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A profound understanding of Diboson Production is important

• Irreducible background to important processes
‣ e.g. Higgs production

• Gauge boson self-couplings
‣ fundamental prediction of non-abelian SU(2)xU(1) gauge symmetry
‣ precision test of Standard Model and validity at high energies
‣ not yet well measured

• Sensitive to new physics
‣ SUSY (extended Higgs sectors H±, 𝜒±̃𝜒0̃ production)
‣ extra vector bosons (W’)
‣ (technicolor?)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
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Outline
Present latest ATLAS Diboson Results

W(→lν)γ
Z(→ll)γ

WW→lνlν
WZ→lνll
ZZ→llll

ZZ→llνν
ZZ→llll

1) Cross Section Measurements
2) Anomalous Gauge Coupling Limits
3) Unfolded Distributions (where available)

... then more specifically
• which corrections are taken into 
account as systematic uncertainties?
• where to expect strong electroweak 
corrections and how to address them?

7 TeV, 1 fb-1

7TeV, 5 fb-1

8TeV, 6 fb-1

SM Electroweak ATLAS Public Results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults%23Electroweak
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults%23Electroweak


Diboson analyses tend to measure fiducial and total cross sections

Define fiducial phase space cuts
• as close as possible to analysis cuts
• using final state “truth” objects
• using ”dressed” leptons with photons within ΔR = 0.1
• using jets reconstructed with anti-kT (ΔR = 0.4) algorithm
• to reduce extrapolation to phase space regions with large theoretical uncertainties
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Cross Section Measurements - Methodology
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!  Missing transverse energy, ET
miss 

!  Modeled with reconstructed jets, leptons, and calo clusters, |η|<4.5 
!  Some analyses (WW, ZZ"ll��) use ET

miss relative to a particle’s direction 

Michael Kagan CIPANP 2012 5 
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!  Missing transverse energy, ET
miss 

!  Modeled with reconstructed jets, leptons, and calo clusters, |η|<4.5 
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Common Selection

mT =
q
2pTEmiss

T (1� cos��)

Leptons
• pT > 7-25 GeV, |η| < 2.5
• calorimeter and track isolation
• single lepton trigger, matching

Photons
• pT > 15 GeV, |η| < 2.37
• calorimeter isolation

Missing Transverse Energy
• built from leptons, jets, calo clusters
• |η| < 4.5
• can use axial or relative ETmiss

Z→l+l- Candidate
• 2 SF, OS isolated leptons
• mass window 10-25 GeV of PDG

W→l±ν Candidate
• 1 isolated lepton
• ETmiss > 25-45 GeV
• mT > 20-40 GeV
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Common Backgrounds
W/Z+jets (dominant)

• 1 or 2 prompt, isolated leptons
• real or fake missing energy
• jets can produce a fake or real lepton/photon
• primarily data-driven estimates 
‣ measure probability of jet producing lepton/photon

Top
• 2 prompt, isolated leptons
• real missing energy
• large number of jets/b-jets 
‣ can produce a fake or real lepton

• remove by applying cuts on e.g. 
‣ impact parameter d0
‣ Njets
‣ mll (no real Z boson!)

Other diboson
• estimated mostly from MC simulation
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Figure 5: Jet multiplicity distribution for events passing the full W+W� selection except the b jet-veto require-
ments. Jets must have pT > 25 GeV and |h | < 4.5. The dominant systematic uncertainties are indicated by the
shaded band. The points represent the data and the stacked histograms are the MC predictions.

Selections ee+Emiss
T µµ +Emiss

T eµ +Emiss
T

2 leptons (SS+OS) 1049296 1823285 21549
2 leptons (OS) 1043310 1822980 20677
leading lepton pT > 25GeV 1025363 1773911 15618
trigger matching 1024912 1763886 15579
m``(0) >15/15/10 GeV 1021200 1753923 15563
Z mass veto 95889 178777 15563
Emiss

T, Rel cut 1303 1784 6653
Jet veto (No. of jet=0) 254 357 1265
b-jet veto 229 325 1176
sub-leading lepton pT > 20 GeV 196 287 1041

Table 1: Event selection cut flow for 4.70 fb�1 of data collected in 2011 at 7 TeV in the three dilepton
channels. SS denotes same-sign and OS denotes opposite-sign lepton charges.

Table 2 shows the number of MC W+W� events passing each selection cut for the three dilepton
channels. The MC events shown in the table are normalised to 4.70 fb�1 using the SM W+W� production
cross sections with qq̄0 and gg initial states.

In addition to corrections for lepton identification efficiencies in MC, a MC acceptance correction is
also applied to account for the difference in the jet-veto efficiency between data and MC. Signal events
may fail the jet-veto requirement due to higher order corrections involving energetic partons in the final
state. The simulation may not predict this rate accurately, because the theoretical predictions of this
rate involve significant uncertainties, or because the jet-energy scale and resolution in data and in the
simulation are not the same. In order to minimise the systematic uncertainty due to these two effects, we
use data and MC control samples of Z ! `+`� to determine the jet-veto efficiency correction factor to the
W+W� selection [29]: edata

WW = eMC
WW ⇥ fZ, with fZ = edata

Z /eMC
Z = 0.953±0.048 (syst). The two efficiency

numbers, edata
Z and eMC

Z , are the fraction of the preselected events inside the Z mass window with zero
jets found in data and MC, respectively. The main contributions to the given systematic uncertainty are
due to uncertainties of the jet veto efficiencies calculated using different MC generators.

The overall event selection acceptances for signal events are 2.6% for enen , 4.0% for µnµn , and
9.0% for enµn events. The contributions from W+W� ! t±n`⌥n ! `0±`⌥+nn are less than 8% of the
final selected W+W� signal events in all three dilepton channels.
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Selection
• W or Z candidate with mT or mll > 40 GeV
• isolated photon, ET > 15 GeV, ΔR(l,γ) > 0.7
• inclusive and exclusive (jet veto pT > 30 GeV)

Main Backgrounds
• W/Z+jets (jet faking photon or lepton) → data-driven (DD)

→ inclusive need NLO W/Zγ + multiple parton emission 
→ exclusive good agreement
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FIG. 1. Distributions of the photon transverse energy for the combined electron and muon decay channels in (a) W� candidate
events and (b) Z� candidate events, with no requirements on the recoil system. The selection criteria are defined in Section IV.
The distributions for the expected signals are taken from the MC simulation and normalised to the extracted number of signal
events shown in Table I and Table II. The ratio between the number of candidates observed in the data and the number of
expected candidates from the signal MC simulation and from the background processes is also shown.

measurements are performed in the fiducial region, de-
fined at the particle level using the objects and event
kinematic selection criteria described in Section IV, and
then extrapolated to an extended fiducial region (as de-
fined in Table III) common to the electron and muon
final states. Particle level is the simulation stage where
stable particles, with lifetimes exceeding 10 ps, are pro-
duced from the hard scattering or after hadronization,
but before interacting with the detector. The extrapola-
tion is performed to correct for the signal acceptance loss
in the calorimeter transition region (1.37 < |⌘| < 1.52)
for electrons and photons, for the loss in the high ⌘ region
(2.4 < |⌘| < 2.47) for muons, for the loss due to the Z-
veto requirement in the W� electron channel, and for the
loss due to the transverse mass selection criteria in the
W� analysis. Jets at the particle level are reconstructed
in MC-generated events by applying the anti-k

t

jet re-
construction algorithm with a radius parameter R= 0.4
to all final state stable particles. To account for the e↵ect
of final state QED radiation, the energy of the generated
lepton at the particle level is defined as the energy of
the lepton after radiation plus the energy of all radiated
photons within �R < 0.1 around the lepton direction.
Isolated photons with ✏p

h

< 0.5 are considered as signal,
where ✏p

h

is defined at particle level as the ratio between
the sum of the energies carried by final state particles in
a cone �R < 0.4 around the photon direction and the
energy carried by the photon.

The measurements of cross sections for the processes
pp ! l⌫� +X and pp ! l+l�� +X are expressed as

�ext�fid

pp!l⌫�(l

+
l

�
�)

=
N sig

W�(Z�)

A
W�(Z�)

· C
W�(Z�)

· L (1)

Cuts pp ! l⌫� pp ! l+l��
Lepton pl

T

> 25 GeV pl
T

> 25 GeV
p⌫
T

> 25 GeV
|⌘

l

| < 2.47 |⌘
l

| < 2.47
Boson m

l

+
l

� > 40 GeV
Photon Low E�

T

: E�

T

> 15 GeV
Medium E�

T

: E�

T

> 60 GeV
High E�

T

: E�

T

> 100 GeV
|⌘� | < 2.37, �R(l, �) > 0.7

photon isolation fraction ✏p
h

< 0.5
Jet Ejet

T

> 30 GeV, |⌘jet| < 4.4
�R(e/µ/�, jet) > 0.6

Inclusive : N jet � 0, Exclusive : N jet = 0

TABLE III. Definition of the extended fiducial region where
the cross sections are evaluated; p⌫

T

is the transverse momen-
tum of the neutrino from W decays.

where

• N sig

W�

and N sig

Z�

denote the numbers of background-
subtracted signal events passing the selection cri-
teria of the analyses in the W� and Z� channels.
These numbers are listed in Table I and Table II.

• L denotes the integrated luminosities for the chan-
nels of interest (1.02 fb�1).

• C
W�

and C
Z�

denote the ratios of the number of
generated events which pass the final selection re-
quirements after reconstruction to the number of
generated events at particle level found within the
fiducial region [26].

• A
W�

and A
Z�

denote the acceptances, defined at
particle level as the ratio of the number of gener-
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W(→lν)γ and Z(→ll)γ
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FIG. 3. The measured cross section for (a) W� production, (b) Z� production as a function of the photon transverse energy,
in the extended fiducial region as defined in Table III, together with the SM model prediction. The lower plots show the ratio
between the data and the prediction of the MCFM generator.

Measured Measured Expected
⇤ 2 TeV 1 1

�
�

(-0.36,0.41) (-0.33,0.37) (-0.33,0.36)
�
�

(-0.079,0.074) (-0.060,0.060) (-0.063,0.055)
⇤ 1.5 TeV 1 1
h�

3

(-0.074,0.071) (-0.028,0.027) (-0.027,0.027)
hZ

3

(-0.051,0.068) (-0.022,0.026) (-0.022,0.025)
h�

4

(-0.0028,0.0027) (-0.00021,0.00021) (-0.00021,0.00021)
hZ

4

(-0.0024,0.0023) (-0.00022,0.00021) (-0.00022,0.00021)

TABLE VII. The measured and expected 95% CL intervals on
the charged (�

�

, �
�

) and neutral (h�

3

, hZ

3

, h�

4

, hZ

4

) anoma-
lous couplings. The results obtained using di↵erent ⇤ values
are shown. The two numbers in each parentheses denote the
95% CL interval.

Z� production with E�

T

> 60 GeV are used to extract
aTGC limits. The cross-section predictions with aTGCs
(�aTGC

W�

and �aTGC

Z�

) are obtained from the mcfm gener-
ator. The number of expected W� events in the exclu-
sive extended fiducial region (NaTGC

W�

(�
�

,�
�

)) for given

aTGCs are obtained as NaTGC

W�

(�
�

,�
�

) = �aTGC

W�

⇥
C

W�

⇥A
W�

⇥S
W�

⇥L. For the Z� case, NaTGC

Z�

(h�

3

, h�

4

)

or NaTGC

Z�

(hZ

3

, hZ

4

) are obtained in a similar way. The
anomalous couplings influence the kinematic properties
of W� and Z� events and thus the corrections for event
reconstruction (C

W�

and C
Z�

). The maximum varia-
tions of C

W�

and C
Z�

within the measured aTGC limits

are quoted as additional systematic uncertainties. The
limits on a given aTGC parameter (e.g. hV

i

) are ex-
tracted from the Bayesian posterior, given the extended
fiducial measurements. The Bayesian posterior probabil-
ity density function is obtained by integrating over the
nuisance parameters corresponding to all systematic un-
certainties and assuming a flat Bayesian prior in hV

i

. This
calculation has been done for multiple values of the scale
parameter ⇤ in order to be able to compare these results
with those from LEP [6], Tevatron [1–3] and CMS [5].
The limits are defined as the values of aTGC parame-
ters which demarcate the central 95% of the integral of
the likelihood distribution. The resulting allowed ranges
for the anomalous couplings are shown in Table VII for
WW� and ZV �. The results are also shown in Figure 4,
along with the LEP, Tevatron and CMS measurements.

