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Overview
Top Results
‣ single top cross section
‣ top pair production

‣ cross section
‣ differential distributions

‣properties
‣ charge asymmetry
‣ top quark polarisation
‣ W polarisation in top decays
‣ Wtb vertex and CP violation

Electroweak Results 
Diboson Production 
‣ inclusive and differential cross sections

‣ W(→lν)γ and Z(→ll)γ
‣ WW→lνlν
‣ WZ→lνll
‣ ZZ→llll and ZZ→llνν
‣ WW/WZ→lνjj

‣ triple gauge coupling limits
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Why Diboson Production?

Background to Higgs Production
‣ significant and irreducible
‣need precise understanding to constrain Higgs couplings

ZZ

WW

γγ, Zγ
ττ

bb

ccggat mH = 126 GeV 
H→VV ~25%
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Why Diboson Production?

New Physics Searches
‣extended Higgs sector
‣extra vector bosons
‣extra dimensions
‣Supersymmetry
‣Technicolor
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FIG. 1: Examples of electroweak gaugino production and decay for our gauge-mediated SUSY benchmark model (Chargino
pairs on the left and Chargino-Neutralino on the right). Both processes give a W+W� + MET final state, since the decay
products of the o↵-shell W ⇤ in the right diagram are typically too soft to be detected.

In the rest of this letter, we will quantitatively demon-
strate the e↵ects of a particular SUSY scenario for the
W+W� measurement at 7 TeV and 8 TeV. We then in-
vestigate the bounds on these scenarios, and their contri-
butions to other multi-gauge boson and Higgs measure-
ments/searches. Finally we discuss the impact of this
scenario and possible ways to test for it and other closely
related scenarios in the future. While the discrepancies
in W+W� may simply be due to background model-
ing, this letter clearly demonstrates that EW charginos
could have been hiding in plain sight, and can improve a
number of SM measurements done thus far at the LHC.

W+W� CROSS SECTION AT 7 TEV

ATLAS [1] and CMS [2] measure the W+W� produc-
tion cross section in the dileptonic final state ee, µµ or
eµ with 5 fb�1 of LHC7 data. The main backgrounds to
pp ! W�W� ! `+`�⌫⌫̄ are Drell-Yan, top quark, W
+ jet and other diboson production. ATLAS imposes a
series of cuts designed to remove excess jet activity and
focus on real OS leptons (not from a Z) + MET, without
an upper cut on MET. CMS imposes similar if not softer
cuts, but has di↵erent restrictions on the dilepton sys-
tem overall and imposes additional vetoes, resulting in
higher signal purity. Both analyses have an acceptance
of about 6% for pair-produced W ’s in the fully leptonic
channel. ATLAS and CMS also use di↵erent methods to
estimate their acceptances for signal. In the end their
similar but still di↵erent approaches result in extremely
consistent measured central values for the W+W� cross
section, perhaps making the particular value measured
quite compelling.

To demonstrate the agreement or lack thereof between
data and the SM, kinematic distributions from ATLAS
are shown in Figure 2 (CMS has similar but slightly fewer
kinematic distributions available). There is some dis-

agreement, not only in the overall normalization but also
in the shape – bins at high and low values of the kine-
matic variables generally fit quite well, while the middle
bins display somewhat more significant excesses. As men-
tioned earlier, if new particles are produced which then
decay into OS leptons and missing energy, one could po-
tentially explain discrepancies with the data. Within the
MSSM framework, pair-produced charginos are a natural
candidate for such particles, though our statements are
more broadly applicable in the simplified model context.

In order to display similar kinematics to SM W+W�

and improve agreement with data, the simplest possi-
bility is for charginos to decay via on-shell W ’s with a
production cross section of a few pb, setting a rough up-
per bound on their mass scale. Slightly more complicated
possibilities arise through decays via either o↵ shell W’s
or slepton decays. Taking into account the chargino mass
bound from LEP [4], this implies 100 GeV . m

�̃

±
1

.
130 GeV, wino-like charginos, and a mass gap to an in-
visible detector-stable particle larger than m

W

[37]. This
can easily be achieved both in gravity mediation (with
a light bino LSP) or gauge mediation (with a gravitino
LSP). However, recent trilepton searches from ATLAS
[6], and searches for associated production of W±h in
the bb̄ channel [7], significantly constrain �±�0 decays
into W±h or W±Z final states. We will discuss these
bounds later in this letter, but ultimately they lead to
two possible SUSY scenarios for increasing the W+W�

cross section that remain in agreement with all other ex-
perimental data. The first is a gauge mediated scenario
with chargino NLSP, resulting in exclusively W+W� +
MET final states. The second scenario, which is realized
in gravity mediation, relies on an intermediate slepton to
avoid �0

