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Test the electroweak sector of the SM

The consistency of the SM at the LHC can be tested through:

High precision measurements of its fundamental parameters 

W boson mass
Effective weak mixing angle using Z→ℓℓ

Direct exploration of the EW symmetry breaking mechanism using diboson 
production

Low cross sections. First VBS results will be shown in the next talk by Yee.
We will need very large datasets (HL-LHC or beyond) and specific efforts 
from the theory community
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/


Test the electroweak sector of the SM

The consistency of the SM at the LHC can be tested through:

High precision measurements of its fundamental parameters 

W boson mass
Effective weak mixing angle using Z→ℓℓ (ATLAS-CONF-2018-037)

Direct exploration of the EW symmetry breaking mechanism using diboson 
production. 

Low cross sections. First VBS results will be shown in the next talk by Yee.
We will need very large datasets (HL-LHC or beyond) and specific efforts 
from the theory community
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/


The weak mixing angle and the Standard Model

Higher order virtual corrections modify this relation, yielding the fermion-flavor dependent effective 
weak mixing angle sin2θleff . 

At the Z pole, the ratio of the effective vector to axial-vector coupling constants of the Z boson to 
leptons is expressed as a function of a single effective form factor KlZ

M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ αem, GF, mZ → known with high precision 

▪ Other parameters can be constrained: 
 

▪ BUT: modified by higher-order corrections

Standard Model parameters
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sin2 θW = 1 − m2
W

m2
Z

Motivations

Stefano Lacaprara (INFN Padova) Fit SM Padova 1/03/2016 7/52

m2
W sin2 θW = παem

2GF

m2
W sin2 θW = παem

2GF

1
1 − Δr radiative corrections 

~f(mtop2,log mH) ~3%

sin2θW represent the mixing of the EM and weak fields and can be constrained :

αem, GF, mZ → 
known with high 
precision 

Laura Fabbri - DISCRETE 18

The weak mixing angle and the Standard Model 

• sin2θW is a parameter of the SM representing 
the mixing of the EM and weak fields 

• Within the SM, it relates the W- and Z-boson 
coupling constants gW,Z, and therefore mW,Z  

• Radiative corrections modify this relation, 
yielding the fermion-flavor dependent effective 
weak mixing angle: sin2θleff 

�17

sin2 θW = 1 − g2
W

g2
Z

= 1 − m2
W

m2
Z

Aμ = Bμ cos θW + W3
μ sin θW

Zμ = − Bμ sin θW + W3
μ cos θW

sin2 θl
eff = (1 − m2

W

m2
Z

)(1 + Δrl)

SM prediction, from fit w/out direct measurements, ~6x10-5 precision

KZ
l
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From GFITTER

Precision tests of the EW sector 
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Full EW fit:  sin2θleff = 0.23150 ± 0.00006 
Indirect determination from EW fit: sin2θleff = 0.23149 ± 0.00007
ATLAS 7 TeV: sin2θleff = 0.23080 ± 0.00120
Recently Tevatron measurement was released: sin2θleff = 0.23148 ± 0.00033

https://arxiv.org/pdf/1407.3792.pdf
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The weak mixing angle at hadron colliders 

�18

differential cross section at LO: qq̄ → Z/γ * → ll

dσ
dylldmlld cos θ

= 3
16π

dσU+L

dylldmll {(1 + cos2 θ) + A4 cos θ}
• In the di-lepton CM, lepton angle with 

respect to axis of quark/gluon momentum 
is sensitive to interference effects: 
vector with axial-vector Z couplings, Z 
with photon (or Z with new physics) 


• The A4 term odd in cosθ is very 
sensitive to the weak mixing angle 
when M = MZ.  

