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Introduction to W/Z physics	


  W and Z bosons produced at high rate at the LHC, and are well 
known theoretically.	


  Precision studies of  W and Z bosons test Standard Model and 
pQCD in a new energy regime.	


  Large statistics samples allow us to study rarer processes e.g. 
diboson production – stepping stones to discovery.	
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W/Z Measurements	

 W/Z differential cross sections	

 Lepton Universality	

 τ polarisation in W->τν 	

 Strange quark density	


	


Diboson Measurements	

 Wgamma/Zgamma + aTGC 

Limits	

 WW->lυlυ + aTGC Limits	

 WZ -> lllυ + aTGC Limits	

 ZZ->llυυ	

 ZZ -> llll + aTGC Limits	




W/Z Differential Cross Sections	


  W/Z cross-section measured differentially as a function of |yZ| for Z 
and |ηl| for W using 33 – 36 pb-1 of data collected in 2010.	


  Combination of electron and muon channels.	

  Good agreements with NNLO predictions, though some discrepancies 

for some PDF sets.	
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http://prd.aps.org/abstract/PRD/v85/i7/e072004 	




Lepton Universality	


  Comparison of ratios of cross 
sections in electron and muon 
channels provides test of lepton 
universality.	


  Production cross section independent 
of decay lepton flavour, so ratios of 
cross-sections give measurement of 
ratios of branching fractions.	


  Results compatible with world 
average and with Standard Model 
prediction.	
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• Ratio of e± and μ± cross sections can be evaluated in the 
common fiducial region.

• W and Z productions are independent of the flavour of 
the decay lepton.

• new measurement of e and μ branching ratio fractions.
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Br(W → µν )

= 1.006 ± 0.024

World average: 1.017 ± 0.019

RZ =
Br(Z→ ee)
Br(Z→ µµ)

= 1.018 ± 0.031

World average: 0.9991± 0.0024



Strange Quark Density	


  Flavour SU(3) symmetry suggests three light sea quark distributions equal, but 
strange quarks may be supressed due to their high mass.	


  Ratio of the W± and Z cross-sections is sensitive to the strange quark fraction 
sensitive it contributes to σZ and σW through non-identical sub-processes 
ss → Z and sc → W.	


  Measure                          by a NNLO fit ATLAS data together with 
constraints from deep inelastic scattering from HERA using HERAFitter 
framework. 	


  Measured value at Q2 =1.9 GeV , x=0.023  is:	


  Consistent with prediction that the light quark see at low x is flavour 
symmetric.	
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The results of epWZ for 

at Q2=1.9GeV2, x=0.023
✓ To check the robustness of the results, a series of cross 

checks was performed. 
Results are compared to predictions from four global PDF 
determinations. 
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in Ref. [14], and the results are cross-checked between
the FEWZ [19] and the DYNNLO [18] programs. The
HERAFitter package uses the APPLGRID code [25] in-
terfaced to the MCFM program [26] for fast calculation
of the di↵erential W and Z boson cross sections at NLO
and a K-factor technique to correct from NLO to NNLO
predictions. The data are compared to the theory using
the �

2 function defined in Refs. [27–29].
The evolution equations yield the PDFs at any value

of Q2 given that they are parametrized as functions of x
at an initial scale Q

2

0

. In the present analysis, this scale
is chosen to be Q

2

0

= 1.9 GeV2 such that it is below the
charm mass threshold m

2

c

. The heavy quark masses are
chosen to be m

c

= 1.4 GeV and m

b

= 4.75 GeV. The
strong coupling constant is fixed to ↵

S

(M
Z

) = 0.1176, as
in Ref. [5]. A minimum Q

2 cut of Q2

min

� 7.5 GeV2 is
imposed on the HERA data.

The quark distributions at the initial scale are repre-
sented by the generic form

xq

i

(x) = A

i

x

Bi(1� x)Ci
P

i

(x), (1)

where P

i

(x) denotes polynomials in powers of x. The
parametrized quark distributions, xq

i

, are chosen to be
the valence quark distributions (xu

v

, xd

v

) and the light
anti-quark distributions (xū, xd̄, xs̄). The gluon dis-
tribution is parametrized with the more flexible form
xg(x) = A

g

x

Bg (1� x)Cg
P

g

(x)� A

0
g

x

B

0
g (1� x)C

0
g , where

C

0
g

is set to 25 to suppress negative contributions at high
x. The parameters A

uv and A

dv are fixed using the quark
counting rule and A

g

using the momentum sum rule. The
normalization and slope parameters, A and B, of ū and
d̄ are set equal such that xū = xd̄ at x ! 0. Terms are
added in the polynomial expansion P

i

(x) only if required
by the data, following the procedure described in Ref. [5].
This leads to one additional term, P

uv (x) = 1 + E

uvx
2.

Two types of NNLO fit, termed epWZ, are performed
with di↵erent treatments of strangeness. First, the
strange quark distribution is fully coupled to the down
sea quark distribution and suppressed by fixing s̄/d̄ = 0.5
at the initial scale Q

2

0

(“fixed s̄ fit”) as suggested by
Refs. [5, 8–11]. In a second fit, xs̄ is parametrized as
in Eq. 1, with P

s̄

= 1 and B

s̄

= B

¯

d

, leaving two free
strangeness parameters, A

s

and C

s

(“free s̄ fit”). By
default it is assumed that xs = xs̄.

Both fits result in good overall �

2

/N

DF

values of
546.1/567 with 13 free parameters, for fixed s̄, and of
538.4/565 with 15 free parameters, for free s̄. For the
fixed s̄ fit, the partial �

2

/N

DF

for the ATLAS data
is 44.5/30. This improves significantly to 33.9/30 for
the fit with free s̄. This fit determines the value of
r

s

= 0.5(s+ s̄)/d̄ to be

r

s

= 1.00±0.20exp±0.07mod

+0.10

�0.15

par

+0.06

�0.07

↵S±0.08th, (2)

at Q2

0

and x = 0.023, the x value, which corresponds to
x = 0.013 at Q

2 = M

2

Z

as a result of QCD evolution.
The combined result is r

s

= 1.00+0.25

�0.28

.

The uncertainty of r
s

(Eq. 2) is dominated by the ex-
perimental (exp) uncertainty, which is mostly driven by
the statistical and systematic uncertainties of the W and
Z cross section measurements. The model (mod) uncer-
tainty includes e↵ects due to variations (1.25 < m

c

<

1.55GeV and 4.5 < m

b

< 5.0GeV) of the charm and
beauty quark masses following Ref. [30], of the minimum
Q

2 cut value (5 < Q

2

min

< 10GeV2), and the value of the
starting scale (Q2

0

lowered to 1.5GeV2). The largest con-
tribution to the model uncertainty of ±0.05 comes from
the variation of the charm quark mass. The parametriza-
tion (par) uncertainty corresponds to the envelope of the
results obtained with the polynomials P

i

, in Eq. 1, ex-
tended by one or two terms, resulting in somewhat di↵er-
ent parton distributions with similar �2 as for the nom-
inal fit. The parametrization uncertainty also includes
a fit with B

s̄

free. The ↵

s

uncertainty corresponds to
a variation of ↵

s

(M
Z

) from 0.114 to 0.121. Finally, a
theoretical (th) uncertainty is assessed by comparing the
DYNNLO and FEWZ predictions on the Z, W+ andW