2 ! �0
1h/Z decays and soften lepton p

T

’s su�-
ciently to avoid bounds. In this letter we focus on the
first scenario as a benchmark while the second, which
doesn’t rely on actual W ’s to a↵ect the W+W� cross
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1 Introduction89

1.1 Diboson Resonances90

Diboson resonances are predicted by many extensions to the standard model including warped extra91

dimensions, grand unified theories, and dynamical electroweak symmetry breaking models like Techni-92

color. Because the theory space is too large to cover in a single study we perform the analysis using93

two baseline models for a ZZ resonance and a WZ resonance. The ZZ resonance is modeled assuming a94

spin-2 Randall-Sundrum (RS) Graviton (G∗) [2, 3, 4] and theWZ resonance is modeled using the spin-195

sequential standard model (SSM)W′ boson [6]. Figures 1 and 2 show two of the leading order Feynman96

diagrams for the production of RS Graviton decaying to ZZ andW′ decaying toWZ at the LHC. The RS97

Graviton and SSM W′ bosons have been used as benchmarks in earlier searches at the Tevatron, and we98

determine the ATLAS sensitivity to these models to allow an easy comparison with them.99

Figure 1: s-channel Feynman diagram for G∗ → ZZ production at the LHC.

Figure 2: s-channel Feynman diagram forW ′
→ WZ production at the LHC.

This note describes a search for resonantWZ and ZZ production in the !!qq decay channel (! = e, µ)100

where a Z-boson decays leptonically and the other vector boson decays hadronically. The !!qq channel101

is not very sensitive to the resonance signal with mass below about 400 GeV, and this region is explored102

by other final states such asWZ → !ν!! or ZZ → !!!!. The analysis uses 1.02 fb−1 of 7 TeV pp collision103

data recorded by the ATLAS detector. The analysis strategy is summarized in Section 1.3 after reviewing104

the current experimental bounds in the next section.105

1.2 Searches at the Tevatron106

Three direct searches for WW, WZ and ZZ resonances have been recently performed by the CDF and107

D0 collaborations at the Tevatron. D0 recently updated a search for aWZ resonance using three diboson108

decay channels: !ν!!, !νqq and !!qq. This search excludes a SSM W ′ with mass between 180 and109

690 GeV with the combination of the three channels and an RS Graviton with mass between 300 and110

754 GeV with the !νqq channel [7]. CDF also searched for WW and WZ resonances however, only111
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FIG. 1: Generic contributions to H± → W±V

• The renormalized tadpoles, i.e. the sum of tadpole diagrams Th,H and tadpole counter-terms δh,H vanish:

Th + δth = 0, TH + δtH = 0 .

These conditions guarantee that v1,2 appearing in the renormalized Lagrangian LR are located at the minimum
of the one-loop potential.

• The real part of the renormalized non-diagonal self-energy Σ̂H±W±(k2) vanishes for an on-shell charged Higgs
boson:

!eΣ̂H±W±(m2
H± ) = 0 (11)

10

New physics can enhance diboson 
production rate. Few example 
models are shown here.

SUSY: chargino pair 
production

arXiv: 1206.6888

Color-octet vector production
arXiv: 1208.1686

Low scale technicolor
Lane and Eichten, Phys. 
Lett. B222, 274 (1989)

•Signature: measured cross 
section > the SM prediction

LSP

Background to Higgs Production
‣ significant and irreducible
‣need precise understanding to constrain Higgs couplings

ZZ

WW

γγ, Zγ
ττ

bb

ccggat mH = 126 GeV 
H→VV ~25%
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Why Diboson Production?

Gauge Boson Couplings
‣ fundamental prediction of non-abelian SU(2)×U(1)
‣model-independent probe of high energy scale physics
‣not as well measured as boson masses or couplings to fermions

New Physics Searches
‣extended Higgs sector
‣extra vector bosons
‣extra dimensions
‣Supersymmetry
‣Technicolor

2

W ⇤

W

W ⇤

�+
1

�0
1

G̃

G̃
q

q̄0

W

�+
1

�/Z⇤

W

W

�+
1

��
1

G̃

G̃
q

q̄

FIG. 1: Examples of electroweak gaugino production and decay for our gauge-mediated SUSY benchmark model (Chargino
pairs on the left and Chargino-Neutralino on the right). Both processes give a W+W� + MET final state, since the decay
products of the o↵-shell W ⇤ in the right diagram are typically too soft to be detected.