• The odd term coefficient A4 can be 
obtained from an angular fit or computed 
from the forward-backward asymmetry 

q̄(g)q(g)
l−

l+

θ*

AFB = σ(cos θ > 0) − σ(cos θ < 0)
σ

= 3
8 A4

Weak mixing angle @LHC

We look at the                                     differential cross 
section

At lowest order (LO) in QCD the cross section can be written

dσ
dylldmlld cos θ

= 3
16π

dσU+L

dylldmll {(1 + cos2 θ) + A4 cos θ}
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8 A4

Weak mixing angle @LHC

We look at the                                     differential cross 
section

dσ
dylldmlld cos θ

= 3
16π

dσU+L

dylldmll {(1 + cos2 θ) + A4 cos θ}

At lowest order (LO) in QCD the cross section can be written

yll dilepton 
rapidity 

mll dilepton 
mass 

θ lepton decay angle in 
the Collins Sopper -frame
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Laura Fabbri - DISCRETE 18

A4 measurement strategy

�19

● Five-dimensional differential cross-section: 9 
harmonic polynomials Pi(cos!,")

● Angular distributions parametrized by coefficients Ai(pTZ, yZ, mZ) 
➤ Extracted from the shape of angular distributions

unpolarized 
cross-section

• Rest frame of di-lepton system 
• z-axis bisecting directions of 

incoming protons

Collins-Soper Frame

 LO QCD: only A4≠0 
 NLO QCD O(#s): +A1-3≠0

 A0-A2=0 due to spin-1 of gluon (Lam-Tung)
 NNLO QCD O(#s2): +A5,6,7≠0
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Effective Born 

ATLAS Simulation Preliminary
* (NLO QCD)γ = 8 TeV, Z/s
 100 GeV≤ ll m≤80 GeV 

The angular coefficient A4 leads to measurement 
of sin2θleff . Based on an effective linear relation.                                                 

The A4 coefficient can be obtained from:
the forward-backward asymmetry
fit to the lepton angular distributions
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3 
8

=AFB in full phase 
space → folding

A4

M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Previous measurements (LHC/Tevatron) 
▪ Based on forward-backward asymmetry (AFB) in DY ee/µµ 
 
 
 
 
 

▪ ATLAS & LHCb measurements heavily limited  
by PDF uncertainties

Weak mixing angle @ 8 TeV
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Figure 11: Comparison of the measurements of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , presented in this
note to previous measurements at LEP/SLC, at the Tevatron, and at the LHC. The overall LEP-1/SLD average [49]
is represented together with its uncertainty as a vertical band. The ATLAS combined result for all channels is
shown, together with the results for the eeCF channel alone and for the combined eeCC and µµCC channels. This
latter result can be compared directly with the CMS result on the same dataset and has a similar overall accuracy.

CT10 CT14 MMHT14 NNPDF31

sin2 ✓`e↵ 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 39 37 36 38

Stat. 21 21 21 21

Syst. 32 31 29 31

Table 13: Results for extracted values of sin2 ✓`e↵ with the global breakdown of their uncertainties, shown for the
four PDF sets considered in this note. The uncertainty values are given in units of 10�5.

the results quoted below. The combined result is measured to be:

0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.),

where the first uncertainty corresponds to the data statistical uncertainty, the second to the PDF uncertain-
ties in the MMHT14 PDF set, and the third to all other systematic uncertainties a↵ecting the measurement
and its interpretation. This result agrees within its total uncertainty of ±0.00036 with the current value
of 0.23150 ± 0.00006 from global electroweak fits [24]. Figure 11 compares the ATLAS measurements
presented in this note to previous measurements from the LHC experiments, to the recently published
combined legacy measurement from the CDF and D0 experiments at the Tevatron, and to the most precise
legacy individual measurements from LEP and SLC. The combined ATLAS result has similar precision
to that of the most precise LEP/SLC measurements shown in the plot, and to that of the overall combined
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1 Introduction
In the Standard Model (SM), the Z boson couplings di�er for left- and right-handed
fermions. The di�erence leads to an asymmetry in the angular distribution of positively
and negatively charged leptons produced in Z boson decays. This asymmetry depends
on the weak mixing angle (◊

W

) between the neutral states associated to the U(1) and
SU(2) gauge groups, i.e. the relative coupling strengths between the photon and the Z
boson. In order to compare directly with previous experimental determinations, a scheme
is adopted in which the higher order corrections to the Z boson couplings are absorbed
in e�ective couplings. The resulting e�ective parameter sin2◊e�

W is defined as a function
of the ratio of the vector and the axial-vector e�ective couplings of the Z boson to the
fermions involved [1], and is proportional to sin2◊W.