X. SUMMARY

The production of W� and Z� boson pairs in 7 TeV
pp collisions has been studied using 1.02 fb�1 of data
collected with the ATLAS detector. The measurements
have been made using the pp ! l±⌫� + X and pp !
l+l�� + X final states, where the charged lepton is an
electron or muon and the photons are required to be
isolated. The results are compared to SM predictions
using a NLO parton-level generator. The NLO SM pre-
dictions for the exclusive W� and Z� production cross
sections agree well with the data for events with both
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nuisance parameters corresponding to all systematic un-
certainties and assuming a flat Bayesian prior in hV

i

. This
calculation has been done for multiple values of the scale
parameter ⇤ in order to be able to compare these results
with those from LEP [6], Tevatron [1–3] and CMS [5].
The limits are defined as the values of aTGC parame-
ters which demarcate the central 95% of the integral of
the likelihood distribution. The resulting allowed ranges
for the anomalous couplings are shown in Table VII for
WW� and ZV �. The results are also shown in Figure 4,
along with the LEP, Tevatron and CMS measurements.

X. SUMMARY

The production of W� and Z� boson pairs in 7 TeV
pp collisions has been studied using 1.02 fb�1 of data
collected with the ATLAS detector. The measurements
have been made using the pp ! l±⌫� + X and pp !
l+l�� + X final states, where the charged lepton is an
electron or muon and the photons are required to be
isolated. The results are compared to SM predictions
using a NLO parton-level generator. The NLO SM pre-
dictions for the exclusive W� and Z� production cross
sections agree well with the data for events with both

arXiv:1205.2531 [hep-ex]
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FIG. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W� candidate events
with E�

T

> 15 GeV, (b) W� candidate events with E�

T

> 60 GeV, (c) W� candidate events with E�

T

> 100 GeV, (d) Z�
candidate events with E�

T

> 15 GeV, and (e) Z� candidate events with E�

T

> 60 GeV. The selection criteria are defined in
Section IV. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted
number of signal events as shown in Table I and Table II. The ratio between the number of candidates observed in the data
and the number of expected candidates from the signal MC simulation and from the background processes is also shown.
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Selection
• exactly 2 OS isolated leptons, pT > 20,25 GeV (l1, l2)
• Z veto |mll-mZ| > 15 GeV (ee/μμ only)
• mll > 15,10 GeV (ee/μμ, eμ)
• ET,Relmiss > 50, 55, 25 GeV (ee, μμ, eμ)
• Jet veto pT > 25 GeV, |η| < 4.5
• b-jet veto pT > 20 GeV,

Main Backgrounds
• Z+jets → MC (shape), DD (SF)
• top → DD

σfid varies per channel, as different cuts

→ systematically dominated 
‣ 6.7% from signal acceptance
‣ 5.1% from background estimation
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1 Introduction72

The precise measurement of W+W� production is an important milestone in the ATLAS physics program,73

both to compare observation with the Standard Model (SM) expectation and thus constrain possible74

exotic contributions and to provide a detailed understanding of this process in searches for phenomena75

to which W+W� production is a background. The leading-order Feynman diagrams for the dominant76

W+W� production mechanism at the LHC are shown in Figure 1 and are characterised by a quark-77

antiquark initial state.78

Figure 1: The Standard Model tree-level Feynman diagrams for W+W� production through the qq̄ initial
state in hadron colliders. The s-channel diagram, on the right, contains the WWZ and WW� trilinear
gauge boson coupling (TGC) vertices.

Another non-negligible mechanism of W+W� production at the LHC is gluon-gluon fusion. The79

corresponding Feynman diagrams are shown in Figure 2. This process contributes ⇠ 3% event rate to the80

total W+W� production at
p

s = 7 TeV.

Figure 2: The Standard Model Feynman diagrams for W+W� production through gluon-gluon fusion in
hadron colliders. Note that the Z-exchange triangle diagrams cancel when summed over ‘massless’ up-
and down-type contributions.

81

W+W� events from SM Higgs production via the gluon-gluon fusion process, gg ! H + X !82

WW +X, are not included in our signal simulation and would contribute an additional ⇡5% to the overall83

event rate (for an assumed Higgs mass of 130 GeV). We do not optimise our event selection for specific84

SM Higgs searches with di↵erent mass ranges. We take the more generic approach to measure the W+W�85

event rate and to extract the total W+W� production cross-section from data.86

W+W� production through vector-boson fusion/scattering has also not been included in the signal87

simulation since the production cross-section is another order of magnitude smaller compared to the88

gluon-gluon fusion production mechanism (0.85 fb for a very heavy Higgs, or 1.33 fb for a Higgs mass89

of 120 GeV, and for one lepton decay flavor) [1, 2, 3]. It should be also noted, that quartic couplings, i.e.90

WW ! WW, ZZ ! WW, Z� ! WW and �� ! WW are part of the SM and contribute not significantly91

to the final cross-section.92
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1 Introduction72

The precise measurement of W+W� production is an important milestone in the ATLAS physics program,73

both to compare observation with the Standard Model (SM) expectation and thus constrain possible74

exotic contributions and to provide a detailed understanding of this process in searches for phenomena75

to which W+W� production is a background. The leading-order Feynman diagrams for the dominant76

W+W� production mechanism at the LHC are shown in Figure 1 and are characterised by a quark-77

antiquark initial state.78

Figure 1: The Standard Model tree-level Feynman diagrams for W+W� production through the qq̄ initial
state in hadron colliders. The s-channel diagram, on the right, contains the WWZ and WW� trilinear
gauge boson coupling (TGC) vertices.

Another non-negligible mechanism of W+W� production at the LHC is gluon-gluon fusion. The79

corresponding Feynman diagrams are shown in Figure 2. This process contributes ⇠ 3% event rate to the80

total W+W� production at
p

s = 7 TeV.

Figure 2: The Standard Model Feynman diagrams for W+W� production through gluon-gluon fusion in
hadron colliders. Note that the Z-exchange triangle diagrams cancel when summed over ‘massless’ up-
and down-type contributions.

81

W+W� events from SM Higgs production via the gluon-gluon fusion process, gg ! H + X !82

WW +X, are not included in our signal simulation and would contribute an additional ⇡5% to the overall83

event rate (for an assumed Higgs mass of 130 GeV). We do not optimise our event selection for specific84

SM Higgs searches with di↵erent mass ranges. We take the more generic approach to measure the W+W�85

event rate and to extract the total W+W� production cross-section from data.86

W+W� production through vector-boson fusion/scattering has also not been included in the signal87

simulation since the production cross-section is another order of magnitude smaller compared to the88

gluon-gluon fusion production mechanism (0.85 fb for a very heavy Higgs, or 1.33 fb for a Higgs mass89

of 120 GeV, and for one lepton decay flavor) [1, 2, 3]. It should be also noted, that quartic couplings, i.e.90

WW ! WW, ZZ ! WW, Z� ! WW and �� ! WW are part of the SM and contribute not significantly91

to the final cross-section.92

(MCFM)

5 fb-1 ATLAS-CONF-2012-025

includes: gg (≃3%)
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Figure 5: Jet multiplicity distribution for events passing the full W+W� selection except the b jet-veto require-
ments. Jets must have pT > 25 GeV and |h | < 4.5. The dominant systematic uncertainties are indicated by the
shaded band. The points represent the data and the stacked histograms are the MC predictions.

Selections ee+Emiss
T µµ +Emiss

T eµ +Emiss
T

2 leptons (SS+OS) 1049296 1823285 21549
2 leptons (OS) 1043310 1822980 20677
leading lepton pT > 25GeV 1025363 1773911 15618
trigger matching 1024912 1763886 15579
m``(0) >15/15/10 GeV 1021200 1753923 15563
Z mass veto 95889 178777 15563
Emiss

T, Rel cut 1303 1784 6653
Jet veto (No. of jet=0) 254 357 1265
b-jet veto 229 325 1176
sub-leading lepton pT > 20 GeV 196 287 1041

Table 1: Event selection cut flow for 4.70 fb�1 of data collected in 2011 at 7 TeV in the three dilepton
channels. SS denotes same-sign and OS denotes opposite-sign lepton charges.

Table 2 shows the number of MC W+W� events passing each selection cut for the three dilepton
channels. The MC events shown in the table are normalised to 4.70 fb�1 using the SM W+W� production
cross sections with qq̄0 and gg initial states.

In addition to corrections for lepton identification efficiencies in MC, a MC acceptance correction is
also applied to account for the difference in the jet-veto efficiency between data and MC. Signal events
may fail the jet-veto requirement due to higher order corrections involving energetic partons in the final
state. The simulation may not predict this rate accurately, because the theoretical predictions of this
rate involve significant uncertainties, or because the jet-energy scale and resolution in data and in the
simulation are not the same. In order to minimise the systematic uncertainty due to these two effects, we
use data and MC control samples of Z ! `+`� to determine the jet-veto efficiency correction factor to the
W+W� selection [29]: edata

WW = eMC
WW ⇥ fZ, with fZ = edata

Z /eMC
Z = 0.953±0.048 (syst). The two efficiency

numbers, edata
Z and eMC

Z , are the fraction of the preselected events inside the Z mass window with zero
jets found in data and MC, respectively. The main contributions to the given systematic uncertainty are
due to uncertainties of the jet veto efficiencies calculated using different MC generators.

The overall event selection acceptances for signal events are 2.6% for enen , 4.0% for µnµn , and
9.0% for enµn events. The contributions from W+W� ! t±n`⌥n ! `0±`⌥+nn are less than 8% of the
final selected W+W� signal events in all three dilepton channels.

8

�NLO
WW = 45.1± 2.8 pb

�tot

WW

= 53.4± 2.1 (stat)± 4.5 (syst)± 2.1 (lumi) pb

1524 
candidates

https://cdsweb.cern.ch/record/1430734
https://cdsweb.cern.ch/record/1430734


Selection
• ≥ 3 isolated leptons, pT > 15 GeV
• Z candidate |mll-mZ| < 10 GeV
• ETmiss > 25 GeV
• W candidate mT > 20 GeV

Main Backgrounds
• Z+jets → DD
• ZZ → MC
• top → MC (shape), DD (SF)

→ still statistically dominated
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WZ → lνll
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no gg at lowerO

defined within
66<mZ/γ*<116 GeV

(MCFM)

5 fb-1

317 candidates
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Selection
• exactly 4 isolated leptons, pT > 7 GeV
• leading lepton pT > 20,25 GeV (μ,e)
• muons up to |η| < 2.7
• two Z candidates with 66 < mll < 116 GeV
‣ pairing ambiguity solved by minimising ∑|mll-mZ|

Main Backgrounds
• W/Z+jets, WW/WZ, top → DD
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ZZ → llll

1 Introduction

The production of pairs of Z bosons at the Large Hadron Collider (LHC) is of great interest since it
provides an excellent opportunity to test the predictions of the electroweak sector of the Standard Model
at the TeV energy scale. In addition, it is the irreducible background to the search for the Higgs boson in
the H ! ZZ decay channel [1].