In the rest of this letter, we will quantitatively demon-
strate the e↵ects of a particular SUSY scenario for the
W+W� measurement at 7 TeV and 8 TeV. We then in-
vestigate the bounds on these scenarios, and their contri-
butions to other multi-gauge boson and Higgs measure-
ments/searches. Finally we discuss the impact of this
scenario and possible ways to test for it and other closely
related scenarios in the future. While the discrepancies
in W+W� may simply be due to background model-
ing, this letter clearly demonstrates that EW charginos
could have been hiding in plain sight, and can improve a
number of SM measurements done thus far at the LHC.

W+W� CROSS SECTION AT 7 TEV

ATLAS [1] and CMS [2] measure the W+W� produc-
tion cross section in the dileptonic final state ee, µµ or
eµ with 5 fb�1 of LHC7 data. The main backgrounds to
pp ! W�W� ! `+`�⌫⌫̄ are Drell-Yan, top quark, W
+ jet and other diboson production. ATLAS imposes a
series of cuts designed to remove excess jet activity and
focus on real OS leptons (not from a Z) + MET, without
an upper cut on MET. CMS imposes similar if not softer
cuts, but has di↵erent restrictions on the dilepton sys-
tem overall and imposes additional vetoes, resulting in
higher signal purity. Both analyses have an acceptance
of about 6% for pair-produced W ’s in the fully leptonic
channel. ATLAS and CMS also use di↵erent methods to
estimate their acceptances for signal. In the end their
similar but still di↵erent approaches result in extremely
consistent measured central values for the W+W� cross
section, perhaps making the particular value measured
quite compelling.

To demonstrate the agreement or lack thereof between
data and the SM, kinematic distributions from ATLAS
are shown in Figure 2 (CMS has similar but slightly fewer
kinematic distributions available). There is some dis-

agreement, not only in the overall normalization but also
in the shape – bins at high and low values of the kine-
matic variables generally fit quite well, while the middle
bins display somewhat more significant excesses. As men-
tioned earlier, if new particles are produced which then
decay into OS leptons and missing energy, one could po-
tentially explain discrepancies with the data. Within the
MSSM framework, pair-produced charginos are a natural
candidate for such particles, though our statements are
more broadly applicable in the simplified model context.

In order to display similar kinematics to SM W+W�

and improve agreement with data, the simplest possi-
bility is for charginos to decay via on-shell W ’s with a
production cross section of a few pb, setting a rough up-
per bound on their mass scale. Slightly more complicated
possibilities arise through decays via either o↵ shell W’s
or slepton decays. Taking into account the chargino mass
bound from LEP [4], this implies 100 GeV . m

�̃

±
1

.
130 GeV, wino-like charginos, and a mass gap to an in-
visible detector-stable particle larger than m

W

[37]. This
can easily be achieved both in gravity mediation (with
a light bino LSP) or gauge mediation (with a gravitino
LSP). However, recent trilepton searches from ATLAS
[6], and searches for associated production of W±h in
the bb̄ channel [7], significantly constrain �±�0 decays
into W±h or W±Z final states. We will discuss these
bounds later in this letter, but ultimately they lead to
two possible SUSY scenarios for increasing the W+W�

cross section that remain in agreement with all other ex-
perimental data. The first is a gauge mediated scenario
with chargino NLSP, resulting in exclusively W+W� +
MET final states. The second scenario, which is realized
in gravity mediation, relies on an intermediate slepton to
avoid �0

2 ! �0
1h/Z decays and soften lepton p

T

’s su�-
ciently to avoid bounds. In this letter we focus on the
first scenario as a benchmark while the second, which
doesn’t rely on actual W ’s to a↵ect the W+W� cross
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Diboson resonances are predicted by many extensions to the standard model including warped extra91
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two baseline models for a ZZ resonance and a WZ resonance. The ZZ resonance is modeled assuming a94

spin-2 Randall-Sundrum (RS) Graviton (G∗) [2, 3, 4] and theWZ resonance is modeled using the spin-195

sequential standard model (SSM)W′ boson [6]. Figures 1 and 2 show two of the leading order Feynman96

diagrams for the production of RS Graviton decaying to ZZ andW′ decaying toWZ at the LHC. The RS97

Graviton and SSM W′ bosons have been used as benchmarks in earlier searches at the Tevatron, and we98

determine the ATLAS sensitivity to these models to allow an easy comparison with them.99

Figure 1: s-channel Feynman diagram for G∗ → ZZ production at the LHC.

Figure 2: s-channel Feynman diagram forW ′
→ WZ production at the LHC.