�

fiducial cross sections, which agree at the level of 0.2, 0.5
and 1.0%, respectively. In addition, remaining missing
pure electroweak corrections may alter the QCD predic-
tions at the per mille level. Both e↵ects are well covered
by an uncertainty of 1% on the W/Z cross section ratio
and this results in a theoretical uncertainty on r

s

of 0.08.
The fits impose small shifts, typically much smaller

than one standard deviation, on the correlated system-
atic uncertainties of the data. The global normalization
is observed to be shifted upwards for both fits by about
the size of the luminosity measurement uncertainty. The
W

± and Z cross section measurements are compared in
Fig. 1 to the NNLO fit results, after these shifts are ap-
plied to the predictions. Also shown are the ratios of the
fits with free s̄ and with fixed s̄. It is apparent that the
enhanced strange quark fraction in the free s̄ fit has no
significant e↵ect on the prediction of the ⌘

l

distributions
for both the W

+ and W

� decay leptons, while it leads
to an improvement in the prediction of the y

Z

distribu-
tion. An improvement is also observed in the description
of the ratio of the (W+ +W

�) to the Z boson cross sec-
tions in the fiducial phase space. This is predicted to be
11.10 in the fit with fixed s̄, while the measured value of
10.70± 0.15 is almost exactly reproduced in the fit with
free s̄, which gives a value of 10.74.

In order to check the robustness of the present result
for r

s

, a series of cross checks is performed. A fit without
allowing an adjustment of the correlated errors yields a
value of r

s

= 0.97±0.26exp, in good agreement with Eq. 2.
A fit with identical input parameters is repeated at NLO
and also yields a consistent result: r

s

= 1.03 ± 0.19exp.
If this NLO fit is performed with a massless heavy quark
treatment then r

s

= 1.05 ± 0.19exp is obtained. In a
separate NLO study, the constraint (xū � xd̄) ! 0 for
x ! 0 is relaxed. The xd̄(x) distribution is found to
be consistent with xū(x), albeit with large uncertainties
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The results of epWZ for 

at Q2=1.9GeV2, x=0.023
✓ To check the robustness of the results, a series of cross 

checks was performed. 
Results are compared to predictions from four global PDF 
determinations. 
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τ polarisation in W->τν decays	
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  W- expected to couple exclusively to left handed τ–.	


  Polarisation defined as:                          SM predicts Pτ– = -1.	

  Experimental observable in one prong tau decays sensitive to tau polarization:	


Noname manuscript No.
(will be inserted by the editor)

Measurement of ⌧ Polarization in W ! ⌧⌫ Decays with the

ATLAS Detector in pp Collisions at

p
s = 7 TeV

The ATLAS Collaboration

1CERN,1211 Geneva 23, Switzerland, email: atlas.publication@cern.ch

Abstract In this paper, a measurement of ⌧ polariza-
tion inW ! ⌧⌫ decays is presented. It is measured from
the energies of the decay products in hadronic ⌧ de-
cays with a single final state charged particle. The data,
corresponding to an integrated luminosity of 24 pb�1,
were collected by the ATLAS experiment at the Large
Hadron Collider in 2010. The measured value of the
⌧ polarization is P

⌧

= �1.06 ± 0.04 (stat) +0.05
�0.07 (syst),

in agreement with the Standard Model prediction, and
is consistent with a physically allowed 95% CL inter-
val [�1,�0.91]. Measurements of ⌧ polarization have
not previously been made at hadron colliders.

Keywords LHC · ATLAS · tau · polarization

1 Introduction

The ⌧ lepton plays an integral role in the physics pro-
gram at the Large Hadron Collider (LHC) as a powerful
probe in searches for new phenomena. As the most mas-
sive lepton and a third generation particle, the ⌧ lepton
is particularly relevant in probing the nature of elec-
troweak symmetry breaking. The branching fraction of
the Standard Model (SM) Higgs boson to ⌧ pairs is
large in the low-mass region currently favored by ex-
periment [1,2]. In some regions of supersymmetry pa-
rameter space, decay chains with ⌧ leptons provide dis-
covery channels, for example at high values of tan� for
the Minimal Supersymmetric Standard Model (MSSM)
charged Higgs boson [3]. Due to the short-enough life-
time of ⌧ leptons and their parity-violating decays, ⌧ lep-
tons are the only leptons whose spin information is pre-
served in the decay product kinematics recorded in the

ae-mail: atlas.publication@cern.ch
bCERN,1211 Geneva 23, Switzerland

ATLAS detector. The W ! ⌧⌫ coupling at low W vir-
tuality (Q2), which governs the tau decay kinematics, is
well known [4] while the helicity structure at Q2 = m

2
W

has not been explicitly measured before.

The ⌧ polarization, P
⌧

, is a measure of the asymme-
try of the cross-section for left-handed and right-handed
⌧ production, defined by

P

⌧

=
�

R

� �

L

�

R

+ �

L

(1)

for the production of ⌧�. While it is the ⌧ helicity states
that are experimentally accessible, the positive (nega-
tive) helicity states and right-handed (left-handed) chi-
ral states coincide in the relativistic limit assumed here.
CP invariance holds in ⌧ decays in general [4], and
therefore the distributions for left-handed (right-handed)
⌧

+ follow those of right-handed (left-handed) ⌧

�. The
value of P

⌧

provides insight into the Lorentz structure
in the ⌧ production mechanism. In particular, it is a
measure of the degree of parity violation in the inter-
action. In W ! ⌧⌫ decays, the W

� is expected to cou-
ple exclusively to a left-handed ⌧

� and the W

+ to a
right-handed ⌧

+ corresponding to a ⌧ polarization of
P

⌧

= �1. A parity-conserving decay results in a value
of P

⌧

= 0. This is the case for the decay of a SM scalar
Higgs boson to ⌧ lepton pairs. On the other hand, an
MSSM charged scalar Higgs boson couples to ⌧ leptons
leading to a prediction of P

⌧

= +1.

The method outlined here for extracting the ⌧ po-
larization is independent of the mode of ⌧ production
and can be applied to the characterization of new phe-
nomena at the LHC. In particular, P

⌧

may be used as
a discriminating variable in searches for new particles
that decay to ⌧ leptons and, in the event of such a dis-
covery, could provide insight into the nature of the new
particle’s couplings.
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From                             ,  
“Charge asymmetry” 
is derived. Observe Υ in 1-prong Tau candidates.
The distribution is fitted using left- and right-handed 
templates. 

13

¯

-1 -0.5 0 0.5 1 1.5 2 2.5 3

En
tri

es
/0

.1

0

20

40

60

80

100

Data 2010 
Fit
Left-handed
Right-handed

ATLAS

 = 7 TeVs
-1 L dt = 24 pb0

Pτ = −1.06 ± 0.04(stat) −0.07
+0.05 (syst)

Pτ = σ R −σ L( ) σ R +σ L( )
 
ϒ = ET

π −

− ET
π 0( ) PTπ −

+

PT

π 0

First τ polarisation 
measurement at LHC

•  Fit observed distribution to 
templates for left-handed and 
right-handed taus.	
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From                             ,  
“Charge asymmetry” 
is derived. Observe Υ in 1-prong Tau candidates.
The distribution is fitted using left- and right-handed 
templates. 
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•  First τ polarisation 
measurement at a hadron 
collider. 	