Defining ◊ú as the polar angle of the negatively charged lepton in the Collins-Soper [2]
frame, in which the direction of the z-axis is aligned with the di�erence of the incoming
proton momentum vectors in the dimuon rest frame, the di�erential cross section in the
SM at leading order is

d‡

d cos ◊ú = A(1 + cos2 ◊ú) + B cos ◊ú.

Here A and B are coe�cients that depend on the dimuon invariant mass, mainly because of
interference between Z and “ú contributions, the colour charge of the quarks and the vector
and axial-vector couplings. The parameter B is a function of sin2◊W and is proportional
to the forward-backward asymmetry AFB, which is given by

AFB © NF ≠ NB
NF + NB

,

where NF represents the number of forward decays (cos ◊ú > 0) and NB the number of
backward decays (cos ◊ú < 0). The Collins-Soper frame is used because it minimises the
impact of the transverse momentum of the incoming quarks on the identification of forward
and backward decays.

In this paper the asymmetry of the angular distribution of muons in Z æ µ+µ≠ decays1

is measured using proton proton collision data collected by the LHCb experiment at
centre-of-mass energies of

Ô
s = 7 and 8 TeV, corresponding to an integrated luminosity

of 1 fb≠1 and 2 fb≠1 respectively. The asymmetry as a function of the dimuon invariant
mass is used to determine sin2◊e�

W .
Comparisons of the determinations of the weak mixing angle from processes with

di�erent initial and final state fermions provide a test of the universality of the fermion
to Z couplings. The most accurate measurement of sin2◊e�

W at the LEP experiments
was obtained from the forward-backward asymmetry in b quark final states [1], and at
the SLD experiment by measuring the left-right asymmetry with polarised electrons [3].
Determinations of sin2◊e�

W have also been obtained in hadronic production processes with
1In the following Z is used to denote the Z/“ú contributions.

1

At LO SM: Parity-violating term 
B ~ AFB and function of sin2θW

AFB = σ(cos θ * > 0) − σ(cos θ * < 0)
σ(cos θ * > 0) + σ(cos θ * < 0)θ*: decay angle in Collins-Soper frame
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Figure 2: The measurements of AFB as a function of the dimuon invariant mass for data compared
to SM predictions for (left)

Ô
s = 7 TeV and (right)

Ô
s = 8 TeV. The SM predictions are calculated

using Powheg interfaced with Pythia for parton showering with the world average value for
sin2◊e�

W = 0.2315 [27]. The data include both statistical and systematic uncertainties, and the
SM predictions include the theoretical uncertainties described in Sec. 5.

NNPDF [28]3, with the strong coupling constant –
s

(M
Z

) = 0.118, was used when generating
the Apred

FB samples.
Theoretical uncertainties associated with the Apred

FB distributions are taken into account
when determining sin2◊e�

W . They arise from the underlying PDF, the choice of renormali-
sation and factorisation scales, the value of –

s

used, and the FSR calculation. Each of
these uncertainties, referred to collectively as theoretical uncertainties, are obtained from
simulation. The same uncertainty is assigned to Apred

FB at both
Ô

s = 7 and 8 TeV.
To estimate the theoretical uncertainty of the PDF set, one hundred replica samples

are produced, each with a unique PDF set provided by NNPDF [29]. The value of
Apred

FB is calculated as a function of m
µµ

for each of these replicas, and the corresponding
68% confidence level interval determined. The size of this uncertainty is larger than the
di�erence observed using CT10 [30] as an alternative PDF parameterisation.