This note describes a search for resonantWZ and ZZ production in the !!qq decay channel (! = e, µ)100

where a Z-boson decays leptonically and the other vector boson decays hadronically. The !!qq channel101

is not very sensitive to the resonance signal with mass below about 400 GeV, and this region is explored102
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Three direct searches for WW, WZ and ZZ resonances have been recently performed by the CDF and107
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FIG. 1: Generic contributions to H± → W±V

• The renormalized tadpoles, i.e. the sum of tadpole diagrams Th,H and tadpole counter-terms δh,H vanish:

Th + δth = 0, TH + δtH = 0 .

These conditions guarantee that v1,2 appearing in the renormalized Lagrangian LR are located at the minimum
of the one-loop potential.

• The real part of the renormalized non-diagonal self-energy Σ̂H±W±(k2) vanishes for an on-shell charged Higgs
boson:

!eΣ̂H±W±(m2
H± ) = 0 (11)
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production rate. Few example 
models are shown here.

SUSY: chargino pair 
production
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Color-octet vector production
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Low scale technicolor
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•Signature: measured cross 
section > the SM prediction
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Background to Higgs Production
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‣need precise understanding to constrain Higgs couplings
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Wγ and Zγ Production7 TeV
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mTWγ [GeV]Jet multiplicity
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mTWγ [GeV]Jet multiplicity
used to set 
technicolor 
limits
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WW Production7 TeV CERN-PH-EP-2012-242

‣ fully leptonic decays WW→lνlν
‣ largest backgrounds from W/Z+jets and top
‣main systematic uncertainty from jet veto
‣measure inclusive and differential cross section

(MCFM)

�WW = 51.9± 2.0 (stat)± 3.9 (syst)± 2.0 (lumi) pb

�NLO
WW = 44.7+2.1

�1.9 pb
includes ~3% gg 
but not ~3% H(126)

WW→lνlν
Unfolded

http://arxiv.org/abs/1210.2979
http://arxiv.org/abs/1210.2979
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WZ and ZZ Production7 TeV Eur. Phys. J. C (2012) 72:2173
CERN-PH-EP-2012-318
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Figure 5: Measurements and theoretical predictions of the total WZ production cross section as a function of
centre-of-mass energy. Experimental measurements from CDF and D0 in proton anti-proton collisions at the
Tevatron at

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

at
p

s = 7 TeV and
p

s = 8 TeV are shown. The blue dashed line shows the theoretical prediction for the WZ
production cross section in proton anti-proton collisions, calculated at NLO using MCFM with PDF set CT10.
The solid red line shows the theoretical prediction for the WZ production cross section in proton-proton collisions,
calculated in the same way. The ATLAS results at 8 TeV define the total cross section with a Z boson with mass
between 66 GeV and 116 GeV. The results from CDF define the total cross section assuming zero-width for the
Z boson and neglecting the gamma-star contribution. The results from D0 define the total cross section with a Z
boson with mass between 60 GeV and 120 GeV.
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Figure 3: Kinematic distributions after applying all of the WZ selection criteria in the four channels: the transverse
momentum of the Z candidate (top left), the W transverse momentum (top right), the Emiss

T of the event (bottom
left), as well as the W daughter lepton transverse momentum (bottom right). The statistical uncertainty is shown
by shaded bands. For top (tt̄ and single top) and Z+jets, the expected shape is taken from simulation but the
normalization is taken from the data-driven estimates. The rightmost bins include overflow.Lynn Marx (Manchester)                                       LISHEP 2013                                                  March 20, 2013 8