In the Standard Model, ZZ production proceeds via quark-antiquark t-channel annihilation, with a
small contribution from gluon fusion, calculated using MCFM [2] to be 6.5% in pp collisions at 8 TeV.
Figure 1 shows the leading-order Feynman diagrams for ZZ production from qq̄ initial states. The ZZZ
and ZZ� neutral triple gauge boson couplings (nTGCs) are zero in the Standard Model, hence there is
no contribution from s-channel qq̄ annihilation at tree level. At the one-loop level the contribution is
O(10�4) [3]. Many models of physics beyond the Standard Model predict values of nTGCs at the level
of 10�4 to 10�3 [4]. The signature of non-zero nTGCs is an increase of the ZZ cross section at high ZZ
invariant mass and high transverse momentum [5].

Figure 1: Tree-level Feynman diagrams for ZZ production through the qq̄ initial state in hadron colliders.
The s-channel diagram, on the right, contains the ZZZ (ZZ�) neutral triple gauge boson coupling vertex,
which is zero in the Standard Model.

Recently, ATLAS [6–8] and CMS [9] have measured the ZZ production cross section in proton-
proton collisions at

p
s = 7 TeV. ZZ production has also been studied in e+e� collisions at LEP [10–14]

and in proton-antiproton collisions at the Tevatron [15, 16]. No deviation of the measured cross section
from the Standard Model expectation has been observed, allowing limits on non-zero (anomalous) nT-
GCs to be set. The production cross section at the LHC for a centre-of-mass energy of 8 TeV is predicted
to be about 5.5 times larger than at the Tevatron, and about 1.2 times larger than in 7 TeV collisions at
the LHC.

In this note we present the first measurement of the cross section for ZZ production (throughout this
note Z should be taken to mean Z/�⇤) in proton-proton collisions at a centre-of-mass energy of 8 TeV.
The measurement uses a data sample corresponding to an integrated luminosity of 5.8 fb�1 collected by
the ATLAS detector at the LHC during 2012. The cross section for ZZ production, requiring both Z
bosons to have mass between 66 GeV and 116 GeV, calculated at next-to-leading order in QCD (NLO)
using MCFM [2] with the CT10 [17] NLO parton density function (PDF) set, is found to be 7.4± 0.4 pb.
The error includes uncertainties due to the choice of PDF, evaluated by determining the variation with
the 52 CT10 error sets and adding in quadrature the di↵erence between the central value calculated using
MSTW2008 [18] with that calculated using CT10, and uncertainties from the choice of factorization and
renormalization scales, evaluated by moving each scale up and down by a factor of two from their default
value of mZ . Candidate ZZ events are reconstructed in the ZZ ! `+`�`0+`0� decay channel, where ` can
be an electron or a muon. Although this channel constitutes only 0.45% of the total ZZ cross section,
the experimental signature of four high transverse-momentum isolated leptons is very distinctive and
benefits from extremely small backgrounds, with precisely known branching fractions [19].
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1 Introduction18

The production of pairs of Z bosons at the Large Hadron Collider (LHC) provides an excellent oppor-19

tunity to test the predictions of the electroweak sector of the Standard Model (SM) at the TeV energy20

scale. Deviations from SM expectations on the total or di↵erential ZZ production cross section will be a21

sign of non-SM contributions or of the production of new resonances decaying to Z bosons; notably, the22

Higgs boson in the H ! ZZ(⇤) decay channel [1], where Z⇤ denotes a Z boson which can be significantly23

o↵-shell.24

In the Standard Model, non-resonant ZZ production proceeds at leading order (LO) via t� and25

u�channel quark-antiquark interactions, and about 6% of the production proceeds via gluon fusion. The26

ZZZ and ZZ� neutral triple gauge boson couplings (nTGCs) are absent in the Standard Model, hence27

there is no contribution from s-channel qq̄ annihilation at tree level. These di↵erent production pro-28

cesses are shown in Figure 1. At the one-loop level, fermion triangles generate nTGCs of O(10�4) [2].Quark and Gluon Diboson Production Diagrams

q̄

q

Z

Z

q̄

q

Z
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q
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g Z

g Z

g Z

g Z

g Z

g Z

Figure 1: The Feynman diagrams for ZZ production through the qq̄ and gg initial state in hadron colliders.
The s-channel diagram, on the right, contains the ZZZ and ZZ� neutral TGC verticies which do not exist
in the SM.

29

Many models of physics beyond the Standard Model predict values of nTGCs at the level of 10�4 to30

10�3 [3]. The primary signatures of non-zero nTGCs are an increase of the ZZ cross section at high ZZ31

invariant mass and high transverse momentum of the Z bosons [4]. ZZ production has been studied in32

e+e� collisions at LEP [5, 6, 7, 8, 9], in pp collisions at the Tevatron [10, 11, 12, 13] and recently in pp33

collisions at the LHC [14]. No deviation of the measured total cross section from the SM expectation34

has been observed, and limits on anomalous nTGCs have been set [9, 10, 14]. In searching for the SM35

Higgs boson, the ATLAS and CMS collaborations observed recently a neutral boson resonance with a36

mass of 126 GeV [15, 16]. Searches for high-mass non-SM ZZ(⇤) resonances have not resulted in any37

excess from the SM expectations [17].38

This paper presents a measurement of ZZ(⇤) 1 production in proton-proton collisions at a centre-of-39

mass energy
p

s = 7 TeV using the full 4.64 fb�1 of integrated luminosity collected at this energy. ZZ(⇤)
40

events are selected in three channels 2: ZZ ! `+`�`0+`0�, ZZ⇤ ! `+`�`0+`0�, and ZZ ! `+`�⌫⌫̄. The41

1Throughout this paper Z should be taken to mean Z/�⇤ when referring to decays to charged leptons, and just Z when
referring to decays to neutrinos.

2` should be taken to represent either electrons or muons. ` and `0 are used to denote leptons from a di↵erent Z parent, but

gg≃6%

→ updating soon with 
enlarged acceptance

5 fb-1

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)±
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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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62 candidates

ATLAS-CONF-2012-026

(MCFM)�NLO
ZZ = 6.5+0.3

�0.2 pb

�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

https://cdsweb.cern.ch/record/1430735?ln=en
https://cdsweb.cern.ch/record/1430735?ln=en
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(a) Invariant mass of the lepton pair after all selection
requirements.
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(b) Transverse momentum of the lepton pair after all
selection requirements.
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(c) Pseudorapidity of the lepton pair after all selection
requirements.
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(d) Number of jets after all selection requirements, ex-
cept for the jet veto.

 [GeV]miss
TE

0 20 40 60 80 100 120 140

Ev
en

ts
 / 

5G
eV

-110
1

10

210

310

410

510

610

710

810

910
ATLAS Preliminary
∫ -1Ldt = 4.7 fb

 = 7 TeVs

Data
ννll→ZZ

Z+X
W+X

*γ/WγW
Top

WZ
WW

llll→ZZ

(e) Missing transverse momentum after all selection
requirements, except for the axial-Emiss

T cut.
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(f) Axial-Emiss
T after all selection requirements, except

for the axial-Emiss
T cut.

Figure 3: Kinematic distributions for ZZ candidates summed over both channels. The points represent the ob-
served data and the histograms show the predictions from Monte Carlo for the di↵erent contributions.
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Selection
• exactly 2 isolated leptons, pT > 20 GeV
• Z candidate |mll-mZ| < 15 GeV
• axial ETmiss > 80 GeV
• |ETmiss - pTll| / pTll < 0.6
• ΔR(l,l) > 0.3
• jet veto pT > 25 GeV

Main Backgrounds
• WZ → MC
• top, Z→ττ, WW → DD
• Z+jets → DD

Final State e+e�⌫⌫̄ µ+µ�⌫⌫̄ `+`�⌫⌫̄

Observed 33 45 78

Expected ZZ 19.3 ± 0.5 ± 1.2 23.0 ± 0.6 ± 0.9 42.3 ± 0.8 ± 1.8

Background estimations:
W±Z (MC) 9.4 ± 0.5 ± 1.5 13.3 ± 0.6 ± 2.1 22.7 ± 0.8 ± 3.5
W±+� (MC) 0.20 ± 0.10 ± 0.01 0.09 ± 0.06 ± 0.01 0.29 ± 0.12 ± 0.01
tt̄, W±t, W+W� and Z ! ⌧⌧ (data-driven) 6.5 ± 1.8 ± 0.3 8.2 ± 2.3 ± 0.3 14.7 ± 4.1 ± 0.6
Z+jets (data-driven) 0.8 ± 0.4 ± 0.4 0.9 ± 0.3 ± 0.4 1.7 ± 0.5 ± 0.8
W±+jets (data-driven) 1.1 ± 0.4 ± 0.3 0.2 ± 0.1 ± 0.1 1.3 ± 0.4 ± 0.3
Total Background 18.0 ± 2.0 ± 1.6 22.7 ± 2.4 ± 2.1 40.7 ± 4.3 ± 3.7

Table 2: Summary of observed events, total background contributions and expected signal in the individ-
ual and combined channels. The first error is statistical while the second is systematic. The uncertainty
on the luminosity is not included.
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Figure 4: Transverse mass of the ZZ pair. The histograms show the predictions from Monte Carlo for
the di↵erent contributions.
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 [pb]ZZσ
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Figure 5: Comparison of total cross sections measured by the ZZ ! `+`�`+`� [34] and ZZ ! `+`�⌫⌫̄
analyses with the theory prediction (yellow band).
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ZZ → llνν
gain in BR but 

more background 
than llll

5 fb-1

(MCFM) �NLO
ZZ = 6.5+0.3

�0.2 pb

78 candidates

ATLAS-CONF-2012-027

�fid
ZZ = 12.2+3.0

�2.8 (stat)± 1.9 (syst)± 0.5 (lumi) fb

�tot

ZZ

= 5.4+1.3
�1.2 (stat)+1.4

�1.0 (syst)± 0.2 (lumi) pb

https://cdsweb.cern.ch/record/1430736?ln=en
https://cdsweb.cern.ch/record/1430736?ln=en


expectation of 1.3±1.2(stat.)±0.5(syst.). The Standard Model expectation for the number of signal events
is 70.5±1.7. The fiducial and total ZZ production cross sections are determined to be:

�fid
ZZ!`+`�`0+`0� = 21.0+2.4

�2.2(stat.)+0.6
�0.5(syst.) ± 0.8(lumi.) fb

�tot
ZZ = 9.3+1.1

�1.0(stat.)+0.4
�0.3(syst.) ± 0.3(lumi.) pb,

where the fiducial cross section is defined with both Z bosons with mass between 66 GeV and 116 GeV,
all four leptons with pT > 15 GeV and |⌘| < 2.5 and no pair of leptons with �R < 0.2, while the
total cross section is defined with both Z bosons with mass between 66 GeV and 116 GeV. The result is
consistent with the NLO Standard Model total cross section for this process of 7.4 ± 0.4 pb.