Uncertainty in the PDFs a�ects Apred
FB in a way that is correlated across all dimuon

invariant mass bins. The same systematic uncertainty is applied for both collision energies
and is therefore fully correlated for the two samples.

The uncertainty due to the choice of renormalisation and factorisation scales is studied
by varying them by a factor of 0.5 and 2 [31]. The uncertainty in the sin2◊e�

W determination
due to the uncertainty in –

s

is estimated by studying the impact of a variation of ±0.002
when generating samples using Powheg-Box. This covers the current uncertainty on
–

s

[27]. For both the –
s

and scale uncertainties the final uncertainty is estimated by fitting
a constant across the mass range to the maximum and minimum deviations in Apred

FB to
minimise the e�ect of statistical fluctuations in the samples.

The uncertainty due to the implementation of FSR is treated as a theoretical un-
3NNPDF 2.3 QCD + QED NLO.
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AFB measurement

Total relative uncertainty at  10-3 for  combination 
(central m and e) dominated by data stat. 
In the CF-electron channel, 2% uncertainty 
under the peak

Powheg enhanced with NNLO QCD and NLO EW K-factors (sin2θeff 
lep =0.23113) well describe data.

NNLOJET with MMHT14 PDF  agrees well over the whole range of  measurements

Z forward-backward asymmetry (Z3D) @ 8 TeV

9

Effective weak mixing angle

sin2θeff 
lep key parameter of  SM, dominant theory uncertainty of the measurement at LHC 

come from PDFs , it is measurable via:

1) AFB done recently by CMS (binned in mll and Yll ) and 
Tevatron and in the past ATLAS@7TeV (binned in mll )

2) Z angular coefficient (A4) binned in mll and Yll

-->ATLAS  constrains PDFs uncertainty with 2 innovative approaches the  A4 and Z3D 
measurements  (simultaneous extraction of AFB and PDFs)

AFB measurement
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Effective weak mixing angle

sin2θeff 
lep key parameter of  SM, dominant theory uncertainty of the measurement at LHC 

come from PDFs , it is measurable via:

1) AFB done recently by CMS (binned in mll and Yll ) and 
Tevatron and in the past ATLAS@7TeV (binned in mll )

2) Z angular coefficient (A4) binned in mll and Yll

-->ATLAS  constrains PDFs uncertainty with 2 innovative approaches the  A4 and Z3D 
measurements  (simultaneous extraction of AFB and PDFs)

Parameter Value Description
Measured

mZ 91.1876 GeV Mass of Z boson
mH 125.0 GeV Mass of Higgs boson
mt 173.0 GeV Mass of top quark
mb 4.7 GeV Mass of b quark
1/↵(0) 137.0359895(61) QED coupling constant in Thomson limit
Gµ 1.166389(22) · 10�5 GeV�2 Fermi constant from muon lifetime

Calculated
mW 80.353 GeV Mass of W boson
sin2 ✓W 0.22351946 On mass-shell-value of weak mixing angle
↵(m2

Z ) 0.00775995
1/↵(m2

Z ) 128.86674175
ZPAR(6) � ZPAR(8) 0.23175990 sin2✓`

e f f
(m2

Z ) (e, µ,⌧)

ZPAR(9) 0.23164930 sin2✓u
e f f

(m2
Z ) (up quark)

ZPAR(10) 0.23152214 sin2✓d
e f f

(m2
Z ) (down quark)

Table 1: Input parameters used by the Dizet 6.21 library together with the calculated results for e↵ective weak
mixing angles and ↵(mZ ) at the Z pole.