WZ Production

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

February 25, 2013 – 12 : 42 DRAFT 8

 [GeV]llM
60 70 80 90 100 110 120

Ev
en

ts
 / 

2 
G

eV

0

50

100

150

200

250

300

350 data
WZ
ZZ

γW/Z+
W+jet
Z+jet
tt

ATLAS Preliminary
-1 L dt = 12.8 fb∫ = 8 TeV, s

 [GeV]WZ
T

p
0 50 100 150 200 250

Ev
en

ts
 / 

10
 G

eV

0
20
40
60
80

100
120
140
160
180
200
220 data

WZ
ZZ

γW/Z+
W+jet
Z+jet
tt

ATLAS Preliminary
-1 L dt = 12.8 fb∫ = 8 TeV, s

) [GeV]miss
T

(l,ETM
20 40 60 80 100 120 140 160

Ev
en

ts
 / 

5 
G

eV

0

20

40

60

80

100

120 data
WZ
ZZ

γW/Z+
W+jet
Z+jet
tt

ATLAS Preliminary
-1 L dt = 12.8 fb∫ = 8 TeV, s

 [GeV]WZM
0 100 200 300 400 500 600 700 800

Ev
en

ts
 / 

20
 G

eV

0

20

40

60

80

100

120

140

160

180 data
WZ
ZZ

γW/Z+
W+jet
Z+jet
tt

ATLAS Preliminary
-1 L dt = 12.8 fb∫ = 8 TeV, s

Figure 4: Distributions of : the invariant mass of Z candidate (left) in top row, the WZ system transverse mo-
mentum (right) in top row, the W transverse mass (left) in the botton row and the WZ invariant mass (right) in
the botton row. All these distributions are shown after applying all the WZ analysis selection in the four channels
except the Z candidate mass. The statistical uncertainty is shown by shaded bands.

8 TeV ATLAS-CONF-2013-021

(MCFM)�NLO
WZ = 20.3± 0.8 pb

�WZ = 20.3+0.8
�0.7 (stat)+1.2

�1.1 (syst)+0.7
�0.6 (lumi) pb

systematically dominated

1094 
candidates

‣WZ→lνll final states with 66 < mll < 116 GeV

7 TeV 8 TeV

NEW

https://cds.cern.ch/record/1525557
https://cds.cern.ch/record/1525557
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Figure 4: Comparison of experimental measurements and theoretical predictions of the total ZZ produc-
tion cross section as a function of centre of mass energy

p
s. Shown are experimental measurements

from CDF [14] and D0 [15] in pp̄ collisions at the Tevatron at
p

s = 1.96 TeV, and experimental mea-
surements from ATLAS [5] and CMS [6, 8] in pp collisions at the LHC at

p
s = 7 TeV and

p
s = 8 TeV.

The blue dashed line shows the theoretical prediction for the ZZ production cross section in pp̄ collisions,
calculated at NLO in QCD using MCFM with PDF set CT10. The solid red line shows the theoretical
prediction for the ZZ production cross section in pp collisions, calculated in the same way. The theo-
retical curves are calculated using the natural width of the Z boson in the mass range 66 to 116 GeV.
At
p

s = 8 TeV, the theoretical prediction using the zero-width approximation is 5% higher than the
prediction using the natural width.
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ZZ Production8 TeV ATLAS-CONF-2013-020

‣ZZ→llll final states with 66 < mll < 116 GeV

�NLO
ZZ = 7.2+0.3

�0.2 pb

�ZZ = 7.1+0.5
�0.4 (stat)± 0.3 (syst)± 0.2 (lumi) pb

includes ~6% gg 
but not ~3% H(126)

7 TeV
8 TeV

305 
candidates

(MCFM)

NEW

https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
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‣ larger branching fraction than fully leptonic channel
‣dominated by W/Z+jets backgrounds
‣more challenging at LHC than at Tevatron 
‣cross section extracted by binned maximum likelihood fit of mjj distribution
‣main uncertainties from background estimation and jet energy scale 
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anomalous Triple Gauge Couplings

could be loops of new physics
W’, Z’, SUSY, Higgs...
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anomalous Triple Gauge Couplings

→ WW, 
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‣ The model-independent effective TGC Lagrangian can be expressed as
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anomalous Triple Gauge Couplings

‣ In the Standard Model
gV1 = V = 1 �V = fV

4 = fV
5 = hV

3 = hV
4 = 0

‣ In case of aTGCs, expect a change in production rate and kinematic distributions
‣ Gain sensitivity using shape distributions to set frequentist 1D + 2D limits on aTGCs
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Charged aTGC Limits7 TeV
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Charged aTGC Limits7 TeV

Eur. Phys. J. C (2012) 72:2173
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Neutral aTGC Limits
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‣ limits set using
‣ ZZ: leading Z boson pT
‣ Zγ: photon ET, njet=0
‣no deviations from SM observed
‣ATLAS limits tighter than LEP and 

Tevatron
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‣heaviest fundamental particle
‣ large coupling to Higgs boson
‣probe of electroweak symmetry breaking
‣ short lifetime allows to study properties
‣ sensitive to new physics
‣LHC is a top factory
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Why Top Production?
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Single Top Cross Section8 TeV

�t = 95± 2 (stat)± 18 (syst) pb

ATLAS-CONF-2012-132

�NNLO
t = 87.8+3.4

�1.9 pb

‣measurement in the lepton+jets t-channel
‣neural network based discriminant in 2 and 3 jet bins
‣backgrounds from W+jets, QCD multijet and other top production