Diboson Physics	


  Diboson production is an important test of the SM 
electroweak sector – relatively clean, rare signals.	


  Sensitive to new phenomena such as resonant 
production of new massive particles. 	


  WW and ZZ production are irreducible 
backgrounds to the corresponding Higgs decay 
channels – crucial to understand.	
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!  cross section 
!  Nobs: observed events passing selection 
!  Nb: estimated background passing selection 
!  L: int. luminosity 
!  Br: the branching ratio of  V�l+l/� 
!  A: the fiducial acceptance 
!  C: the eff. correction 

!  aTGC limit setting 
!  Effect of  new physics parameterized with 

effective field theory (aTGCs) 
!  Cut-off  form factor to preserve unitarity at 

high energy 
!  Modify total production rate and event 

kinematics 
!  Likelihood(1D or 2D) to determine the aTGCs 

������� 3 

σ tot =
Nobs − Nb

A∗C *L*Br

g1
V =κV =1,g1

V =1+Δg1
V ,κV =1+ΔκV
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������� 2 

!  Motivation: 
!  Important test of  SM EW sector 

!  Sensitive to new phenomena. 

!  Irreducible background of  Higgs(WW/ZZ) and relevant exotic 
searches 

!  More precise measurement with full 2011 dataset(4.7fb-1) 

Anomalous Triple Gauge Couplings	

•  Many new physics models lead to 

additional triple gauge couplings.	

•  aTGCs manifest as increased cross sections, 

especially at high pT and high centre of 
mass energy.	




W/Z+γ 	

  Measure cross-sections as a function of photon ET using 1fb-1 of 2011 data.	

  Select events with isolated leptons with pT > 25 GeV and isolated photon 

with ET > 15 GeV,  ΔR(l,γ) > 0.7 	

  W+γ: 1 lepton, ET

miss>25GeV, MT> 40 GeV ,  Z+γ: 2 isolated leptons, pT > 25 
GeV, Mll > 40GeV 	


  Main background is W/Z+jets.	
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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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�
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isolated. The results are compared to SM predictions
using a NLO parton-level generator. The NLO SM pre-
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Cross Section 
Measurements 
•  Exclusive:  Veto events 

containing any jets with 
pT > 30 GeV 
(YELLOW)	


•  Inclusive: No Jet Veto. 
(GREEN).	


W+γ	
 Z+γ	


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2011-26/ 	




nTGC limits from W/Z+γ	

  Set limits using exclusive cross-sections in highest ET bin: ET

γ>100 GeV for Wγ, 
ET
γ>60 GeV for Zγ.	
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thresholds. For the high photon thresholds, where
multi-jet production dominates, the measured inclusive
W� cross sections are higher than the NLO calculations
for the inclusive pp ! l±⌫�+X process, which do not in-
clude multiple quark/gluon emission. The measurements
are also compared to LO MC generators with multiple
quark/gluon emission in the matrix element calculations.
These LO MC predictions reproduce the shape of the

photon E�

T

spectrum and the kinematic properties of the
leptons and jets in the W� and Z� candidate events.
The measurements of exclusive W� (Z�) production

with E�

T

> 100 (60) GeV are used to constrain anoma-
lous triple gauge couplings (�
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, hV
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and hV

4

). No
evidence for physics beyond the SM is observed. The lim-
its obtained in this study are compatible with those from
LEP and Tevatron and are more stringent than previous
LHC results.
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Parameters h3
γ, h4

γ	
 Parameters h3
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Z	


WWγ Zγγ ZZγ 



WW->lυlυ	

  Measure cross section in 4.7fb-1 of 2011 

data.	

  Exactly 2 isolated leptons, 

pT>25(leading) GeV, pT>20(trailing) 
GeV 	


  Z/γ* / jet rejection: 	

–  Mll>15GeV,  |Mll-MZ

PDG| >15 GeV (ee/
μμ)	


–  Mll > 10 GeV (eμ)	

  ET,rel

miss > 55/50/25 GeV(μμ/ee/eμ) 	

  Veto events with a jet with pT > 25 or a 

b-tagged jet with pT> 20 GeV.	

  Observe 1524 events with estimated 

background of 531.1±13.7±48.7.	

  Measured cross section:	


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


  SM NLO prediction: 45.1 ± 2.8 pb.	
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background estimates. The histogram shapes are MC-based except for the W+jets background contribution, which
is obtained from a data-driven method. The estimated uncertainties are shown as hatched bands (stat � syst).

allows for easier comparisons with other theoretical predictions, and constitutes a measurement which
minimises theoretical uncertainties. One can define an overall correction factor CWW for efficiencies,
detector resolutions and geometric acceptance to the fiducial region under consideration: CWW is the
ratio of the MC signal event yield passing the analysis selection to the MC event yield passing the
fiducial selection at generator particle level. It is not an efficiency, because the events in its numerator are
not a strict subset of the events in the denominator. The overall W+W� signal acceptance was previously
defined as AWW ⇥CWW , where the acceptance factor AWW is defined as the ratio of the MC signal event
yield passing the analysis selection at generator particle level to the total number of generated signal MC
events. It encapsulates the extrapolation from the fiducial volume (where the measurement is performed)
to the full phase space and incorporates all the uncertainties related with the theoretical modelling used
for the extrapolation.

The W+W� fiducial phase space which is experimentally accessible and mimics the W+W� event
selection is defined by the following criteria:

• muon cuts: pT > 20 GeV, |h |< 2.4, leading pT in µµ channel: pT > 25 GeV

• electron cuts: pT > 20 GeV, |h |< 1.37 or 1.52 < |h |< 2.47

– leading electron in ee channel and electron in eµ channel: pT > 25 GeV

• jet cuts: pT > 25 GeV, |h |< 4.5, DR(e, jet)> 0.3

• no jets containing a b-hadron with pT > 20 GeV

• event cuts:

– µµ channel: pn+n̄
T,Rel > 55 GeV, mµµ > 15 GeV and |mµµ �mZ|> 15 GeV

– ee channel: pn+n̄
T,Rel > 50 GeV, mee > 15 GeV and |mee �mZ|> 15 GeV

– eµ channel: pn+n̄
T,Rel > 25 GeV, meµ > 10 GeV,

where mZ = 91.187 GeV and pn+n̄
T,Rel is defined similarly to Emiss

T, Rel, introduced in Section 5.5. Events are
required to contain two leptons and no jets satisfying the cuts defined above, in addition to satisfying the
cuts on leptons and on neutrinos. In this analysis, particle level jets (MC truth jets) were constructed in
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is obtained from a data-driven method. The estimated uncertainties are shown as hatched bands (stat � syst).

allows for easier comparisons with other theoretical predictions, and constitutes a measurement which
minimises theoretical uncertainties. One can define an overall correction factor CWW for efficiencies,
detector resolutions and geometric acceptance to the fiducial region under consideration: CWW is the
ratio of the MC signal event yield passing the analysis selection to the MC event yield passing the
fiducial selection at generator particle level. It is not an efficiency, because the events in its numerator are
not a strict subset of the events in the denominator. The overall W+W� signal acceptance was previously
defined as AWW ⇥CWW , where the acceptance factor AWW is defined as the ratio of the MC signal event
yield passing the analysis selection at generator particle level to the total number of generated signal MC
events. It encapsulates the extrapolation from the fiducial volume (where the measurement is performed)
to the full phase space and incorporates all the uncertainties related with the theoretical modelling used
for the extrapolation.