The EW virtual corrections can be expressed fully in terms of several complex form factors, which ac-
count for the higher-order virtual corrections, including those to the photon and Z-boson propagators.
The flavour-dependent EW form factors K f (s, t) modify directly the vector couplings of the Z boson to
fermions as follows:

v f = (2 · T f
3 � 4 · qf · sin2 ✓W · K f (s, t))/�, (3)

where (s, t) denote two variables, chosen to be m`` and cos ✓ (the dependence on the lepton angular
variable arises from the inclusion of box corrections), T f

3 represents the third component of the fermion
weak isospin and qf the fermion electric charge, the parameter sin2 ✓W = 1�m2

W /m
2
Z is the weak mixing

angle in the on-mass-shell scheme, and � =
q

16 · sin2 ✓W · (1 � sin2 ✓W ) is a multiplicative factor. At
the Z pole, if one integrates over t and considers Z-boson decays to leptons ignoring the small contribution
from the imaginary part of K f , the ratio of the e↵ective vector to axial-vector coupling constants of the
Z boson to leptons is expressed as a function of a single e↵ective form factor K`

Z :

vl
al
= 1 � 4 · K`

Z · sin2 ✓W , (4)

and one can define the e↵ective leptonic weak mixing angle at the Z pole as: sin2 ✓`e↵ = K`
Z · sin2 ✓W .

More details concerning the implementation of the EW corrections for pp collisions on an event per
event basis as a weight, which accurately corrects the observables for their impact on the measurements
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-integratedZ: yCCeeATLAS Simulation
 = 5-8 GeVZ

T
 = 8 TeV, ps

ATLAS 8 TeV measurement strategy

To extract A4 use a template fit to 
reconstructed angular distributions. We 
need :

Binned cosθ vs φ distribution (8×8 bins) 
for each yll, mll bins
Total of 1280 bins in the (cosθ, φ, yll, mll) 

JHEP 08 (2016) 159
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dσ
dylldmlld cos θ

= 3
16π

dσU+L

dylldmll {(1 + cos2 θ) + A4 cos θ}

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-10/
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Event selection and categorisation

•eeCC: two electrons in the central tracking 
and calorimetry (|η|<2.4)  

- pT >25 GeV  

- Exactly 2 opposite sign electrons  

•μμCC: two muons in the central tracking and 
muon systems (|η|<2.4)  

- pT >25 GeV PT  

- Exactly 2 opposite sign muons  

•eeCF: one electron in central tracking/
calorimetry (|η|<2.4), one in endcap/forward 
calorimetry (2.5 < |η| < 4.9)  

- pT >25/20 GeV C/F  

- requirement with tighter ID than eeCC 

�20

• 3 bins in |yll|

• 1 bin in mll  

• 2 bins in |yll| 

70 < mll < 80 GeV

80 < mll < 100 GeV

100 < mll < 125 GeV

• 3 bins in mll

|yll | < 0.8
0.8 < |yll | < 1.6
1.6 < |yll | < 2.5

80 < mll < 100 GeV

1.6 < |yll | < 2.5
2.5 < |yll | < 3.6

About 6-7M events each for CC categories 
1M for CF 

ATLAS-CONF-2018-037

Event selection and categorization 

Excellent S/B, backgrounds 
typically few per mille

ATLAS-CONF-2018-037
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Event selection and categorization 

70 < mll < 80 GeV

|yll| Data Top+EW Multijets Non-fiducial Z

0-0.8 124 050 0.019 0.017 0.009

0.8-1.6 137 984 0.015 0.014 0.014

1.6-2.5 74 976 0.010 0.011 0.019

80 < mll < 100 GeV

|yll| Data Top+EW Multijets Non-fiducial Z

0-0.8 2 866 016 0.002 0.001 < 0.001

0.8-1.6 2 948 371 0.002 0.001 < 0.001

1.6-2.5 1 314 890 0.002 0.001 < 0.001

100 < mll < 125 GeV

|yll| Data Top+EW Multijets Non-fiducial Z

0-0.8 119 650 0.030 0.023 0.023

0.8-1.6 122 775 0.020 0.015 0.023

1.6-2.5 55 886 0.010 0.005 0.022

eeCC μμCC

Excellent S/B at the Z pole!
~15M ee+μμ pairs selected in data

ATLAS-CONF-2018-037
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ATLAS-CONF-2018-037

Only 1 overlapping bin between the categories  
80<mll<100 and 1.6<|yll|<2.5
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Event selection and categorization 
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Angular distributions 
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Angular distributions

•Data/MC agreement 
for μμCC and eeCF in 
the Z pole mass 
region for all y.  