8 TeV7 TeV

https://cds.cern.ch/record/1478371
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Single Top Cross Section8 TeV

�t = 95± 2 (stat)± 18 (syst) pb

ATLAS-CONF-2012-132

�NNLO
t = 87.8+3.4

�1.9 pb

‣measurement in the lepton+jets t-channel
‣neural network based discriminant in 2 and 3 jet bins
‣backgrounds from W+jets, QCD multijet and other top production

‣direct probe of Wtb coupling vertex
‣cross section measurement provides constraint on CKM matrix element

|Vtb| = 1.04+0.10
�0.11 assuming |Vtb| � |Vts|, |Vtd|

|Vtb| > 0.80 at 95% C.L. assuming |Vtb|  1

8 TeV7 TeV

https://cds.cern.ch/record/1478371
https://cds.cern.ch/record/1478371
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‣ lepton+jets channel measurement
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‣multivariate likelihood template fit
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tt Cross Section

�tt̄ = 241± 2 (stat)± 31 (syst)± 9 (lumi) pb

8 TeV ATLAS-CONF-2012-149

�NNLO
tt̄ = 238+22

�24 pb

8 TeV

7 TeV

80% gg at LHC

https://cds.cern.ch/record/1493488
https://cds.cern.ch/record/1493488
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tt Differential Distributions7 TeV Eur. Phys. J. C (2013) 73:2261

‣unfolded relative differential cross sections
‣ systematics dominated
‣ sensitive to 

‣ wide resonances
‣ QCD radiation

‣ important background for new searches 
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‣unfolded jet multiplicity
‣ systematics dominated
‣constrain ISR/FSR models
‣ test pQCD at LHC
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tt Differential Distributions7 TeV ATLAS-CONF-2012-155

https://cds.cern.ch/record/1493494
https://cds.cern.ch/record/1493494


19

Top Properties7 TeV

‣charge asymmetry in top quark pairs
‣NLO corrections in qq→tt introduce small y asymmetries

ATLAS-CONF-2012-057

y

tt

Tevatron

y

tt

LHC
t ( t ) preferentially emitted along p ( p ) direction

‣ initial state pp 
→ forward-backward

‣ observed shift > prediction

‣ initial state symmetric 
→ no overall y shift

‣ q more momentum than q in p
→ t more forward

‣ without specific cuts
→ sensitive to width not mean

PRD 83 (2011) 112003
PRD 84 (2011) 112005
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Top Properties7 TeV

‣charge asymmetry in top quark pairs
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Top Properties7 TeV

‣ top polarization in lepton+jets top quark pairs
‣ full reconstruction of top pair using likelihood method
‣cosθl template fit to extract polarization fraction

polar lepton angle in 
parent top frame

fp =

1

2

+

N(cos ✓l > 0)�N(cos ✓l < 0)

N(cos ✓l > 0) +N(cos ✓l < 0)
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electron 
channel
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Top Properties7 TeV

‣ top polarization in lepton+jets top quark pairs
‣ full reconstruction of top pair using likelihood method
‣cosθl template fit to extract polarization fraction

polar lepton angle in 
parent top frame

fp =

1

2

+

N(cos ✓l > 0)�N(cos ✓l < 0)

N(cos ✓l > 0) +N(cos ✓l < 0)
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Top Properties7 TeV

‣W boson polarization in top pair decays
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‣use cosθ* templates to measure different helicity fractions

angle between lepton and reversed 
b direction in W rest frame

ATLAS-CONF-2013-033
JHEP 06 (2012) 088

CMS-PAS-TOP-11-020
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W boson helicity fractions
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ATLAS 2011 (single lepton)
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Figure 1: Overview of the four measurements included in the combination as well as the results of
the combination. The inner and outer error bars correspond to the statistical and the total uncertainty,
respectively. The green solid line indicates the predictions by NNLO QCD calculations.
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Figure 2: The combined values of FL and F0 as well as the 68% CL interval. Also shown are the helicity
fractions predicted by NNLO QCD calculations including the theoretical uncertainty. The black line
indicates the boundary of the unitarity constraint that the helicity fractions sum up to unity.

F0 = 0.626± 0.034 (stat)± 0.049 (syst)

FL = 0.359± 0.021 (stat)± 0.028 (syst)

FR = 0.015± 0.034 (stat+syst)

FNNLO
0 = 0.687± 0.005

FNNLO
L = 0.311± 0.005

FNNLO
R = 0.0017± 0.0001

PRD 81 (2010) 111503

NEW

Kruger 2012 K. Rosbach - Standard Model and Top Physics with ATLAS

 polarization of W bosons from top decays                          .