Figure 4 shows measurements of the total ZZ production cross section as a function of centre-of-mass
energy, showing results from ATLAS and from the CDF [15] and D0 [16] experiments at the Tevatron,
as well as the theoretical predictions.
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Figure 4: Measurements and theoretical predictions of the total ZZ production cross section as a function
of centre-of-mass energy

p
s. Experimental measurements from CDF and D0 in pp̄ collisions at the

Tevatron at
p

s = 1.96 TeV, and experimental measurements from ATLAS in pp collisions at the LHC atp
s = 7 TeV and

p
s = 8 TeV are shown. The blue dashed line shows the theoretical prediction for the ZZ

production cross section in pp̄ collisions, calculated at NLO in QCD using MCFM with PDF set CT10.
The solid red line shows the theoretical prediction for the ZZ production cross section in pp collisions,
calculated in the same way. The ATLAS results at 8 TeV define the total cross section with both Z bosons
with mass between 66 GeV and 116 GeV. The ATLAS results at 7 TeV and the results from CDF define
the total cross section assuming zero-width for the Z bosons and neglecting the �⇤ contribution. The
results from D0 define the total cross section with both Z bosons with mass between 60 GeV and 120
GeV. The theoretical curves assume zero-width.
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Selection
• same as for 2011 data

→ fluctuates high but still in agreement with SM
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ZZ → llll @ 8TeV

�NLO
ZZ = 7.4± 0.4 pb

�tot

ZZ

= 9.3+1.1
�1.0 (stat)+0.4

�0.3 (syst)± 0.3 (lumi) pb

�fid
ZZ = 21.0+2.4

�2.2 (stat)+0.6
�0.5 (syst)± 0.8 (lumi) fb
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels, after applying the full
event selection criteria. The dilepton mass distribution is shown in (a) for the leading pair and (b) for the
subleading pair. The dilepton transverse momentum is shown in (c) for the leading pair and (d) for the
subleading pair. Finally the four-lepton transverse momentum and invariant mass distributions are shown
in (e) and (f) respectively. In all figures, the points are data and the stacked histograms show the signal
and background predictions from simulation. The signal is normalized to the integrated luminosity of
the data. The background distributions are normalized to the data-driven background estimate. The grey
band indicates the combined statistical and systematic uncertainty on the signal prediction.
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Figure 3: Kinematic distributions for ZZ candidates in all four-lepton channels, after applying the full
event selection criteria. The dilepton mass distribution is shown in (a) for the leading pair and (b) for the
subleading pair. The dilepton transverse momentum is shown in (c) for the leading pair and (d) for the
subleading pair. Finally the four-lepton transverse momentum and invariant mass distributions are shown
in (e) and (f) respectively. In all figures, the points are data and the stacked histograms show the signal
and background predictions from simulation. The signal is normalized to the integrated luminosity of
the data. The background distributions are normalized to the data-driven background estimate. The grey
band indicates the combined statistical and systematic uncertainty on the signal prediction.
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triggering an event passing all of the other selection requirements is 99.5 ± 0.1 %, estimated using signal
Monte Carlo simulation corrected by scale factors measured in data using a large number of dilepton
events.

Same-flavour, oppositely-charged lepton pairs are combined to form Z candidates. An event must
contain two such pairs. In the e+e�e+e� and µ+µ�µ+µ� final states there is an ambiguity in pairing the
leptons into Z bosons. It is resolved by choosing the pairing which results in the smaller value of the sum
of the two |m`+`� �mZ | values, where m`+`� is the invariant mass of a lepton pair and mZ is the mass of the
Z boson [19]. Figure 2 shows a scatter plot of the invariant mass of the leading (higher pT) lepton pair
against that of the subleading (lower pT) lepton pair. Events are required to contain two Z candidates
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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.

with invariant masses satisfying 66 < m`+`� < 116 GeV, resulting in 85 observed events.
The ZZ selection requirements are applied to Monte Carlo simulation, and corrections are applied to

account for small di↵erences between data and simulation. The corrections are determined by measuring
lepton reconstruction, identification, isolation and trigger e�ciencies in data in samples of single Z !
`+`� events. In addition, samples of J/ ! `+`� events are used for electron e�ciency measurents at
low pT. The overall e�ciency correction factor is 0.940±0.046 for the e+e�e+e� channel, 0.966±0.013
for the µ+µ�µ+µ� channel and 0.953±0.025 for the e+e�µ+µ� channel. A smearing and scale correction

4

ATLAS-CONF-2012-090

(MCFM)

85 candidates

6 fb-1

https://cdsweb.cern.ch/record/1460409?ln=en
https://cdsweb.cern.ch/record/1460409?ln=en
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ATLAS Cross Section Summary
Process √s [TeV] L [fb-1] σtot [pb] δ stat δ syst δ lumi σNLO [pb] δσNLO

W(→lν)γ 7 1 4.60 ± 0.11 ± 0.64 ± 0.17 3.70 ± 0.28
Z(→ll)γ 7 1 1.29 ± 0.05 ± 0.15 ± 0.05 1.23 ± 0.06

WW→lνlν 7 5 53.4 ± 2.1 ± 4.5 ± 2.1 45.1 ± 2.8
WZ→lνll 7 5 19.0 +1.4/-1.3 ± 0.9 ± 0.4 17.6 +1.1/-1.0
ZZ→llll 7 5 7.2 +1.1/-0.9 +0.4/-0.3 ± 0.3 6.5 +0.3/-0.2

ZZ→llνν 7 5 5.4 +1.3/-1.2 +1.4/-1.0 ± 0.2 6.5 +0.3/-0.2
ZZ→llll 8 6 9.3 +1.1/-1.0 +0.4/-0.3 ± 0.3 7.4 ± 0.4

Most cross sections seem to 
fluctuate ~1σ high but within 
uncertainties individually 
agree with SM predictions
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CMS Cross Section Summary
Process √s [TeV] L [fb-1] σtot [pb] δ stat δ syst δ lumi σNLO [pb] δσNLO

WW→lνlν 7 5 52.4 ± 2.0 ± 4.5 ± 1.2 47.0 ± 2.0
WW→lνlν 8 3.5 69.9 ± 2.8 ± 5.6 ± 3.1 57.3 +2.4/-1.6
WZ→lνll 7 1.1 17.0 ± 2.4 ± 1.1 ± 1.0 17.5 ± 0.6
ZZ→llll 7 5 6.2 +0.9/-0.8 +0.4/-0.3 ± 0.1 6.3 ± 0.4
ZZ→llll 8 5.3 8.4 ± 1.0 ± 0.7 ± 0.4 7.7 ± 0.4

FOR COMPARISON 
ONLY

For details, please ask 
CMS experts



Model independent TGC effective Lagrangian depends on different parameters

In the Standard Model

Expect change in production rate at high boson/lepton pT.
ATLAS and CMS use no form factor Λ to suppress divergence at high √s
Use common limit setting code within ATLAS
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Anomalous Gauge Boson Coupling Limits
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W(→lν)γ and Z(→ll)γ 10
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FIG. 4. The 95% CL intervals for anomalous couplings from ATLAS, D0 [3], CDF [1], CMS [5] and LEP [6] for (a),(b) the
neutral aTGCs h�
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as obtained from Z� events, and (c) the charged aTGCs �
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. Integrated luminosities and
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• probes WWγ vertex
• fit exclusive ETγ > 100 GeV bin
• improve on Tevatron limits 
• LEP results from WW 
production (includes WWZ vertex)

• probes ZZγ and Zγγ vertices
• forbidden in SM
• fit exclusive ETγ > 60 GeV bin
• close to or most stringent limits
• LEP data not shown (not as sensitive to nTGCs)

1 fb-1 arXiv:1205.2531 [hep-ex]

aTGC
Wγ

nTGC
Zγ

nTGC
Zγ

http://arxiv.org/abs/1205.2531
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Use leading lepton pT spectrum to set aTGC limits
tions to these couplings from new physics processes at a
high energy scale would a↵ect the measured cross sec-
tion, particularly at high momentum transfer [26]. Be-
low the energy scale of these new physics processes, an
e↵ective Lagrangian can be used to describe the e↵ect of
non-SM processes on the WWV (V = �,Z) couplings.
Assuming the dominant non-SM contributions conserve
C and P, the general Lagrangian for WWV couplings is

LWWV/gWWV = igV
1 (W†µ⌫WµV⌫ �W†µV⌫Wµ⌫) +

ikVW†µW⌫Vµ⌫ +
i�V

m2
W

W†�µW
µ
⌫V⌫�, (3)

where gWW� = �e, gWWZ = �e cot ✓W , Vµ⌫ = @µV⌫ �
@⌫Vµ and Wµ⌫ = @µW⌫ � @⌫Wµ. The SM couplings
are gV

1 = kV = 1 and �V = 0. Individually, non-
zero couplings lead to divergent cross sections at highp

s, and non-SM values of the gV
1 or kV couplings break

the gauge cancellation of processes at high momentum
transfer. To regulate this behavior, a suppression factor
depending on a scale ⇤ with the general form

�(ŝ) =
�

(1 + ŝ/⇤2)2 , (4)

is defined for �, �g1 ⌘ g1 � 1 and �k ⌘ k� 1. Here, � is
the coupling value at low energy and

p
ŝ is the invariant

mass of the WW pair. The g�1 coupling is fixed to its SM
value by electromagnetic gauge invariance.

To reduce the number of WWV coupling parameters,
three specific scenarios are considered. The first is the
“LEP scenario” [27, 28], where anomalous couplings
arise from dimension-6 operators and electroweak sym-
metry breaking occurs via a light SM Higgs boson. This
leads to the relations

�k� = �cos2 ✓W

sin2 ✓W
(�kZ � �gZ

1 ) and �� = �Z , (5)

leaving three free parameters (�gZ
1 , �kZ , �Z). The pa-

rameter space can be further reduced by requiring equal
couplings of the SU(2) and U(1) gauge bosons to the
Higgs boson in the dimension-6 operators. This adds
the constraint �gZ

1 = �k�/(2 cos2 ✓W ) and is referred to
as the “HISZ scenario” [27]. A third “Equal Coupling
scenario” assumes common couplings for the WWZ and
WW� vertices (�kZ = �k�, �Z = ��, �gZ

1 = �g�1 = 0).
The di↵erential cross section as a function of the in-

variant mass of the WW pair is the most direct probe
of anomalous couplings, particularly at high invariant
mass. The mass can not be fully reconstructed but is
correlated with the momentum of the individual leptons.
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Figure 3: The pT distribution of the highest-pT charged lepton in WW
final states. Shown are the data (dots), the background (shaded his-
togram), SM WW plus background (solid histogram), and the follow-
ing WW anomalous couplings added to the background: �kZ = 0.1
(dashed histogram), �Z = �� = 0.15 (dotted histogram), and �gZ

1 =
0.2 (dash-dotted histogram). The last bin corresponds to pT > 120
GeV.

The pT distribution of the highest-pT charged lepton is
therefore a sensitive probe of anomalous TGCs and is
used in a binned likelihood fit to extract the values of the
anomalous couplings preferred by the data (Fig. 3). The
dependence of the distribution on specific anomalous
couplings is modeled by reweighting the mc@nlo SM
WW MC to the predictions of the BHO generator [29] at
the matrix-element level. Figure 3 demonstrates the sen-
sitivity to anomalous TGCs at high lepton pT; the cou-
pling measurement is negligibly a↵ected by the excess
in the data at low pT. The fiducial cross section is mea-
sured in the last bin of Fig. 3. The result �fid(pT � 120
GeV) = 5.6+5.4

�4.4 (stat.) ± 2.9 (syst.) ± 0.2 (lumi.) fb is
consistent with the SM WW prediction of �fid(pT � 120
GeV) = 12.2 ± 1.0 fb.

Table 5 and Fig. 4 show the results of the coupling
fits to one and two parameters respectively in the LEP
scenario, with ⇤ = 3 TeV and the other parameter(s) set
to the SM value(s). One-dimensional limits on �Z in the
HISZ and Equal Coupling scenarios are the same as in
the LEP scenario. In the HISZ scenario, the 95% CL
limits on �kZ are [�0.049, 0.072] and [�0.037, 0.069]
for ⇤ = 3 TeV and ⇤ = 1, respectively. The cor-
responding limits in the Equal Coupling scenario are
[�0.089, 0.096] and [�0.065, 0.102], respectively.

The anomalous coupling limits in the LEP scenario
are compared with limits obtained from CMS, CDF, D0

8
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Figure 5: Anomalous TGC limits from ATLAS, D0 and LEP (based on the LEP scenario) and CDF and CMS (based on the HISZ scenario), as
obtained from WW production measurements.
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arXiv:1203.6232 [hep-ex]

• probes WWZ and WWγ vertices
• reweight events using |ℳaTGC|2/|ℳSM|2 (BHO)
• improve on Tevatron, close to LEP limits
• no significant deviation from SM

http://arxiv.org/abs/1203.6232v2
http://arxiv.org/abs/1203.6232v2
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Fig. 6 Observed two-dimensional 95% confidence regions on the anomalous couplings without form factor. The horizontal and
vertical lines inside each contour correspond to the limits found in the one-dimensional fit procedure.