The W+W� fiducial phase space which is experimentally accessible and mimics the W+W� event
selection is defined by the following criteria:

• muon cuts: pT > 20 GeV, |h |< 2.4, leading pT in µµ channel: pT > 25 GeV

• electron cuts: pT > 20 GeV, |h |< 1.37 or 1.52 < |h |< 2.47

– leading electron in ee channel and electron in eµ channel: pT > 25 GeV

• jet cuts: pT > 25 GeV, |h |< 4.5, DR(e, jet)> 0.3

• no jets containing a b-hadron with pT > 20 GeV

• event cuts:

– µµ channel: pn+n̄
T,Rel > 55 GeV, mµµ > 15 GeV and |mµµ �mZ|> 15 GeV

– ee channel: pn+n̄
T,Rel > 50 GeV, mee > 15 GeV and |mee �mZ|> 15 GeV

– eµ channel: pn+n̄
T,Rel > 25 GeV, meµ > 10 GeV,

where mZ = 91.187 GeV and pn+n̄
T,Rel is defined similarly to Emiss

T, Rel, introduced in Section 5.5. Events are
required to contain two leptons and no jets satisfying the cuts defined above, in addition to satisfying the
cuts on leptons and on neutrinos. In this analysis, particle level jets (MC truth jets) were constructed in

14

5.5 Missing transverse energy

The missing transverse energy is reconstructed using calorimeter energies from clusters in the detection
range |h |< 4.9 and muon momenta measured by the muon spectrometer and inner detector. A detailed
description can be found in Ref. [28].

The mis-measured energies of leptons or jets can produce false Emiss
T . To reduce the rate of back-

ground events that arise from these mis-measurements, particularly the Drell-Yan background contribu-
tions, we use a relative missing transverse energy (Emiss

T, Rel), which is defined as follows:

Emiss
T, Rel =

⇢
Emiss

T ⇥ sin
�
Df`, j

�
if Df < p/2

Emiss
T if Df � p/2, (2)

where Df`, j is the difference in the azimuthal angle f between the Emiss
T and the nearest selected lepton

or jet. This requirement also reduces the background contributions from Z ! t+t� where the real Emiss
T

from the t semileptonic decays is parallel to the momenta of the leptons.

6 Event selection

Dilepton events are selected using the lepton identification requirements described in the previous sec-
tion. For each dilepton final state (ee, µµ , or eµ), we require each electron (or muon) to have at least pT
> 15 GeV, and we require exactly two leptons with opposite charges. The electron in the eµ channel and
the leading electron in the ee channel must have pT > 25 GeV. The leading muon in the µµ channel must
have pT > 25 GeV. Subleading lepton pT > 20 GeV requirements have been applied to all three channels
at the end of the event selection. Both leptons are required to originate from the primary vertex. At least
one of the selected leptons is required to have fired its corresponding trigger (“trigger matching”).

Figure 2 shows the comparisons of the invariant mass distributions between data and MC for the
ee candidates (left plot) and the µµ candidates (right plot). In Fig. 2, after the dilepton selection, the
dominant contribution (>99%) to ee and µµ events comes from the inclusive Z ! `+`� process. To
reduce this background and the background contribution from hadronic multi-jets, the invariant mass of
the dilepton pair (e+e� or µ+µ�) is required to exceed 15 GeV and is not allowed to be within ±15 GeV
of the Z mass. In addition, the invariant mass of any e�µ+ or e+µ� dilepton pair is required to exceed
10 GeV.
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Figure 2: The invariant mass distributions for ee (left) and µµ (right) dilepton final states. The points
represent data and the stacked histograms are the MC predictions, which are normalised to 4.7 fb�1 using
SM cross sections.
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nTGC limits from WW->lυlυ	


  Limits set using 1fb-1 of 2011 data.	

  Assume anomalous couplings arise from 

dimension-6 operators and EWSB occurs via 
a light SM Higgs (“LEP assumption”, coupling 
parameterised by:	

–  g1

Z , κZ and λZ . 	

  Use leading lepton pT distribution to set limits 

with a binned likelihood fit.	
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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
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Table 5: 95% CL limits on anomalous TGCs in the LEP scenario assuming the other couplings are set to their SM values.

⇤ �gZ
1 �kZ �Z

3 TeV [�0.064, 0.096] [�0.100, 0.067] [�0.090, 0.086]
1 [�0.052, 0.082] [�0.071, 0.071] [�0.079, 0.077]
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Figure 4: Two-dimensional fits to the anomalous couplings in the LEP scenario: �kZ vs. �Z (left), �kZ vs. �gZ
1 (middle), and �Z vs. �gZ

1 (right).

and the combined LEP results in Fig. 5. The sensitiv-
ity of this result is significantly greater than that of the
Tevatron due to the higher center-of-mass energy and
higher WW production cross section. It is also compa-
rable to the combined results from LEP, which include
data from four detectors and all WW decay channels.

8. Summary

Using 1.02 fb�1 of
p

s = 7 TeV pp data, the pp !
WW cross section has been measured with the ATLAS
detector in the fully leptonic decay channel. The mea-
sured total cross section of 54.4 ± 5.9 pb is consistent
with the SM prediction of 44.4 ± 2.8 pb and is the most
precise measurement to date. In addition, a first mea-
surement of the WW cross section in a fiducial phase
space region has been presented. Limits on anomalous
couplings have been derived in three scenarios using the
pT distribution of the leading charged lepton. No sig-
nificant deviation is observed with respect to the SM
prediction. These limits are competitive with previous
results and are sensitive to a higher mass scale for new
physical processes.
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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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1 Introduction108

The precise measurement of W+W� production is an important milestone in the ATLAS physics program,109

both to compare observation with the Standard Model (SM) expectation and thus constrain possible110

exotic contributions and to provide a detailed understanding of this process in searches for phenomena111

to which W+W� production is a background. The leading-order Feynman diagrams for the dominant112

W+W� production mechanism at the LHC are shown in Figure 1 and are characterised by a quark-113

antiquark initial state.114

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. The115

corresponding Feynman diagrams are shown in Figure 2. This process contributes ⇠ 3% event rate to the116

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. Please note that the Z-exchange triangle diagrams cancel when summed over ‘massless’
up- and down-type contributions.

