibration of the
four-lepton mass scale, the four-lepton mass resolution, and the overall four-lepton reconstruc-
tion efficiency in a similar phase space to the Higgs boson four-lepton decays. Such a direct
calibration using the Z ! 4` peak will be complementary to the currently employed indirect
method of tag-and-probe making use of Z ! 2` events, with the benefits that Z ! 4` has:
similar kinematics, a final state with 4` and the same proportion between electrons and muons.

Figure 3 (right) shows the fit of the four-lepton mass distribution for the observed events. The
background shape is taken from pp ! ZZ ! 4` simulation, with the overall normalization
floating in the fit (differences in shape between the reducible and irreducible backgrounds are
ignored due to the small contribution of the former). The signal is a convolution of the Breit-
Wigner and Crystal Ball functions. The central value and width of the Breit-Wigner function
are fixed at the Z boson mass mZ and width GZ [7]. The Crystal Ball parameters are free in the
fit.

One can see that the offset of the peak is 0.4±0.5 GeV, or, in relative units, 0.4±0.5%. These
numbers can be used to constrain the possible systematic errors of the four-lepton mass scale.
With the current data, we can state that the average four-lepton mass scale does not show any
significant bias within the 0.5% statistical uncertainty.

The Crystal Ball width (sigma of the Gaussian core) returned by the fit is 1.3±0.6 GeV. This
is consistent with the MC-based expectations of 1% for 4µ and 1.4% for 2e2µ in this low mass
range. There are only two 4e events, therefore their mass resolution cannot be yet constrained
with the current luminosity. With the current data, we can measure the average four-lepton
mass resolution with about 0.6/1.3 = 46% statistical uncertainty.

Figure 3: (Left) Four lepton mass distribution in simulation for pp ! 4`, without the Higgs
boson, and pp ! H ! ZZ ! 4` for a Higgs boson mass mH = 120 GeV stacked on top. The
Higgs boson signal is scaled up by a factor of 10. (Right) Four-lepton mass distribution. Data
are shown by points. The three final states, 4e, 4µ, and 2e2µ, are added together. The solid line
represents a simultaneous fit for the background and Z boson peak (see text for details).
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16 E Z ! 4` Kinematic Properties
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Figure 6: Kinematic distributions of the four-lepton events with the invariant mass 80 < m4` <
100 GeV: (a) the largest di-lepton mass mmax

`` ; (b) the smallest di-lepton mass mmin
`` ; (c) the min-

imum tri-lepton invariant mass mmin
3` ; (d) the largest momentum pmax among four leptons in

the four-lepton rest frame; (e) the four-lepton transverse momentum PT in the lab frame. (f)
cos q, where q is the angle between the momentum of the di-lepton pair with a minimum mass
and the nearest lepton from the two remaining (the angle is measured in the four-lepton rest
frame). The data are shown with points, and the expected distributions for Z ! 4` are shown
with open histograms normalized to data.
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