The 95% confidence regions are shown as contours
on the (∆gZ1 ,∆κZ), (∆gZ1 ,λZ), and (∆κZ ,λZ) planes
in Figure 6. In each plot the remaining parameter is set
to the SM value. The limits were derived with no form
factor.

6.3 Normalized Fiducial Cross-Sections

The effective Lagrangian adopted in the TGC analysis
in Section 6.2 allows us to probe non-SM physics with
little model dependence. An alternative approach is to
measure kinematic distributions, such as the pZT spec-
trum, that could be compared with model-dependent
theoretical predictions. For this purpose, it is neces-
sary to convert the measured distributions to the un-
derlying true distributions by unfolding the effects of
the experimental acceptance and resolution. The iter-
ative Bayesian unfolding proposed by D’Agostini [36]
is applied here. An implementation of this technique
has previously been used by ATLAS to unfold the pT
spectrum of inclusively produced W± bosons [37].

In the unfolding of binned data, effects of the ex-
perimental acceptance and resolution are expressed in a
response matrix, each element of which is the probabil-
ity of an event in the i-th true bin being reconstructed
in the j-th measured bin. In iterative Bayesian unfold-
ing, the response matrix is combined with the measured
spectrum to form a likelihood, which is then multiplied
by a prior distribution to produce the posterior proba-
bility of the true spectrum. The SM prediction is used
as the initial prior, and once the posterior probability
is obtained, it is used as the prior for the next iteration
after smoothing. The spectrum becomes insensitive to
the initial prior after a few iterations. The number of
iterations is adjusted to control the degree of regulariza-
tion [36]. The differences between successive iterations
can be used to estimate the stability of the unfolding
method.
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Fig. 7 Normalized fiducial cross-sections ∆σfid
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in bins
of (a) pZT and (b) mWZ compared with the SM prediction.
The total uncertainty contains statistical and systematic un-
certainties added in quadrature.

To achieve stable unfolding, that is, without exces-
sive sensitivity to statistical fluctuations in data or to
details of the unfolding technique, the measured quan-
tity must be a good approximation to the underlying
true quantity: the response matrix must be close to di-
agonal. The pZT distribution used in the TGC analysis
is a natural choice that has good resolution and sensi-
tivity to possible new physics.

Use pTZ spectrum to set aTGC limits

 L. Marx (Manchester)                               IPPP Workshop, Durham, UK                               September 24, 2012 18

WZ → lνll

 [GeV]Z
T

p
0           30           60           90           120           150           180                           2000

Ev
en

ts
 / 

bi
n

0

20

40

60

80

100

120

140

160

Data
SM WZ
Bkg

stat + systσ
 = 0.05Zλ

 = 0.57ZκΔ
 = 0.10Z

1
gΔ

ATLAS

∫ -1Ldt = 4.6 fb  = 7 TeVs

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

ZκΔ

Zλ

1
ZgΔ

 = 7 TeVsATLAS, 
∞ = Λ,  -14.6 fb

 = 7 TeVsATLAS, 
 = 2 TeVΛ,  -14.6 fb

 = 1.96 TeVsCDF, 
 = 2 TeVΛ,  -17.1 fb

 = 1.96 TeVsD0, 
 = 2 TeVΛ,  -14.1 fb

ATLAS

-l+lν± l→Z ±W
95% C.L.

• probes WWZ vertex directly
• reweight events within MC@NLO
• improve on Tevatron limits (no direct LEP limits)
• publish 1D and 2D limits
• observe no significant deviation from SM

arXiv:1208.1390 [hep-ex]5 fb-1
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6. Limits on anomalous TGCs

Coupling 95% CI f�
4

fZ
4

f�
5

fZ
5

⇤ = 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]

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. A form factor scale of ⇤ = 2 TeV and 1
are both presented. Limits were derived using both statistical and systematic uncertainties; the statistical uncertainties
are dominant.

Limits on anomalous nTGCs are determined using the ZZ cross section. The cross section dependency on
couplings is parametrized using fully simulated SHERPA [30] events subsequently reweighted using the leading
order matrix element [6] within the framework of Bella [31] to account for the multidimensional dependence on
acceptance and e�ciencies. The reweighting procedure uses simulated samples with Standard Model as well as
non-Standard Model coupling values to remove potential problems from large weights. One dimensional 95%
confidence intervals on the anomalous nTGCs were determined using a maximum profile likelihood fit to the
observed number of events. The systematic errors were included as nuisance parameters. The resulting limits
for each coupling, determined assuming the other couplings fixed at their Standard Model value, are listed in
Table II. The present limits are dominated by statistical uncertainties: limits derived using statistical uncer-
tainties alone di↵er from those in Table II by less than 0.01. As shown in Figure 5, these limits are comparable
with, or are more stringent than, those derived from measurements at LEP [11] and the Tevatron [13], although
it should be noted that limits from LEP do not use a form factor, and those from the Tevatron use ⇤ = 1.2 TeV.
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Figure 5: Anomalous nTGC 95% confidence intervals from ATLAS, LEP [11] and Tevatron [13] experiments. Luminosi-
ties, centre-of-mass energy and cut-o↵ ⇤ for each experiment are shown.

7. Conclusion

The first measurement of the ZZ production cross-section in LHC proton-proton collisions at
p
s = 7 TeV

has been performed by the ATLAS detector, using electrons and muons in the final state. In a dataset
with an integrated luminosity of 1.02 fb�1 a total of 12 candidates was observed with a background ex-
pectation of 0.3+0.9

�0.3(stat)
+0.4
�0.3(sys). The Standard Model expectation for the number of signal events is

9.1± 0.1(stat)±0.3(sys). The fiducial and total cross sections were determined to be

�fid

ZZ!`+`�`+`� = 19+6

�5

(stat) +1

�2

(syst) ± 1 (lumi) fb

�tot

ZZ = 8.4+2.7
�2.3 (stat) +0.4

�0.7 (syst) ± 0.3 (lumi) pb.

• probes ZZZ and ZZγ vertices
• forbidden in SM
• reweighting Sherpa
• limit fit using σ (i.e. Nevents) here
• improve on LEP and Tevatron limits

1 fb-1 arXiv:1110.5016 [hep-ex]
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Unfolding - Methodology
Motivation
Determine true value of an observable
Measured value is distorted by detector’s

• limited acceptance
• imperfect efficiency
• finite resolution

Method
Common Framework among Electroweak Group

• use iterative Bayesian unfolding (d’Agostini)
• normalized unfolding within fiducial region only
• based on RooUnfold using response matrix

Published Results
Fractional, binned kinematic distributions 

• Δσfid(x)/σfid

Full correlation matrices (on HEPDATA) 
• combined stat, syst, background

http://arxiv.org/abs/1010.0632
http://arxiv.org/abs/1010.0632
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WZ → lνll

unfolded

“out-of-the-box”

arXiv:1208.1390 [hep-ex]5 fb-1

unfolded

http://arxiv.org/abs/1208.1390
http://arxiv.org/abs/1208.1390
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Which corrections are taken into account?
Discuss in more detail different systematic uncertainties 

Chose WW/WZ analyses as representative examples (treatment similar across analyses)

Process Generator Notes/Issues
Wγ Alpgen Np0-5, FSR Photos
Zγ Sherpa Np0-3, FSR Sherpa

WW MC@NLO / gg2ww W-width and spin correlations ✔
WZ MC@NLO boson widths ✔, Z/γ* ✘

ZZ→llll Sherpa Z/γ* ✔, scale by KNLOMCFM-factor, unique nTGCs 
ZZ→llνν MC@NLO on-shell, 0-width Z’s, scale up for gg

1) ”Generator” (O (αS) mostly)                   
2) QED FSR 
3) PDF
4) Scale (μF and μR)

5) Parton Shower
6) Jet veto
7) Backgrounds
8) EW settings
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Systematic Uncertainties (theoretical)
GENERATOR

• mostly have NLO QCD or multi-leg available, use k-factors
• include gg contribution using k-factor or second generator
• if Z/γ* interference missing
‣ for WZ scale MC@NLO acceptance comparing to MCFM → 1.8%

• differential distributions
‣ for WZ compare MC@NLO to Powheg shape → up to ~4% (bin-dependent)

 SCALE
in general: μF = μR = μ vary by factor 2
• for inclusive
‣ WW/ZZ fixed μ = mWW/ZZ → ±3%
‣ WZ fixed μ = (mW+mZ)/2 → ±5%
‣ W/Zγ fixed μ = mW/Z

• for differential
‣ WZ dynamic μ2= (m2W+p2T,W+m2Z+p2T,Z)/2 → up to 8% 

PDF
for δσNLO from MCFM
• CT10 52 error sets → ±3% 

QED FSR
• often dominant effect in ew corrections
• use Photos or Sherpa
• fiducial phase space: dress leptons with photons within ΔR < 0.1
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Systematic Uncertainties (theoretical)
PARTON SHOWER

necessary if jet veto in fiducial phase space
‣ interface PowhegBox to Herwig and Pythia JET VETO

avoid underestimation of scale uncertainty 
introduced by restricting QCD radiation
‣ due to cancellations between higher-order 
corrections and corrections from jet log 
dependence
‣ assume uncertainties in inclusive jet cross 
section uncorrelated (Stewart-Tackmann method)

 BACKGROUNDS
correct MC to higher order calculations 
using k-factors or use data-driven 
estimates 

 EW SETTINGS
• not an uncertainty, but a choice (which should be consistent across analyses/experiments)
‣ ATLAS and CMS found 1.4% discrepancy in σWW using MCFM

• most generators “made” for QCD (only LO ew)
‣ default ew settings not always the same

• working group to give exact recommendations 
‣ i.e. latest PDG values, running Breit-Wigner width, αQED

• want to give σtot so need to divide by BR, but need to be careful
‣ e.g. using pole BR for WZ/ZZ with Z* down to 20 GeV is clearly a problem 
‣ use BR as a function of mass window? if too far from mass peak only quote leptonic σ?

http://arxiv.org/abs/1012.4480
http://arxiv.org/abs/1012.4480
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Electroweak Corrections
No mention yet of electroweak corrections because there are currently no event 
generators available that include electroweak corrections (NLO EW&QCD) for 
diboson production (but see talk later!)

Important for high energies and event rates available at LHC (can reach tens of %)
Resulting electroweak corrections 
• are negative (strong enhancement of negative corrections if s>>m2W,Z)
• strongly depend on energy and scattering angle
• strongly increase with pT
• significantly modify rapidity and angular distributions (e.g. enhance “radiation zero” dip)

Difficulties
• leptonic (and hadronic?) decays of bosons
• need real emission of additional massive vector bosons
• interplay between electroweak and QCD corrections

ATLAS measurements
• need QCD order higher than NLO?
• very good sensitivity in hight pT tails → danger to set wrong limits because electroweak 
corrections, which bring σ down, not taken into account

http://arxiv.org/abs/1208.3147
http://arxiv.org/abs/1208.3147


Diboson cross sections measured at 7 and 8 TeV with many updates to follow soon
• no deviation from SM observed yet
• setting most stringent TGC limits
• publishing unfolded distributions
• starting to become systematically dominated 
→ entering precision measurements

Thanks to outstanding LHC performance
much more 8 TeV data to analyse already

In light of higher √s, L and 4th July discovery
• need NLO EW&QCD generators for VV and VVjj (VBS/VBF!) production
• what about electroweak corrections in triboson final states? 
• Higgs couplings important to disentangle associated Higgs production from tribosons 

Guidance from theorists
• Is what we are doing sensible? 
• Do we over/undercover anywhere? Want to avoid spurious systematics
• When/which diboson generators to expect with electroweak corrections?