117

W+W� events from SM Higgs production via the gluon-gluon fusion process, gg ! H + X !118

WW +X, are not included in our signal simulation and would contribute an additional ⇡5% to the overall119

event rate (for an assumed Higgs mass of 130 GeV). We do not optimise our event selection for specific120

SM Higgs searches with di↵erent mass ranges. We take the more generic approach to measure the W+W�121

event rate and to extract the total W+W� production cross-section from data.122

W+W� production through vector-boson fusion/scattering has also not been included in the signal123

simulation since the production cross-section is another order of magnitude smaller compared to the124

gluon-gluon fusion production mechanism (0.85 fb for a very heavy Higgs, or 1.33 fb for a Higgs mass125

of 120 GeV, and for one lepton decay flavor) [1, 2, 3].126

The measurement of the W+W� production cross section at the LHC will provide an important test127

of the SM through the study of the charged triple gauge boson couplings that result from the non-abelian128

Parameters Δκγ, λγ, ΔκZ, λZ, Δg1
Z
	


	


WWγ / WWZ 



WZ->lνll	


  Measured using 1.02fb-1 of 2011 data.	


–  3 isolated leptons, 	

–  Z: 1st and 2nd leptons, pT>15GeV  |

Mll-Mz
PDG| < 10GeV 	


–  W: 3rd lepton, pT>20GeV,  
mT>20GeV, Et

miss > 25GeV 	


  Major backgrounds: Z+jets/γ, ZZ, Top	


  Observe 71 events, expected background 
of 12.1±1.4 (syst) +4.1

-2.0 (stat).	

  Measured cross-section:	


	


  SM prediction:	
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Final State eee+ Emiss

T

eeµ+ Emiss

T

eµµ+ Emiss

T

µµµ+ Emiss

T

Fiducial E�ciency (%) 34.3±0.8 50.2±0.9 54.5±1.0 81.6±1.3

Table 1: Fiducial e�ciency per channel. The uncertainty due to simulated sample size and parton distribution functions is shown.
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Figure 1: The invariant mass of the lepton pair attributed to the

Z boson in candidate events after the full selection. The stacked

histograms represent the predictions from simulation or, where

applicable, data-driven estimates including the statistical and

systematic uncertainty shown by shaded bands. The shape of

the top-quark background is taken from simulation.

that a “lepton-like” jet satisfies the quality or isolation re-
quirements. The scaling factor f(p

T

) is determined from a
data sample of events containing a Z boson plus an extra
lepton-like jet, with a low missing transverse momentum,
Emiss

T

< 25 GeV. The validity of extrapolation to high
values of Emiss

T

has been verified with dijet events from
simulation and data. An estimate of the systematic un-
certainty is derived from the Emiss

T

extrapolation in dijet
data.

6. Results

The numbers of expected and observed events after the
full selection are shown in Table 2. A total of 71W±Z can-
didates are observed in data, with 12.1±1.4(stat.)+4.1

�2.0

(syst.)
expected background events. The expected signal events
shown in the table include the contribution from ⌧ lepton
decays into electrons or muons. The discrepancy between
channels in the number of observed to expected events is
consistent with a statistical fluctuation at the 16% level.
The invariant mass and the transverse momentum of the
Z boson in W±Z candidate events are shown in Figures 1
and 2, respectively.

The fiducial cross section is calculated from

�fid

WZ!`⌫``

=
Nobs

`⌫``

�Nbkg

`⌫``

L⇥ C
WZ!`⌫``

⇥
 
1� NMC

⌧

NMC

sig

!
(1)
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Figure 2: The transverse momentum of Z bosons in candidate

events after full selection. The stacked histograms represent the

predictions from simulation or, where applicable, data-driven

estimates including the statistical and systematic uncertainty

shown by shaded bands. The last bin includes the overflow.

The shape of the top-quark background is taken from simula-

tion.

where Nobs

`⌫``

and Nbkg

`⌫``

are the numbers of observed and
background events, L the integrated luminosity and
C

WZ!`⌫``

is the fiducial e�ciency defined above. The last
term corrects for the ⌧ lepton contribution estimated from
the selected simulated signal sample, where NMC

⌧

is the
number of W±Z events with at least one of the bosons
decaying to a ⌧ lepton and NMC

sig

is the number of W±Z
events with decays into any lepton flavour. For each fi-
nal state, the simulated signal samples include W and Z
bosons decaying into ⌧ leptons. The contribution from ⌧
lepton decays is 3.7% summing over all channels.

The total cross section is calculated as

�tot

WZ

=
�fid

WZ!`⌫``

B(WZ ! `⌫``)⇥A
WZ!`⌫``

(2)

where B(WZ ! `⌫``) is the branching ratio for a W±

boson to decay to `⌫ and a Z boson to decay to ``, and
A

WZ!`⌫``

is the ratio of the number of events within the
fiducial phase space region to the number of events within
66 GeV < m

``

< 116 GeV. This ratio A
WZ!`⌫``

is calcu-
lated at NLO to be 0.342 ± 0.006 using MCFM [18] with
PDF set CTEQ6.6, where the uncertainty arises from the
statistical error due to the sample size in the MCFM in-
tegration (0.6%) and parton distribution function uncer-
tainty (1.5%).

The cross section is determined by minimizing a neg-
ative log-likelihood function to combine the four chan-

4

Final State eee+ Emiss

T

eeµ+ Emiss

T

eµµ+ Emiss

T

µµµ+ Emiss

T

Combined

Observed 11 9 22 29 71

ZZ 0.4±0.0 1.0±0.1 0.8±0.1 1.7±0.1 3.9±0.1±0.2
W/Z+jets 2.0±0.5 0.7±0.3 1.7±0.5 0.4±0.3 4.8±0.8+4.0

�1.9

Top 0.2±0.1 0.8±0.6 0.9±0.7 0.4±0.5 2.3±1.0±0.5
W/Z + � 0.5±0.3 – 0.6±0.4 – 1.1±0.5±0.1

Total Background 3.1±0.6 2.5±0.7 3.9±0.9 2.6±0.6 12.1±1.4+4.1

�2.0

Expected Signal 7.7±0.2 11.6±0.2 12.4±0.2 18.6±0.3 50.3±0.4±4.3
Total Expected Events 10.9±0.6 14.0±0.7 16.4±1.0 21.2±0.7 62.4±1.5+5.9

�4.6

Table 2: Summary of observed events and expected signal and background contributions for the four trilepton channels and their combination.
Statistical uncertainties are shown for the individual channels, and both statistical and systematic uncertainties are shown for the combined
channel. Expected signal (W±

Z) and background events from ZZ and W/Z+ � are predicted from MC simulation. Data-driven background
estimation methods are used for W/Z+jets for all decay channels. For backgrounds with top-quark decays, data-driven estimates are used
for the µµµ, eµµ and eeµ channels whereas MC simulation is used for the eee channel. W/Z + � does not contribute to the eeµ and µµµ

channels.

nels. Systematic uncertainties are included as Gaussian-
constrained nuisance parameters. For each systematic un-
certainty, correlations between signal and background pre-
dictions are taken into account. All uncertainties are al-
lowed to vary simultaneously in the fit.