• Fractions of different W helicities are measured in single- and di-lepton channels, 
using (i) a template method and (ii) from unfolded angular distributions.

• Results in agreement with NNLO QCD predictions and more precise than 
previous Tevatron results.

• New physics could contribute to Wtb vertex. Limits on Wtb vertex anomalous 
couplings were extracted and are consistent with (V − A) structure of Wtb vertex.

30

definition of θ*
in W rest frame
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W
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-033/
http://arxiv.org/abs/1205.2484
http://arxiv.org/abs/1205.2484
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Top Properties7 TeV

‣W boson polarization in top pair decays
‣use to set limits on anomalous Wtb couplings
‣effective Lagrangian approach
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Figure 3: Allowed regions for the Wtb anomalous couplings using the combined helicity fractions and
assuming VL = 1 and VR = 0, at 68% and 95% CL.

7.2 Limits on anomalous couplings332

The combined helicity fractions are in agreement with NNLO QCD predictions and can be used to set333

limits on new physics contributing to the Wtb vertex. Using the formalism of effective field theory334

described in Refs. [24, 25], the helicity fractions can be translated into the couplings VL, VR, gL, gR335

(see e.g. Ref. [12]). In the SM, VL = 1 while VR = gL = gR = 0 at the tree level. Current W helicity336

measurements are not able to exclude the region around Re(gR) = 0.8. However, if gL, gR would assume337

the values allowed in this region, the single-top SM cross section would increase by a factor of 3 which338

is highly disfavored by current measurements at the LHC.339

Assuming VL = 1 and VR = 0, and assuming that the imaginary part of all couplings is 0, limits on340

the anomalous couplings gL, gR are derived. The results are shown in Figure 3. The 68% and 95% CL341

contours are obtained using the profile-likelihood method.342

If instead only Re(gR) is left as a free parameter, while fixing VL = 1,VR = gL = 0, our results yield343

Re(gR) = −0.10 ± 0.06 (stat.) +0.07−0.08 (syst.).

Alternatively this result is interpreted in terms of the effective dimension-six operator O33uW [12, 25]344

yielding345

Re(C33
uW)

Λ2
= −1.1 ± 0.6 (stat.) +0.9−1.0 (syst.) TeV

−2 ,

where Λ is the scale of new physics and Re(C33
uW) the effective operator coefficient.346

=Vtb≃1 =0 =0

in SM
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single top cross section 

measurements

NEW
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‣ search for CP violation using Wtb vertex
‣use lepton+jets t-channel single top 
‣expect highly polarised top quarks  

23

Top Properties7 TeV ATLAS-CONF-2013-032

consistent with 
CP invariance

AFB = 0.031± 0.065 (stat)+0.029
�0.031 (syst)

AFB = 0

forward-backward asymmetry w.r.t. normal to plane 
defined by W momentum and top polarization
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Summary
‣ recent electroweak and top results from ATLAS

‣ diboson cross sections: inclusive systematically dominated, first differential
‣ most stringent aTGC limits in many channels
‣ top: precision measurements of cross sections and properties

‣no significant deviations from Standard Model found
‣many measurements yet to be repeated with 8 TeV dataset
‣crucial milestones in understanding Higgs production
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BACKUP
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Fiducial and total cross sections

�
fid

=
N

obs

�N
bkgd

C⇥
R
Ldt �

tot

=
�
fid

A⇥BR

efficiency corrections
(reconstruction, trigger, ...)

acceptance
(extrapolates to full phase space)

measure fiducial and total cross sections

define fiducial cuts 
‣as close as possible to analysis cuts but using final state “truth” objects
‣ to reduce extrapolation to phase space regions with large theoretical uncertainties

C =
NPass Reco Cuts

MC Reco

NPass Fid Cuts

MC Truth

A =
NPass Fid Cuts

MC Truth

NAll
MC Truth

extrapolates from fiducial to full 
phase space
‣ extends kinematic cross section 

beyond kinematics selection
‣ defines inclusive cross section

corrects for efficiencies and 
geometric acceptance
‣ includes selection, trigger and 

reconstruction efficiency
‣ includes data/MC corrections
‣ defines fiducial cross section
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7 TeV diboson cross sections

Process L [fb-1] σtot [pb] δ stat δ syst δ lumi σNLO [pb] δσNLO

W(→lν)γ 5 2.77 ± 0.03 ± 0.33 ± 0.14 1.96 ± 0.17
Z(→ll)γ 5 1.31 ± 0.02 ± 0.11 ± 0.05 1.18 ± 0.05