•Only a small raw 
AFB is visible for CC; 
a larger one 
emerges for CF, as 
expected.  

•S/B at the Z pole is 
very high  

•cos2! modulation 
from A2 can be 
clearly seen 

�21ATLAS-CONF-2018-037

Data/MC agreement 
for μμCC and eeCF in 
the Z pole mass 
region for all y. In the 
binning used for the 
extraction

Only a small raw AFB 
is visible for CC; a 
larger one emerges 
for CF, as expected.
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Fit uncertainties

eeCF channel most precise (only 1.5M events, cf. 13.5M eeCC + μμCC) → the large η gap 
between the electrons gives a larger lever arm to measure θ compared to CC, further 
enhancing the precision.
All three categories systematics limited, predominantly by PDF uncertainty affecting 
relation between A4 and mixing angle
MC statistics second largest systematic uncertainty 

ATLAS-CONF-2018-037
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Final results

Large improvement w.r.t previous results. Comparable to Tevatron final results precision
Smaller uncertainties than the CMS 8 TeV, which does not include eeCF category. 
This measurement improves the overall consistency of the full set of measurements 

ATLAS-CONF-2018-037

0.23140 ± 0.00021 (stat) ± 0.00024 (PDF) ± 0.00016 (syst)
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Summary and perspectives
Presented the most recent measurement of sin2θleff by the ATLAS detector

The hadron collider measurements of sin2θleff provide consistency tests of the SM 
which are now relevant on a global level, but they do rely on the SM predictions

There is more to come:
Results are dominated by PDF uncertainties and if we project to the future run-2 legacy 
measurements it seems it will still be the case 

Work is ongoing (in the EWWG subgroup) to understand the correlation between different 
PDF sets so that differences between them can be disentangled

Prospect studies for the HL-LHC using 3000fb-1 at 14TeV available ATL-PHYS-
PUB-2018-037

eff
lθ2sin

0.23 0.231 0.232
 0.00008±0.23153 HL-LHC ATLAS PDFLHeC: 14 TeV

 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15

 0.00018±0.23153 HL-LHC ATLAS CT14: 14 TeV

 0.00036±0.23140 ATLAS Preliminary: 8 TeV

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole average
ATLAS Simulation Preliminary
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BACKUP
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Weak mixing angle previous measurements

Previous measurements from the LHC/Tevatron of the weak 
mixing angle were based on the forward-backward asymmetry 
(Need to know the direction of the interacting quarks)

Results limited by 
PDF uncertainties
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Results vs PDF predictions 
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Results compatibility
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Measurement strategy

Direct measurement of angular coefficient A4 
leads to measurement of sin2θleff . Based on 
effective linear relation:                                                 

A4 = a x sin2θleff + b

The A4 coefficient can be obtained from an 
angular fit or computed from the forward-
backward asymmetry

3 
8

=AFB in full phase 
space → folding

A4

A4 extraction: fit templates of the polynomials  
to reconstructed angular distributions; 8×8 bins in 
(cosθ, φ) for each yll, mll bin [see also JHEP 08 
(2016) 159] 

ATLAS-CONF-2018-037

A4 varies strongly versus mll but mostly 
because of Z/γ* interference 

Asymmetry due to weak mixing angle 
is small and ≈ constant: no need to 
have fine mass binning around mZ

Use sidebands around Z pole to 
constrain PDFs (see later)
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