The measurements of the combined fiducial cross sec-
tion for the W±Z bosons decaying directly into electrons
and muons, and the total inclusive cross section, are

�fid

WZ!`⌫``

= 102+15

�14

(stat.)+7

�6

(syst.)+4

�4

(lumi.) fb (3)

�tot

WZ

= 20.5+3.1

�2.8

(stat.)+1.4

�1.3

(syst.)+0.9

�0.8

(lumi.) pb. (4)

The latter can be compared with the SM expectation,
17.3+1.3

�0.8

pb, calculated with MCFM [18].
In order to set limits on the anomalous coupling pa-

rameters, a frequentist approach [31] is used with the pro-
file likelihood ratio used as the test statistic. The limits
are set separately on each parameter with the other cou-
plings fixed to their SM values. A reweighting procedure
is used to predict the numbers of expected events as func-
tions of the parameter being studied. The uncertainties
on the signal acceptance and e�ciency and on the back-
ground estimates are included as nuisance parameters with
Gaussian constraints in the likelihood function. The 95%
confidence interval (C.I.) is defined as the range(s) of the
coupling parameter(s) for which at least 5% of randomly
generated pseudo-experiments result in a smaller value of
the profile likelihood ratio than is observed with the data.

The observed and expected 95% C.I. for the anoma-
lous couplings are summarized in Table 3. The observed
limits are compared with DØ results from W±Z produc-
tion in Figure 3. Other results on anomalous couplings
from W+W� production can be found in Refs. [32–38].
Significant improvements in these limits are expected with
more integrated luminosity and refined extraction methods
which take advantage of the di↵erential spectra of kine-
matic quantities. The anomalous couplings influence the
kinematic properties of W±Z events and thus the fiducial

e�ciency. The C
WZ

variation within the measured aTGC
limits results maximally in a 3% decrease of the fiducial
cross section.

Coupling Observed Observed Expected

(⇤ = 2 TeV) (⇤ = 1) (⇤ = 1)

�gZ
1

[�0.20, 0.30] [�0.16, 0.24] [�0.12, 0.20]

�
Z

[�0.9, 1.1] [�0.8, 1.0] [�0.6, 0.8]

�
Z

[�0.17, 0.17] [�0.14, 0.14] [�0.11, 0.11]

Table 3: Observed and expected 95% C.I. for the anomalous cou-
plings �g

Z
1 , �Z , and �Z . Expected experimental limits assume

SM values.

7. Conclusion

A measurement of the W±Z production cross section
has been performed using final states with electrons and
muons, in LHC pp collisions at

p
s = 7 TeV with ATLAS.

In data with an integrated luminosity of 1.02 fb�1, a total
of 71 candidates is observed with a background expecta-
tion of 12.1± 1.4(stat.)+4.1

�2.0

(syst.) events. The SM expec-
tation for the number of signal events is 50.3±0.4(stat.)±
4.3(syst.). The fiducial and total cross sections determined
in the present work are given in equations 3 and 4, respec-
tively. The total cross section is in good agreement with
the SM expectation. Limits on the anomalous triple gauge
couplings �gZ

1

, �
Z

and �
Z

are reported and the results
are consistent with zero, as expected from the SM.
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Final State eee+ Emiss

T

eeµ+ Emiss

T

eµµ+ Emiss

T

µµµ+ Emiss

T

Combined

Observed 11 9 22 29 71

ZZ 0.4±0.0 1.0±0.1 0.8±0.1 1.7±0.1 3.9±0.1±0.2
W/Z+jets 2.0±0.5 0.7±0.3 1.7±0.5 0.4±0.3 4.8±0.8+4.0

�1.9

Top 0.2±0.1 0.8±0.6 0.9±0.7 0.4±0.5 2.3±1.0±0.5
W/Z + � 0.5±0.3 – 0.6±0.4 – 1.1±0.5±0.1

Total Background 3.1±0.6 2.5±0.7 3.9±0.9 2.6±0.6 12.1±1.4+4.1

�2.0

Expected Signal 7.7±0.2 11.6±0.2 12.4±0.2 18.6±0.3 50.3±0.4±4.3
Total Expected Events 10.9±0.6 14.0±0.7 16.4±1.0 21.2±0.7 62.4±1.5+5.9

�4.6

Table 2: Summary of observed events and expected signal and background contributions for the four trilepton channels and their combination.
Statistical uncertainties are shown for the individual channels, and both statistical and systematic uncertainties are shown for the combined
channel. Expected signal (W±

Z) and background events from ZZ and W/Z+ � are predicted from MC simulation. Data-driven background
estimation methods are used for W/Z+jets for all decay channels. For backgrounds with top-quark decays, data-driven estimates are used
for the µµµ, eµµ and eeµ channels whereas MC simulation is used for the eee channel. W/Z + � does not contribute to the eeµ and µµµ

channels.

nels. Systematic uncertainties are included as Gaussian-
constrained nuisance parameters. For each systematic un-
certainty, correlations between signal and background pre-
dictions are taken into account. All uncertainties are al-
lowed to vary simultaneously in the fit.

The measurements of the combined fiducial cross sec-
tion for the W±Z bosons decaying directly into electrons
and muons, and the total inclusive cross section, are

�fid

WZ!`⌫``

= 102+15

�14

(stat.)+7

�6

(syst.)+4

�4

(lumi.) fb (3)

�tot

WZ

= 20.5+3.1

�2.8

(stat.)+1.4

�1.3

(syst.)+0.9

�0.8

(lumi.) pb. (4)

The latter can be compared with the SM expectation,
17.3+1.3

�0.8

pb, calculated with MCFM [18].
In order to set limits on the anomalous coupling pa-

rameters, a frequentist approach [31] is used with the pro-
file likelihood ratio used as the test statistic. The limits
are set separately on each parameter with the other cou-
plings fixed to their SM values. A reweighting procedure
is used to predict the numbers of expected events as func-
tions of the parameter being studied. The uncertainties
on the signal acceptance and e�ciency and on the back-
ground estimates are included as nuisance parameters with
Gaussian constraints in the likelihood function. The 95%
confidence interval (C.I.) is defined as the range(s) of the
coupling parameter(s) for which at least 5% of randomly
generated pseudo-experiments result in a smaller value of
the profile likelihood ratio than is observed with the data.

The observed and expected 95% C.I. for the anoma-
lous couplings are summarized in Table 3. The observed
limits are compared with DØ results from W±Z produc-
tion in Figure 3. Other results on anomalous couplings
from W+W� production can be found in Refs. [32–38].
Significant improvements in these limits are expected with
more integrated luminosity and refined extraction methods
which take advantage of the di↵erential spectra of kine-
matic quantities. The anomalous couplings influence the
kinematic properties of W±Z events and thus the fiducial

e�ciency. The C
WZ

variation within the measured aTGC
limits results maximally in a 3% decrease of the fiducial
cross section.

Coupling Observed Observed Expected

(⇤ = 2 TeV) (⇤ = 1) (⇤ = 1)

�gZ
1

[�0.20, 0.30] [�0.16, 0.24] [�0.12, 0.20]

�
Z

[�0.9, 1.1] [�0.8, 1.0] [�0.6, 0.8]

�
Z

[�0.17, 0.17] [�0.14, 0.14] [�0.11, 0.11]

Table 3: Observed and expected 95% C.I. for the anomalous cou-
plings �g

Z
1 , �Z , and �Z . Expected experimental limits assume

SM values.

7. Conclusion

A measurement of the W±Z production cross section
has been performed using final states with electrons and
muons, in LHC pp collisions at

p
s = 7 TeV with ATLAS.