WW→lνlν 5 51.9 ± 2.0 ± 3.9 ± 2.0 44.7 +2.1/-1.9
WZ→lνll 5 19.0 +1.4/-1.3 ± 0.9 ± 0.4 17.6 +1.1/-1.0

ZZ*→llll/ ZZ→llνν 5 6.7 ± 0.7 +0.4/-0.3 ± 0.3 5.89 +0.22/-0.18
WW/WZ→lνjj 5 72 ± 9 ± 15 ± 13 (MC stat) 63.4 ± 2.6

Most cross sections seem to fluctuate ~1σ high 
but agree individually with SM predictions within 
uncertainties

7 TeV
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More aTGC information
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Fig. 4 Transverse momentum pZT of the Z boson inW±Z can-
didate events. Data are shown together with expected back-
ground and signal events, assuming the Standard Model. Ex-
pected events in the case of anomalous TGC without form
factor are also shown for illustration. The last bin is short-
ened for display purposes.

squared of the W±Z system, approaches infinity. To
achieve this, an arbitrary form factor may be intro-
duced [32]. Here the dipole form factor adopted is

α(ŝ) =
α0

(1 + ŝ/Λ2)2
(8)

where α stands for ∆gZ1 , ∆κZ , or λZ , α0 is the value
of the anomalous coupling at low energy, and Λ is the
cut-off scale, the scale at which new physics enters. The
results are reported both with and without this form
factor.

Since an enhancement in the cross-section due to an
anomalous coupling would grow with ŝ, measurement
sensitivity to anomalous TGCs is enhanced by binning
the data in a kinematic variable related to ŝ. The trans-
verse momentum pZT of the Z boson provides a natu-
ral choice for such binning as it is strongly correlated
with ŝ and can be directly reconstructed from the mea-
sured lepton momenta with good precision. The data
are therefore divided into six bins in pZT of width 30GeV
followed by a wide bin that includes 180–2000GeV.

MC@NLO [11] is used to generateW±Z events with
non-SM TGC. The generator computes, for each event,
a set of weights that can be used to reweight the full
sample to any chosen set of anomalous couplings. This
functionality is used to express the predicted signal
yields in each bin of pZT as a function of the anoma-
lous couplings. Figure 4 shows the pZT distribution of
the selected events together with the SM prediction.
Also shown for illustration are predictions with non-
zero anomalous couplings without form factor: each cou-
pling is increased to the expected 99% confidence-level
upper limit while keeping the other two couplings at
the SM value. For this plot the 99%, rather than 95%,

Table 6 Expected and observed 95% confidence intervals on
the anomalous couplings ∆gZ1 , ∆κZ , and λZ . The expected
intervals assume the Standard Model values for the couplings.

Observed Observed Expected
Λ = 2 TeV no form factor no form factor

∆gZ1 [−0.074, 0.133] [−0.057, 0.093] [−0.046, 0.080]
∆κZ [−0.42, 0.69] [−0.37, 0.57] [−0.33, 0.47]
λZ [−0.064, 0.066] [−0.046, 0.047] [−0.041, 0.040]

confidence-level upper limits are used to accentuate dif-
ferences in shape. As expected, the largest deviations
from the SM are in the last bin of pZT, while the devia-
tions in the lower-pZT bins depend on which coupling is
varied.

Frequentist confidence intervals are obtained on the
anomalous couplings by forming a profile likelihood test
incorporating the observed number of candidate events
in each pZT bin, the expected signal as a function of
the anomalous couplings and the estimated number of
background events [33]. The systematic uncertainties
are included in the likelihood function as nuisance pa-
rameters with correlated Gaussian constraints. A point
in the anomalous TGC space is accepted (rejected) at
the 95% confidence level if less (more) than 95% of ran-
domly generated pseudo-experiments exhibit a value of
the profile likelihood ratio larger than that observed in
data.

Table 6 summarizes the observed 95% confidence
intervals on the anomalous couplings ∆gZ1 , ∆κZ , and
λZ , with the cut-off scale Λ = 2 TeV and without the
form factor. The limits on each anomalous TGC param-
eter are obtained with the other two anomalous TGC
parameters set to zero. The expected intervals in Ta-
ble 6 are medians of the 95% confidence-level upper and
lower limits obtained in pseudo-experiments that as-
sume the SM coupling. The widths of the expected and
observed confidence intervals are dominated by statisti-
cal uncertainty. Figure 5 compares the observed limits
with the Tevatron results [34, 35].

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

WZ

7 TeV
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Top pair cross section7 TeV
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Single top cross section
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Top mass
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