 L. Marx (Manchester)                               IPPP Workshop, Durham, UK                               September 24, 2012 26

Summary and Outlook
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BACKUP
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• Relative

• Axial

• Equal Couplings

• LEP

• HISZ
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ETmiss definitions and coupling scenarios
Emiss
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Acceptance and S/B numbers

Process A (%) C (%) S/B
WW→eνeν 6.2 42.0 0.8
WW→μνμν 5.2 76.8 1.2
WW→μνeν 16.3 55.1 2.0
WZ→eνee 33.0 38.0 2.7
WZ→μνee 33.2 52.5 4.7
WZ→eνμμ 33.3 54.8 2.7
WZ→μνμμ 33.8 78.0 3.9
ZZ→eeee 64.8 46.0 16.5
ZZ→μμee 64.8 60.0 89.3
ZZ→μμμμ 64.8 81.0 55.3
ZZ→eeνν 8.4 61.2 1.1
ZZ→μμνν 8.4 75.8 1.0

A =
NPass Fiducial

MC Truth

NAll Generated
MC Truth

C =
NPass Cuts

MC Reco

NPass Fiducial

MC Truth 7

ated events found within the fiducial region to the
number of generated events within the extended
fiducial region.

The correction factors C
W�

and C
Z�

are shown in Ta-
ble IV. They are determined using the W/Z + � signal
MC events and corrected with scale factors to account
for small discrepancies between data and simulation. The
uncertainties on C

W�

and C
Z�

due to the object selection
e�ciency are described in Section V. The uncertainties
on C

W�

and C
Z�

due to the energy scale and resolution
of the objects are summarized below.

The muon momentum scale and resolution are stud-
ied by comparing the invariant mass distribution of Z !
µ+µ� events in data and MC simulation [26]. The uncer-
tainty in the acceptance of the W� or Z� signal events
due to the uncertainties in the muon momentum scale
and resolution is < 1%. Similarly the uncertainty due
to the uncertainties in the EM energy scale and resolu-
tion is found to be < 2.5%. The uncertainty from the
jet energy scale and resolution on the exclusive W� and
Z� signal acceptance varies in the range 5% � 7%. The
uncertainty due to the Emiss

T

requirement is estimated to
be 3%. It is due to several factors, including the uncer-
tainty on the energy scale of the clusters reconstructed
in the calorimeter that are not associated with any iden-
tified objects, and uncertainties from pile-up and muon
momentum correction.

The overall relative uncertainties in C
W�

and C
Z�

are
as large as 12.5% in the low E�

T

fiducial region and as
large as 8.3% in the medium and high E�

T

fiducial re-
gion. They are dominated by the photon identification
e�ciency and the jet energy scale.

The acceptances A
W�

and A
Z�

are calculated using
the signal MC simulation and shown in Table IV. The
systematic uncertainties are dominated by the limited
knowledge of the PDFs (<1%) and of the renormalization
and factorization scales (<1% for low E�

T

region, <3.5%
for medium and high E�

T

region).
Assuming lepton universality for the W and Z boson

decays, the measured cross sections in the two channels
are combined to reduce the statistical uncertainty. For
the combination, it is assumed that the uncertainties on
the lepton trigger and identification e�ciencies are uncor-
related. All other uncertainties, such as the uncertainties
in the photon e�ciency, background estimation, and jet
energy scale, are assumed to be fully correlated. The
measured production cross sections for the pp ! l⌫�+X
and pp ! l+l�� + X processes are summarized in Ta-
ble V.

VIII. COMPARISON WITH THEORETICAL
PREDICTIONS

The mcfm [30] program is used to predict the NLO
cross section for pp ! l±⌫� + X and pp ! l+l�� + X
production. It includes photons from direct W� and Z�

E�

T

> 15 GeV > 60 GeV > 100 GeV

N
jet

= 0, e channel
C

W�

0.402 ± 0.049 0.574 ± 0.045 0.517 ± 0.043
A

W�

0.762 ± 0.006 0.685 ± 0.017 0.672 ± 0.019
C

Z�

0.397 ± 0.045 0.592 ± 0.044 -
A

Z�

0.829 ± 0.014 0.834 ± 0.008 -

N
jet

= 0, µ channel
C

W�

0.453 ± 0.054 0.653 ± 0.057 0.675 ± 0.059
A

W�

0.908 ± 0.006 0.764 ± 0.019 0.708 ± 0.017
C

Z�

0.459 ± 0.052 0.641 ± 0.044 -
A

Z�

0.915 ± 0.016 0.917 ± 0.008 -

N
jet

� 0, e channel
C

W�

0.453 ± 0.053 0.598 ± 0.036 0.576 ± 0.035
A

W�

0.725 ± 0.050 0.657 ± 0.011 0.666 ± 0.017
C

Z�

0.421 ± 0.044 0.609 ± 0.036 -
A

Z�

0.826 ± 0.014 0.836 ± 0.050 -

N
jet

� 0, µ channel
C

W�

0.511 ± 0.057 0.650 ± 0.035 0.624 ± 0.035
A

W�

0.872 ± 0.005 0.776 ± 0.019 0.747 ± 0.023
C

Z�

0.485 ± 0.055 0.645 ± 0.035 -
A

Z�

0.915 ± 0.016 0.917 ± 0.005 -

TABLE IV. Summary of acceptance A
W�

(A
Z�

) and correc-
tion factors C

W�

(C
Z�

) for the calculation of the W�(Z�) pro-
duction cross sections.

diboson production, from final state radiation o↵ the lep-
tons in the W/Z decays and from quark/gluon fragmen-
tation into an isolated photon. Possible e↵ects of compos-
ite W and Z boson structure can be simulated through
the introduction of aTGCs. Event generation is done
using the MSTW2008NLO [31] parton distribution func-
tions and the default electroweak parameters of mcfm.
The kinematic requirements for the parton-level gener-
ation are the same as those chosen at particle level for
the extended fiducial cross-section measurements (see Ta-
ble III). The resulting parton-level SM predictions for the
cross sections are summarized by the numbers in paren-
theses in Table VI. These are quoted as inclusive, using
only the lepton and photon selection cuts, and exclusive,
requiring no quark/gluon with |⌘| < 4.4 and E

T

> 30
GeV in the final state. The cross-section uncertainties are
dominated by the PDF uncertainty, the scale uncertainty
and the uncertainty due to the photon isolation fraction.
The scale uncertainty is evaluated by varying the renor-
malization and factorization scales by factors of 2 and 1/2
around the nominal scaleM

W/Z

. The PDF uncertainty is
estimated using the MSTW2008NLO PDFs’ error eigen-
vectors at their 90% confidence-level (CL) limits. The
uncertainty due to photon isolation fraction is evaluated
by varying ✏

h

from 0.0 to 1.0. Here ✏
h

is defined at par-
ton level as the ratio of the sum of the energies carried
by the partons in the cone �R < 0.4 around the pho-
ton direction to the energy carried by the photon. The
variation in the predicted cross section due to the choice
of ✏

h

threshold is a conservative estimate of the uncer-
tainty in matching the parton-level photon isolation to
the photon isolation criteria applied in the experimental
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Systematic uncertainties

Table 2: The total WW acceptance AWW ⇥ CWW in the individual decay channels, and the expected number of SM WW events (NWW ) for an
integrated luminosity of 1.02 fb�1.

e⌫µ⌫ selection e⌫e⌫ selection µ⌫µ⌫ selection
WW ! e⌫µ⌫ WW ! l⌫⌧⌫ WW ! e⌫e⌫ WW ! e⌫⌧⌫ WW ! µ⌫µ⌫ WW ! µ⌫⌧⌫

AWW ⇥CWW 10.8% 3.0% 4.4% 1.1% 7.6% 1.6%
NWW 114.9 12.0 23.4 2.3 40.3 3.3

Table 3: Relative uncertainties, in percent, on the estimate of the product AWW ⇥ CWW for the individual WW decay channels. The uncertainty on
AWW (CWW ) receives contributions from the last three (first six) sources.

Relative uncertainty (%)
Source of uncertainty e⌫µ⌫ selection e⌫e⌫ selection µ⌫µ⌫ selection

Trigger e�ciency 1.0 1.0 1.0
Lepton e�ciency 2.3 4.1 1.8

Lepton pT scale and resolution 0.4 1.0 0.1
Emiss

T modeling 0.6 1.0 2.2
Jet energy scale and resolution 1.1 1.1 1.1

Lepton acceptance 2.0 2.1 1.6
Jet veto acceptance 5.0 5.0 5.0

PDFs 1.4 1.2 1.2
Total 6.2 7.2 6.2

sets [25]. The impact of unmodeled higher-order contri-
butions is estimated by varying the renormalization and
factorization scales coherently by factors of 2 and 1/2.

The total acceptance uncertainty on the three chan-
nels combined is 6.2%.

6. Cross section results

The WW cross section is measured in the fiducial
phase space and extrapolated to the total phase space.
The total cross section is defined in Eq. 1, while the
fiducial cross section is

�fid =
Ndata � Nbg

LCWW
. (2)

Uncertainties on the fiducial cross section measurement
result from modeling lepton and jet e�ciency, energy
scale and resolution, and Emiss

T (the first five rows of
Table 3). Small uncertainties of 1.4% (µ⌫µ⌫ and e⌫e⌫
channels) and 0.5% (e⌫µ⌫ channel) arise from the im-
pact of QCD renormalization and factorization scale
variations on lepton momenta (included in the sixth row
of Table 3). Table 4 shows CWW and the other compo-
nents of the cross section measurements for each chan-
nel. The measurements are performed by minimizing a
likelihood fit to the observed data with respect to the

WW and background predictions for the three chan-
nels combined. The measured cross sections are consis-
tent with the SM predictions, di↵ering by +1.7� (e⌫µ⌫
channel), +1.3� (e⌫e⌫ channel) and �0.1� (µ⌫µ⌫ chan-
nel). Contributions from a hypothetical SM Higgs bo-
son would be small: 2.9, 0.9, and 1.8 events in the e⌫µ⌫,
e⌫e⌫ and µ⌫µ⌫ channels, respectively, for a Higgs boson
mass of 125 GeV.

The AWW uncertainty comes from PDFs and scale
variations a↵ecting the lepton and jet veto acceptances
(the last three rows of Table 3). The combined AWW ⇥
CWW and the total measured cross section in each chan-
nel are shown in Table 4. The contribution of leptons
from tau decays is included. The channels are combined
by maximizing a log likelihood, yielding

�(pp! WW) =
54.4 ± 4.0 (stat.) ± 3.9 (syst.) ± 2.0 (lumi.) pb,

to be compared with the NLO SM prediction of�(pp!
WW) = 44.4 ± 2.8 pb [16, 22]. Figure 2 shows the
following distributions for data and MC: Emiss

T , trans-
verse mass, the azimuthal angle between the charged
leptons [��(l, l)], and invariant mass of the charged
leptons [m``]. The transverse mass is mT(llEmiss

T ) =

6

WW

5

Table 1 Expected number of signal W±Z→ !±ν!+!− events
after each stage of selection. The first nine rows are computed
with a simulated W±Z sample scaled to 4.6 fb−1. Efficiency
corrections refer to application of correction factors that ac-
count for the differences in the trigger and reconstruction ef-
ficiencies between the real and simulated data. The last row
shows the additional contribution from W±Z → τ +X.

eee µee eµµ µµµ

Generated 1202
Muon or electron trigger 1121
Primary vertex 1118
Jet cleaning 1116
Two leptons, m!! 219 317
Three leptons, pT 51.2 70.6 74.8 106.6
Emiss

T > 25GeV 40.5 57.0 59.2 86.4
MW

T > 20GeV 38.1 54.1 55.7 81.9
Trigger match 38.0 54.0 55.3 81.7

Efficiency corrections 37.2 51.8 54.2 78.3

W±Z → τX contribution 1.7 2.3 2.4 3.4

4 Signal Acceptance

The numbers of simulated W±Z events after each stage
of the event selection, scaled to 4.6 fb−1, are listed in
Table 1. The “Efficiency corrections” row shows the pre-
dictions corrected for the differences in the trigger and
reconstruction efficiencies between the measured and
simulated data. The acceptance increases with the num-
ber of muons in the final state because the reconstruc-
tion efficiency for muons is higher than for electrons.
The additional contribution fromW±Z → τ+X , where
the τ decays into an electron or a muon, is shown in the
last row of Table 1.