In data with an integrated luminosity of 1.02 fb�1, a total
of 71 candidates is observed with a background expecta-
tion of 12.1± 1.4(stat.)+4.1

�2.0

(syst.) events. The SM expec-
tation for the number of signal events is 50.3±0.4(stat.)±
4.3(syst.). The fiducial and total cross sections determined
in the present work are given in equations 3 and 4, respec-
tively. The total cross section is in good agreement with
the SM expectation. Limits on the anomalous triple gauge
couplings �gZ

1

, �
Z

and �
Z

are reported and the results
are consistent with zero, as expected from the SM.
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Final State eee+ Emiss
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eeµ+ Emiss

T

eµµ+ Emiss

T

µµµ+ Emiss

T

Combined

Observed 11 9 22 29 71

ZZ 0.4±0.0 1.0±0.1 0.8±0.1 1.7±0.1 3.9±0.1±0.2
W/Z+jets 2.0±0.5 0.7±0.3 1.7±0.5 0.4±0.3 4.8±0.8+4.0

�1.9

Top 0.2±0.1 0.8±0.6 0.9±0.7 0.4±0.5 2.3±1.0±0.5
W/Z + � 0.5±0.3 – 0.6±0.4 – 1.1±0.5±0.1

Total Background 3.1±0.6 2.5±0.7 3.9±0.9 2.6±0.6 12.1±1.4+4.1

�2.0

Expected Signal 7.7±0.2 11.6±0.2 12.4±0.2 18.6±0.3 50.3±0.4±4.3
Total Expected Events 10.9±0.6 14.0±0.7 16.4±1.0 21.2±0.7 62.4±1.5+5.9

�4.6

Table 2: Summary of observed events and expected signal and background contributions for the four trilepton channels and their combination.
Statistical uncertainties are shown for the individual channels, and both statistical and systematic uncertainties are shown for the combined
channel. Expected signal (W±

Z) and background events from ZZ and W/Z+ � are predicted from MC simulation. Data-driven background
estimation methods are used for W/Z+jets for all decay channels. For backgrounds with top-quark decays, data-driven estimates are used
for the µµµ, eµµ and eeµ channels whereas MC simulation is used for the eee channel. W/Z + � does not contribute to the eeµ and µµµ

channels.

nels. Systematic uncertainties are included as Gaussian-
constrained nuisance parameters. For each systematic un-
certainty, correlations between signal and background pre-
dictions are taken into account. All uncertainties are al-
lowed to vary simultaneously in the fit.

The measurements of the combined fiducial cross sec-
tion for the W±Z bosons decaying directly into electrons
and muons, and the total inclusive cross section, are

�fid

WZ!`⌫``

= 102+15

�14

(stat.)+7

�6

(syst.)+4

�4

(lumi.) fb (3)

�tot

WZ

= 20.5+3.1

�2.8

(stat.)+1.4

�1.3

(syst.)+0.9

�0.8

(lumi.) pb. (4)

The latter can be compared with the SM expectation,
17.3+1.3

�0.8

pb, calculated with MCFM [18].
In order to set limits on the anomalous coupling pa-

rameters, a frequentist approach [31] is used with the pro-
file likelihood ratio used as the test statistic. The limits
are set separately on each parameter with the other cou-
plings fixed to their SM values. A reweighting procedure
is used to predict the numbers of expected events as func-
tions of the parameter being studied. The uncertainties
on the signal acceptance and e�ciency and on the back-
ground estimates are included as nuisance parameters with
Gaussian constraints in the likelihood function. The 95%
confidence interval (C.I.) is defined as the range(s) of the
coupling parameter(s) for which at least 5% of randomly
generated pseudo-experiments result in a smaller value of
the profile likelihood ratio than is observed with the data.

The observed and expected 95% C.I. for the anoma-
lous couplings are summarized in Table 3. The observed
limits are compared with DØ results from W±Z produc-
tion in Figure 3. Other results on anomalous couplings
from W+W� production can be found in Refs. [32–38].
Significant improvements in these limits are expected with
more integrated luminosity and refined extraction methods
which take advantage of the di↵erential spectra of kine-
matic quantities. The anomalous couplings influence the
kinematic properties of W±Z events and thus the fiducial

e�ciency. The C
WZ

variation within the measured aTGC
limits results maximally in a 3% decrease of the fiducial
cross section.

Coupling Observed Observed Expected

(⇤ = 2 TeV) (⇤ = 1) (⇤ = 1)

�gZ
1

[�0.20, 0.30] [�0.16, 0.24] [�0.12, 0.20]

�
Z

[�0.9, 1.1] [�0.8, 1.0] [�0.6, 0.8]

�
Z

[�0.17, 0.17] [�0.14, 0.14] [�0.11, 0.11]

Table 3: Observed and expected 95% C.I. for the anomalous cou-
plings �g

Z
1 , �Z , and �Z . Expected experimental limits assume

SM values.

7. Conclusion

A measurement of the W±Z production cross section
has been performed using final states with electrons and
muons, in LHC pp collisions at

p
s = 7 TeV with ATLAS.

In data with an integrated luminosity of 1.02 fb�1, a total
of 71 candidates is observed with a background expecta-
tion of 12.1± 1.4(stat.)+4.1

�2.0

(syst.) events. The SM expec-
tation for the number of signal events is 50.3±0.4(stat.)±
4.3(syst.). The fiducial and total cross sections determined
in the present work are given in equations 3 and 4, respec-
tively. The total cross section is in good agreement with
the SM expectation. Limits on the anomalous triple gauge
couplings �gZ

1

, �
Z

and �
Z

are reported and the results
are consistent with zero, as expected from the SM.
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Figure 3: 95% C.I. for anomalous couplings from ATLAS and

DØ experiments. ATLAS limits are extracted from a fit to the

cross section while the DØ [39] limits are extracted from a fit to

the pT(Z) spectrum. Luminosities, centre-of-mass energy and

cut-o↵ ⇤ are shown.
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Parameters Δg1
Z

, ΔκZ, λZ	


WWZ 



ZZ->llυυ	

  Measure in 4.7fb-1 of 2012 data. Final 

states involving two isolated electrons 
and muons plus missing transverse 
energy.	


  Lepton pT > 20 GeV, |Mll-MZ
PDG|<15 

GeV.	

  No reconstructed jets with pT>25 GeV.	

  Axial-ET

miss > 80GeV (ET
miss projection 

along Z pT)	

  Fractional difference���

|ET
miss - pZ

T|/pZ
T< 0.6.	


  Observed 78 events with background 
estimated to be 40.7±4.3 (syst) ± 3.7 
(stat)	


  Measured total cross-section:	


  Consistent with SM prediction of	
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• ZZ ! `+`�⌫⌫̄, `± = e±, µ±;

• |m`+`� � mZ | < 15 GeV;

• �p⌫⌫̄T ⇥ cos(��( ~pT
⌫⌫̄, ~pT

Z)) > 80 GeV; 4

• (|p⌫⌫̄T � pZ
T|)/pZ

T < 0.6;

• p`T > 20 GeV;

• |⌘`| < 2.5;

• No (particle-level) jet with pT > 25 GeV and |⌘| < 4.5. Jets are reconstructed with the anti-
kt algorithm [27] with distance parameter R = 0.4. The jet must not be closer than �R ⌘p

(�⌘)2 + (��)2 = 0.3 to an electron.

A maximum-likelihood fit is performed to calculate the fiducial cross section on the combination of
the two channels. The systematic uncertainties are included in the fitting procedure as nuisance parame-
ters. The measured fiducial cross section is:

�fid
ZZ!`+`�⌫⌫̄ = 12.2+3.0

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

where ` refers to either e or µ. The total cross section is determined similarly, but correcting for the
Z ! `+`� and Z ! ⌫⌫̄ branching fractions and the acceptance of the fiducial cuts. The acceptance of
the fiducial cuts, calculated at NLO using the program MC@NLO with the CT10 PDF set, is 0.084 ±
0.013, where the error arises from PDF uncertainties, QCD scale uncertainty, the di↵erence in acceptance
between the gg ! ZZ channel (estimated with gg2zz [33]) and the qq̄ ! ZZ channel (estimated with
MC@NLO) and the di↵erence in acceptance between di↵erent generators. The measured value of the
total on-shell ZZ cross section is:

�tot
ZZ = 5.4+1.3

�1.2(stat.)+1.4
�1.0(syst.) ± 0.2(lumi.) pb

The result is statistically consistent with the Standard Model total cross section for this process of
6.5+0.3
�0.2 pb, calculated with MCFM. It is also consistent with the ATLAS ZZ ! `+`�`+`� result [34],

as shown in Figure 5.

6 Conclusion

A first measurement of the ZZ production cross section in the `+`�⌫⌫̄ channel in LHC proton-proton
collisions at

p
s = 7 TeV has been performed by the ATLAS experiment, using electrons, muons, and

missing transverse momentum in the final state. In a dataset with an integrated luminosity of 4.7 fb�1 a
total of 78 candidates was observed with a background expectation of 40.7 ± 4.3(stat.) ± 3.7(syst.). The
Standard Model expectation for the number of signal events is 42.3 ± 0.8(stat)±1.8(syst). The fiducial
and total cross sections were determined to be

�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

The result is consistent with the Standard Model total cross section for this process of 6.5+0.3
�0.2 pb, and

with the ATLAS measurements of the ZZ cross section in the four-lepton channel [11, 34].
4��( ~pT

⌫⌫̄, ~pT
Z) is the angle in the transverse plane between the two Z bosons.

9

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

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

�tot
ZZ = 7.2+1.1

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

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

6 Conclusions

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

s = 7 TeV have
been performed using the full 2011 dataset collected by the ATLAS detector, with electrons and muons in
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ZZ->llll	


  4.7fb-1 of 2012 data. Final states involving 
four isolated electrons and muons.	


  Electron: pT > 7 GeV, |eta| < 2.47	

  Muon: pT > 7 GeV, |eta|<2.7	

  Both Z bosons 66 < mZ < 116 GeV.	

  Very low background: 	


–  Mainly Z+jets, ttbar, other diboson.	

–  Data driven estimate 0.7+1.3-0.7 (syst) 

+1.3-0.7 (stat) events.	

  Observed 62 events.	

  Measured cross section:	


  Consistent with SM NLO prediction of	
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ZZ->llll nTGC limits	


  Set using first 1.02 fb-1 of dataset.	

  Limits set using total number of events 

only.	

  Limits are comparable to, or tighter than 

previous limits from other experiments 
and compatible with SM expectation.	
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!  ZZZ and ZZ� neutral triple gauge 
boson couplings (nTGCs) 

!  No tree-level contribution from s-
channel quark annihilation. O(10-4) at 
one-loop level 

!  Signature of  non-zero nTGCs: increase 
of  ZZ cross section at high ZZ inv.Mass 
and high transvers momentum 

!  1.02fb-1 anomalous nTGC limits 
published using the total number of  
observed events only. 

http://prl.aps.org/abstract/PRL/v108/i4/e041804 	
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June 10, 2012 – 18 : 12 DRAFT 3

1 Introduction72

The underlying structure of the electroweak sector of the Standard Model (SM) is the non-Abelian73

S U(2)L ⇥ U(1)Y gauge group. This model has been very successful in describing currently available74

experimental data. Features like vector boson masses and their coupling to fermions have been precisely75

tested at LEP2 and Run II of the Tevatron. However triple gauge boson couplings (TGC) predicted by76

this theory have not yet been determined with the same precision.77

In the SM the TGC vertex is completely fixed by the electroweak gauge structure and so a precise78

measurement of this vertex, through the analysis of diboson production at the LHC, is essential to test the79

high energy behaviour of electroweak interactions and to probe for possible new physics in the bosonic80

sector. Any deviation from gauge constraints will cause a significant enhancement to the production81

cross section at high diboson invariant mass (anomalous gauge boson couplings) [1]. Furthermore, for82

Higgs boson masses above ⇠ 2mZ the H ! ZZ decay becomes an important Higgs boson search channel.83

At the LHC, the dominant ZZ production mechanism is from quark-antiquark initial states and to84

a lesser extent from gluon-gluon fusion. Figure 1 shows the leading-order Feynman diagrams for ZZ85

production with qq̄ initial states.86

Figure 1: The SM 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 neutral TGC vertex not existing in the
SM.

In this note we present a measurement of the ZZ1 production cross section in proton-proton collisions87

at a centre-of-mass energy
p

s of 8 TeV. The cross-section is measured in a ‘fiducial’ phase space which88

corresponds closely to the experimental selection requirements (termed the “fiducial cross-section”), in89

order to reduce the systematic uncertainties of the measurement. The fiducial cross-section is extrapo-90

lated to the full space, and corrected for the lepton branching fractions, to give the total cross-section.91

The experimental signature of the `�`+`0�`0+ final state can be split into three channels: e+e�e+e�,92

e+e�µ+µ� and µ+µ�µ+µ� (including e or µ leptons that are the decay products of ⌧ leptons from the ZZ93

decays). The analysis and results are based on an integrated luminosity of 2.1 fb�1 collected by ATLAS94

in 2012 with a fully operational detector and stable beam conditions.95

1.1 Structure of this note96

The note is organized as follows:97

• Section 2 briefly describes the theoretical ZZ cross section.98

• An overview of the analysis is given in Section 3.99

• Sections 4 and 5 list data as well as signal and background MC samples used for this analysis;100

1Throughout this paper Z should be taken to mean Z/�⇤.

Parameters f4γ, f5γ, f4Z, f5Z	


ZZZ / ZZγ 



Summary and Outlook	


  Wide range of W/Z and diboson 
physics measurements performed 
by ATLAS giving rigorous tests of 
the Standard Model.	


  Most W/Z measurements are 
based on 2010 data.  The 2011 
dataset gives more than 100 
times more statistics – expect 
even more precise results soon.	


  Diboson measurements based on 
2011 data, but still much work 
ongoing with this dataset.	


  2012 data at 8 TeV accumulating 
fast!	
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Spare Slides	
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The ATLAS Experiment	
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  General purpose detector covering nearly entire solid angle around interaction point.	

  Inner tracking detector in 2T axial magnet field provides charged particle tracking for |η| 

< 2.5.	

  Electromagnetic and hadronic calorimeter system provide coverage for |η| < 4.9.	

  Muon spectrometer provides coverage for |η| < 2.7 with separate trigger and high-

precision tracking chambers.	