Table 2 summarizes the systematic uncertainties on
the expected signal yields. For electrons and muons,
the reconstruction efficiencies, pT scale and resolution,
and efficiencies for the isolation and impact-parameter
requirements are studied using samples of W±, Z, and
J/ψ decays. Differences observed between data and sim-
ulated samples are accounted for, and the uncertainties
in the correction factors are used to evaluate the sys-
tematic uncertainties.

The uncertainties related to Emiss
T come mainly from

the calibration of cluster and jet energies. The effects
of event pile-up are evaluated from the distribution of
total transverse energy as a function of 〈µ〉.

Single-muon and single-electron trigger efficiencies
are studied in samples of Z → ## events. Their effects on
the W±Z measurement are small because the presence
of three leptons provides redundancy for triggering.

The uncertainty in acceptance due to theoretical
modelling in the event generator is estimated by com-
paring MC@NLO with another NLO generator, POWHEG
BOX [29]. Uncertainties due to the PDFs are computed

Table 2 Systematic uncertainties, in %, on the expected sig-
nal yields.

Source eee µee eµµ µµµ

µ reconstruction efficiency − 0.3 0.5 0.8
µ pT scale & resolution − < 0.1 0.1 0.1
µ isolation & impact param. − 0.2 0.4 0.6
e reconstruction efficiency 2.5 1.7 0.8 −

e identification efficiency 3.5 2.3 1.2 −

e isolation & impact param. 1.5 1.1 0.4 −

e energy scale 0.5 0.3 0.3 −

e energy resolution 0.1 0.1 < 0.1 −

Emiss
T cluster energy scale 0.4 0.2 0.6 0.2

Emiss
T jet energy scale 0.1 0.1 0.1 0.1

Emiss
T jet energy resolution 0.3 0.3 0.4 0.2

Emiss
T pile-up 0.3 0.1 0.3 0.1

Muon trigger − 0.1 0.1 0.3
Electron trigger < 0.1 < 0.1 < 0.1 −

Event generator 0.4 0.4 0.4 0.4
PDF 1.2 1.2 1.2 1.2
QCD scale 0.4 0.4 0.4 0.4

Luminosity 1.8 1.8 1.8 1.8

using the CT10 eigenvectors and the difference between
the CT10 and MSTW 2008 [30] PDF sets. Uncertainties
related to the factorization scale µF and renormaliza-
tion scale µR are estimated by setting µF = µR and
varying this value up and down by a factor of two.

5 Background Estimation

The major sources of background are summarized in
Table 3. Data-driven methods are used to estimate the
background from Z+jets and tt̄ production. Simulation
is used for the remaining background sources, including
ZZ, tt̄+W/Z, and Z+γ production. Background from
other sources, such as heavy-flavour multi-jet events, is
strongly suppressed by the requirement of three leptons
with small d0, and is negligible. For studies of anoma-
lous TGC (Section 6.2) and of normalized fiducial cross-
sections (Section 6.3), the background is estimated sep-
arately in bins of the transverse momentum pZT of the
Z boson and the invariant mass mWZ of the W±Z pair.

Table 3 Estimated numbers of background events. The er-
rors include both statistical and systematic uncertainties.

Source eee µee eµµ µµµ

Z + jets 8.8± 2.8 3.7± 2.3 10.2 ± 3.3 9.1 ± 5.5
ZZ 3.2± 0.2 4.9± 0.2 5.0± 0.1 7.9 ± 0.2
Z + γ 1.4± 0.7 − 2.3± 0.9 −

tt̄ 0.4± 0.4 1.7± 0.9 2.3± 1.1 2.4 ± 1.2
tt̄+W/Z 0.7± 0.1 1.2± 0.1 1.3± 0.1 1.6 ± 0.1

Total 14.5 ± 2.9 11.5 ± 2.5 21.0 ± 3.5 21.0 ± 5.6

WZ

ZZ→4l
dominant from electron identification 
efficiency (5.8%/2.8% for eeee/eeμμ) 
and muon reconstruction efficiency 

(1.3%/0.6% for μμμμ/eeμμ)

ZZ→llνν
dominant from jet veto (5.3%) and track 

isolation (4.0%/2.1% for eeνν/μμνν)
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Jet Veto and Stewart-Tackmann Method
Determine correction factor as εZdata/εZMC where ε=N0jet/N≥0jet
data-driven → reduces uncertainty on jet veto acceptance

Accidental cancellations with log terms introduced by restricting QCD radiation 
cause the scale uncertainty to be underestimated in a jet-binned analysis
→ assume uncertainties in inclusive jet-binned cross sections are uncorrelated, 
since the structure of perturbative series are different

Calculate uncertainty in jet veto acceptance as

�✏2

✏2
=

✓
1� ✏

✏

◆2
 
��2

total

�2
total

+
��2

�1
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http://arxiv.org/abs/1012.4480
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Wγ and Zγ Production Processes
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Wγ and Zγ Plots
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FIG. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W� candidate events
with E�

T

> 15 GeV, (b) W� candidate events with E�

T

> 60 GeV, (c) W� candidate events with E�

T

> 100 GeV, (d) Z�
candidate events with E�

T

> 15 GeV, and (e) Z� candidate events with E�

T

> 60 GeV. The selection criteria are defined in
Section IV. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted
number of signal events as shown in Table I and Table II. The ratio between the number of candidates observed in the data
and the number of expected candidates from the signal MC simulation and from the background processes is also shown.
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FIG. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W� candidate events
with E�

T

> 15 GeV, (b) W� candidate events with E�

T

> 60 GeV, (c) W� candidate events with E�

T

> 100 GeV, (d) Z�
candidate events with E�

T

> 15 GeV, and (e) Z� candidate events with E�

T

> 60 GeV. The selection criteria are defined in
Section IV. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted
number of signal events as shown in Table I and Table II. The ratio between the number of candidates observed in the data
and the number of expected candidates from the signal MC simulation and from the background processes is also shown.
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FIG. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W� candidate events
with E�

T

> 15 GeV, (b) W� candidate events with E�
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> 100 GeV, (d) Z�
candidate events with E�

T

> 15 GeV, and (e) Z� candidate events with E�

T

> 60 GeV. The selection criteria are defined in
Section IV. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted
number of signal events as shown in Table I and Table II. The ratio between the number of candidates observed in the data
and the number of expected candidates from the signal MC simulation and from the background processes is also shown.
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FIG. 2. Distributions of the jet multiplicity for the combined electron and muon decay channels in (a) W� candidate events
with E�
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> 60 GeV. The selection criteria are defined in
Section IV. Distributions for expected signal contribution are taken from signal MC simulation and normalized to the extracted
number of signal events as shown in Table I and Table II. The ratio between the number of candidates observed in the data
and the number of expected candidates from the signal MC simulation and from the background processes is also shown.
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Wγ and Zγ Cross Sections
8

�ext�fid[pb] �ext�fid[pb]

E�

T

> 15 GeV E�

T

> 15 GeV
exclusive inclusive

e⌫� 3.42 ± 0.14 ± 0.50 4.35 ± 0.16 ± 0.64
µ⌫� 3.23 ± 0.14 ± 0.48 4.82 ± 0.15 ± 0.64
l⌫� 3.32 ± 0.10 ± 0.48 4.60 ± 0.11 ± 0.64

e+e�� 1.03 ± 0.06 ± 0.13 1.32 ± 0.07 ± 0.16
µ+µ�� 1.06 ± 0.05 ± 0.12 1.27 ± 0.06 ± 0.15
l+l�� 1.05 ± 0.04 ± 0.12 1.29 ± 0.05 ± 0.15

E�

T

> 60 GeV E�

T

> 60 GeV
exclusive inclusive

e⌫� 0.14 ± 0.02 ± 0.02 0.36 ± 0.03 ± 0.03
µ⌫� 0.15 ± 0.02 ± 0.02 0.41 ± 0.03 ± 0.03
l⌫� 0.15 ± 0.01 ± 0.02 0.38 ± 0.02 ± 0.03

e+e�� 0.044 ± 0.010 ± 0.004 0.069 ± 0.012 ± 0.006
µ+µ�� 0.050 ± 0.010 ± 0.004 0.068 ± 0.011 ± 0.005
l+l�� 0.047 ± 0.007 ± 0.004 0.068 ± 0.008 ± 0.005

E�

T

> 100 GeV E�

T

> 100 GeV
exclusive inclusive

e⌫� 0.040 ± 0.011 ± 0.009 0.114 ± 0.018 ± 0.010
µ⌫� 0.026 ± 0.008 ± 0.003 0.135 ± 0.018 ± 0.010
l⌫� 0.030 ± 0.006 ± 0.006 0.125 ± 0.013 ± 0.010

TABLE V. Measured cross sections for the pp ! l⌫� + X
and pp ! ll� + X processes at

p
s = 7 TeV in the extended

fiducial region defined in Table III. The first uncertainty is
statistical and the second is systematic. The 3.7% luminosity
uncertainty is not included.

Channel E�

T

(GeV) Cross section Cross section
exclusive inclusive

pp ! l±⌫� > 15 2.84±0.20 pb 3.70±0.28 pb
(2.61±0.16 pb) (3.58±0.26 pb)

pp ! l±⌫� > 60 134±21 fb 260±38 fb
(118±16 fb) (255±35 fb)

pp ! l±⌫� > 100 34±5 fb 82±13 fb
(31± 4 fb) (80±12 fb)

pp ! l+ l�� > 15 1.08±0.04 pb 1.23±0.06 pb
(1.03 ± 0.04 pb) (1.22±0.05 pb)

pp ! l+ l�� > 60 43±4 fb 59±5 fb
(40±3 fb) (58±5 fb)

TABLE VI. Expected NLO inclusive and exclusive cross sec-
tions for the pp ! l±⌫�+X and pp ! l+ l��+X processes in
the extended fiducial region as defined in Table III. The cross
sections are quoted at particle (parton) level as described in
the text.

measurement. The total uncertainties in the W� (Z�)
NLO cross-section predictions are 7% (5%) for photon
E�

T

> 15 GeV and 14% (8%) for photon E�

T

> 60 GeV.
To compare the SM cross-section predictions to the

measured cross section, the theoretical predictions must
be corrected for the di↵erence between jets defined at
the parton level (single quarks or gluons) and jets de-
fined at the particle level as done for the cross-section
measurement. These corrections account for the di↵er-
ence in jet definitions and in photon isolation definitions
between the particle level and the parton level. The alp-

gen+herwig (for W�) and sherpa (for Z�) MC sam-
ples are used to estimate these parton-to-particle scale
factors S

W�

and S
Z�

. They increase the parton-level
cross sections by typically 5% with uncertainties that
vary from 2% to 9% depending on the channel. These
uncertainties are evaluated from the di↵erences in the
S
W�

and S
Z�

values obtained from several generators.
The SM predictions for the particle-level (parton-level)

cross sections are summarized in Table VI. The uncer-
tainties quoted include those from the mcfm parton-level
generator predictions, photon isolation matching to the
data, and the scaling from parton to particle-level cross
sections. Figure 3 presents a summary of all cross-section
measurements of W� and Z� production made in this
study and the corresponding particle-level SM expecta-
tions. There is good agreement between the measured
cross sections for the exclusive events and the mcfm pre-
diction.
For inclusive production, the mcfm NLO cross-section

prediction includes real parton emission processes only
up to one radiated quark or gluon. The lack of higher-
order QCD contributions results in an underestimation
of the predicted cross sections, especially for events with
high E�

T

photons, which have significant contributions
from multi-jet final states. Figure 2 shows that the multi-
jet contribution is important in theW� processes. There-
fore higher-order jet production is needed in the MC sim-
ulation (see Section III) to describe the photon trans-
verse energy spectrum with the inclusive selection and
the jet multiplicity distribution in W� and Z� events, as
shown in Figure 1 and Figure 2.

IX. LIMITS ON ANOMALOUS TRIPLE GAUGE
COUPLINGS

The spectra of high energy photons in W� and Z�
events are sensitive to new phenomena that alter the
couplings among the gauge bosons. These e↵ects can be
described by modifying the WW� coupling 

�

from its
SM value of one and adding terms with new couplings
to the WW� and ZV � (V = � or Z) interaction La-
grangian. Assuming C and P conservation separately,
the aTGC parameters are generally chosen as �

�

and
�

�

(�
�

= 
�

� 1) for the WW� vertex [32, 33], and
hV

3

and hV

4

for the ZV � vertices [34]. Form factors are
introduced to avoid unitarity violation at very high en-
ergy. Typical choices of these form factors for the WW�
aTGCs are: �

�

(s) = �
�

/(1 + ŝ/⇤2)2 and �
�

(s) =
�
�

/(1 + ŝ/⇤2)2 [33]. For the ZV � aTGCs, conventional
choices of form factors are hV

3

(s) = hV

3

/(1 + ŝ/⇤2)3 and
hV

4

(s) = hV

4

/(1 + ŝ/⇤2)4 [34]. Here
p
ŝ is the W� or

Z� invariant mass and ⇤ is the new physics energy scale.
Deviations of the aTGC parameters from the SM pre-
dictions of zero lead to an excess of high energy photons
associated with the W and Z bosons.
Measurements of the exclusive extended fiducial cross

sections for W� production with E�

T

> 100 GeV and

8

�ext�fid[pb] �ext�fid[pb]

E�

T

> 15 GeV E�

T

> 15 GeV
exclusive inclusive

e⌫� 3.42 ± 0.14 ± 0.50 4.35 ± 0.16 ± 0.64
µ⌫� 3.23 ± 0.14 ± 0.48 4.82 ± 0.15 ± 0.64
l⌫� 3.32 ± 0.10 ± 0.48 4.60 ± 0.11 ± 0.64

e+e�� 1.03 ± 0.06 ± 0.13 1.32 ± 0.07 ± 0.16
µ+µ�� 1.06 ± 0.05 ± 0.12 1.27 ± 0.06 ± 0.15
l+l�� 1.05 ± 0.04 ± 0.12 1.29 ± 0.05 ± 0.15

E�

T

> 60 GeV E�

T

> 60 GeV
exclusive inclusive

e⌫� 0.14 ± 0.02 ± 0.02 0.36 ± 0.03 ± 0.03
µ⌫� 0.15 ± 0.02 ± 0.02 0.41 ± 0.03 ± 0.03
l⌫� 0.15 ± 0.01 ± 0.02 0.38 ± 0.02 ± 0.03

e+e�� 0.044 ± 0.010 ± 0.004 0.069 ± 0.012 ± 0.006
µ+µ�� 0.050 ± 0.010 ± 0.004 0.068 ± 0.011 ± 0.005
l+l�� 0.047 ± 0.007 ± 0.004 0.068 ± 0.008 ± 0.005

E�

T

> 100 GeV E�

T

> 100 GeV
exclusive inclusive

e⌫� 0.040 ± 0.011 ± 0.009 0.114 ± 0.018 ± 0.010
µ⌫� 0.026 ± 0.008 ± 0.003 0.135 ± 0.018 ± 0.010
l⌫� 0.030 ± 0.006 ± 0.006 0.125 ± 0.013 ± 0.010

TABLE V. Measured cross sections for the pp ! l⌫� + X
and pp ! ll� + X processes at

p
s = 7 TeV in the extended

fiducial region defined in Table III. The first uncertainty is
statistical and the second is systematic. The 3.7% luminosity
uncertainty is not included.

Channel E�

T

(GeV) Cross section Cross section
exclusive inclusive

pp ! l±⌫� > 15 2.84±0.20 pb 3.70±0.28 pb
(2.61±0.16 pb) (3.58±0.26 pb)

pp ! l±⌫� > 60 134±21 fb 260±38 fb
(118±16 fb) (255±35 fb)

pp ! l±⌫� > 100 34±5 fb 82±13 fb
(31± 4 fb) (80±12 fb)

pp ! l+ l�� > 15 1.08±0.04 pb 1.23±0.06 pb
(1.03 ± 0.04 pb) (1.22±0.05 pb)

pp ! l+ l�� > 60 43±4 fb 59±5 fb
(40±3 fb) (58±5 fb)

TABLE VI. Expected NLO inclusive and exclusive cross sec-
tions for the pp ! l±⌫�+X and pp ! l+ l��+X processes in
the extended fiducial region as defined in Table III. The cross
sections are quoted at particle (parton) level as described in
the text.

measurement. The total uncertainties in the W� (Z�)
NLO cross-section predictions are 7% (5%) for photon
E�

T

> 15 GeV and 14% (8%) for photon E�

T

> 60 GeV.
To compare the SM cross-section predictions to the

measured cross section, the theoretical predictions must
be corrected for the di↵erence between jets defined at
the parton level (single quarks or gluons) and jets de-
fined at the particle level as done for the cross-section
measurement. These corrections account for the di↵er-
ence in jet definitions and in photon isolation definitions
between the particle level and the parton level. The alp-

gen+herwig (for W�) and sherpa (for Z�) MC sam-
ples are used to estimate these parton-to-particle scale
factors S

W�

and S
Z�

. They increase the parton-level
cross sections by typically 5% with uncertainties that
vary from 2% to 9% depending on the channel. These
uncertainties are evaluated from the di↵erences in the
S
W�

and S
Z�

values obtained from several generators.
The SM predictions for the particle-level (parton-level)

cross sections are summarized in Table VI. The uncer-
tainties quoted include those from the mcfm parton-level
generator predictions, photon isolation matching to the
data, and the scaling from parton to particle-level cross
sections. Figure 3 presents a summary of all cross-section
measurements of W� and Z� production made in this
study and the corresponding particle-level SM expecta-
tions. There is good agreement between the measured
cross sections for the exclusive events and the mcfm pre-
diction.
For inclusive production, the mcfm NLO cross-section

prediction includes real parton emission processes only
up to one radiated quark or gluon. The lack of higher-
order QCD contributions results in an underestimation
of the predicted cross sections, especially for events with
high E�

T

photons, which have significant contributions
from multi-jet final states. Figure 2 shows that the multi-
jet contribution is important in theW� processes. There-
fore higher-order jet production is needed in the MC sim-
ulation (see Section III) to describe the photon trans-
verse energy spectrum with the inclusive selection and
the jet multiplicity distribution in W� and Z� events, as
shown in Figure 1 and Figure 2.

IX. LIMITS ON ANOMALOUS TRIPLE GAUGE
COUPLINGS

The spectra of high energy photons in W� and Z�
events are sensitive to new phenomena that alter the
couplings among the gauge bosons. These e↵ects can be
described by modifying the WW� coupling 

�

from its
SM value of one and adding terms with new couplings
to the WW� and ZV � (V = � or Z) interaction La-
grangian. Assuming C and P conservation separately,
the aTGC parameters are generally chosen as �

�

and
�

�

(�
�

= 
�

� 1) for the WW� vertex [32, 33], and
hV

3

and hV

4

for the ZV � vertices [34]. Form factors are
introduced to avoid unitarity violation at very high en-
ergy. Typical choices of these form factors for the WW�
aTGCs are: �

�

(s) = �
�

/(1 + ŝ/⇤2)2 and �
�

(s) =
�
�

/(1 + ŝ/⇤2)2 [33]. For the ZV � aTGCs, conventional
choices of form factors are hV

3

(s) = hV

3

/(1 + ŝ/⇤2)3 and
hV

4

(s) = hV

4

/(1 + ŝ/⇤2)4 [34]. Here
p
ŝ is the W� or

Z� invariant mass and ⇤ is the new physics energy scale.
Deviations of the aTGC parameters from the SM pre-
dictions of zero lead to an excess of high energy photons
associated with the W and Z bosons.
Measurements of the exclusive extended fiducial cross

sections for W� production with E�

T

> 100 GeV and
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simulated events by applying the anti-kt algorithm with a jet resolution parameter of DR = 0.4 to all final
state particles with a lifetime longer than 10 ps, whether produced directly in the pp collision or from the
decay of particles with shorter lifetimes. Neutrinos, electrons, and muons from decays of the massive W
bosons were not used for the jet finding. These MC truth jets are used for the jet veto requirement. The
event selection also requires a b-jet veto. The b-jet is reconstructed using the same anti-kt-truth algorithm
on particle level and is required to have pT greater than 20 GeV and be close to a b-quark of pT > 5 GeV
within DR < 0.3. The identified b-jet must be separated from an electron (with DR >0.3), and must be
within the range |h |< 2.5.

Once the fiducial phase space is defined in three channels, the acceptance factor AWW and the cor-
rection factor CWW can be determined from the W+W� event selections in the fiducial phase space and
in the whole phase space. Table 6 gives the W+W� overall acceptance AWW ⇥CWW , the fiducial phase
space acceptance factor AWW and the correction factor CWW for all three dilepton channels.

Channels AWW ⇥CWW AWW CWW
enen 0.026±0.000±0.002 0.062±0.001±0.003 0.420±0.008±0.029
µnµn 0.040±0.001±0.003 0.052±0.001±0.003 0.768±0.014±0.042
enµn 0.090±0.000±0.006 0.163±0.001±0.009 0.551±0.004±0.019

Table 6: The WW overall acceptance AWW ⇥CWW , fiducial phase space acceptance AWW and correction
factor CWW . The first errors are statistical and the second errors represent systematic uncertainties.

The W+W� fiducial cross sections can be determined from the three dilepton channels (W+W� !
enen , µnµn and enµn) by maximising log-likelihood functions as shown in Equation 3:

L(s f id
WW ) = ln

3

’
i=1

e�(Ni
s+Ni

b)⇥ (Ni
s +Ni

b)
Ni

obs

Ni
obs!

, Ni
s = s i

WW!`n`n ⇥L ⇥Ci
WW , (3)

where i = 1,2,3 runs over the three dilepton channels. Ni
s, Ni

b and Ni
obs represent the expected signal,

background events and observed data events for the i-th dilepton channel and L is the total integrated
luminosity. The correction factor (CWW ) required to evaluate the fiducial cross section has been defined
above. Table 7 shows the predicted and measured fiducial W+W� production cross sections in the
three dilepton channels. The listed predicted fiducial W+W� cross-section uncertainties include the total
cross-section uncertainty and the AWW uncertainties (5.5%, 5.4%, and 5.4% for ee, µµ and eµ channel,
respectively). The systematic uncertainties of the fiducial cross section measured in each channel include
the uncertainties of CWW and the background estimation uncertainties.

Channels expected s f id (fb) measured s f id (fb) Dsstat (fb) Dssyst (fb) Dslumi (fb)
enen 44.9±3.7 41.4 ± 6.5 ± 5.7 ± 1.6
µnµn 38.0±3.1 48.2 ± 4.6 ± 3.8 ± 1.9
enµn 237.4±19.4 284.9 ± 12.7 ± 14.1 ± 11.1

Table 7: The predicted and measured fiducial W+W� production cross sections in the three dilepton
channels.

9.3 Extraction of the total W+W� production cross section

The total W+W� production cross section is extracted from the three dilepton channels (W+W� ! enen ,
µnµn and enµn) by maximising the log-likelihood functions shown in Equation 4:

15



• One or two prompt isolated leptons
• Missing energy
• Jets can produce fake or real lepton/γ
• Background estimated in data by measuring probability of jet faking lepton/γ
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W/Z+JETS BACKGROUND 

! One or two prompt isolated leptons 
! Missing energy 
!  Jets can produce fake or real lepton/

photon 

!  Estimate from data by measuring 
probability of  jet faking a lepton 
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