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Introduction

# Standard Model is over-constrained
(with the Higgs boson discovery)

# The precision measurements are of
great importance for testing the
Standard Model

# Indirect information of new physics
# Figures show scans ofMW vs mt and

MW vs sin2(θle�) for the direct
measurement (green band) compared
to the �t including directMH (blue
band)

# MW and sin2(θle�) have become the
sensitive probe for new physics (both
are "tree" level SM predictions)

# This talk will focus on:
- ATLAS measurement of the weak
mixing angle
- Towards the MW measurement
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Weak mixing angle
Measurement of the forward-backward asymmetry of electron and muon
pair-production in pp collisions at

√
s � 7 TeV with the ATLAS detector

http://arxiv.org/pdf/1503.03709v1.pdf (submitted to JHEP)

Leptons produced in qq̄→ Z/γ∗ → l+l− are expected to have a forward-backward
asymmetry with respect to the quark direction in the rest frame of the dilepton system
(Collins-Soper frame)

# The angle between the lepton and the quark in CS frame:
cos θ∗CS �

pz,ll
|pz,ll |

2(p+1p
−

2−p
−

1 p
+
2 )

mll

√
m2

ll+p
2
T,ll

, where p±i �
1
√
2

(Ei ± pi,z)

# The direction of the incoming quark needs to be known.
# The asymmetry:

AFB �
σF − σB
σF + σB

where σF and σB are the cross sections for forward and
backward con�gurations, is measured as a function of the
invariant mass of the dilepton system.

# The electroweak mixing angle can be extracted from the
asymmetry.

# Forward direction is de�ned as the longitudinal boost of the resulting lepton pair
◦ probability of misidentifying the quark direction decreases with with increasing boost of

the dilepton system
◦ valence quarks 2

http://arxiv.org/pdf/1503.03709v1.pdf


ATLAS Detector and Event Selection

# Z→ ee and Z→ µµ
decays in 2011 data with
4.8 fb−1 for electron and
4.6 fb−1 for muon
channel.
◦ Central Electrons:
|η| < 2.47 (ID+Calo)

◦ Forward Electrons:
2.5 < |η| < 4.9 (Calo)

◦ Muons:
|η| < 2.4 (ID+MS)

# MC signal samples: PYTHIA 6.4 (MSTW2008 LO) + POWHEG
FSR from QED taken using PHOTOS
cross-section at NNLO using PHOZPR (MSTW2008 NNLO)

# Background:
- Z/γ∗ → ττ: PYTHIA 6.4
-WW, ZZ,WZ: HERWIG 6.510
- ττ̄: MC@NLO 4.01 + HERWIG
- Multi-jet: Data-driven methods 3



Invariant Mass and cos θ∗CS Distributions
CC Electrons CF Electrons Muons
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Detector-Level Forward-Backward Asymmetry

AFB is number of forward and backward events for each invariant mass bin:

AFB �

Ncos θ∗CS≥0 −Ncos θ∗CS<0

Ncos θ∗CS≥0 +Ncos θ∗CS<0

after background subtraction.
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Particle-Level Forward-Backward Asymmetry

Iterative Bayesian unfolding method must correct for :

# Detector e�ects
# QED radiative corrections
# Remove dilution e�ects (wrong choice is made for the direction of the incoming

quark):
◦ depends on the generator
◦ the contribution from the PDFs becomes the dominant systematic uncertainty

The fully corrected spectra for Born-level leptons:
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Systematics on Forward-Backward Asymmetry

# Unfolding uncertainty:
reweight spectrum to data and then
use response matrix to fold and
unfold the spectrum

# Multi-jet background modelling:
di�erence between two methods

# Other experimental systematic
uncertainties:
energy scaling and resolution are the
largest contributions

# PDF uncertainties:
reweighted to eigenvalues in the
CT10 PDF set (at 68% CL)

7



Measurement of The E�ective Weak Mixing Angle
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9 Determination of sin2 ✓
e f f
W869

This section describes a method to extract the e↵ective weak mixing angle from the raw AFB measure-870

ment. This is achieved by comparing the raw asymmetry distribution to Monte Carlo predictions with871

varying values of the weak mixing angle. This method has reduced dependence on the MC generator as872

it does not require any correction for acceptance and dilution.873

874

9.1 Method875

A schematic overview of the method is shown in Fig. 31. The goal is to construct the raw AFB spectra with876

di↵erent values of sin2 ✓
e f f
W after detector simulation, without the need to run the full detector simulation,877

and to then compare these to the measured spectrum.878

reweight eight 

full simulation
2

data
AAAAAAfb 

spectrum

MC
AAfb 

spectrum

sinn22
w

MC-truth
generation

MMll  vs. coss *

Figure 31: Schematic overview of the extraction of the weak mixing angle using MC templates.

Within the region of interest between 0.218  sin2 ✓
e f f
W  0.236, 19 Monte Carlo datasets were879

generated changing sin2 ✓
e f f
W in steps of 0.01, each containing 40 M events. To change the weak mixing880

angle the following line is used in the PYTHIA configuration:881

• pydat1 paru 102 wma882

where wma is the value for the generated weak mixing angle. For full Job Options file see App. D.883

Only truth information is generated using the PYTHIA event generator [7]. To be compatible with other884

ATLAS datasets the o�cial Evgen.trf job transformation from the MC11 [19] simulation campaign has885

been used. This ensures that the ATLAS specific generator tune is set. The only varied parameters are886

the weak mixing angle and the PDF set (for evaluation of the associated systematic uncertainties). Note887

that changing the weak mixing angle leaves m`` unchanged in the simulation.888

From the truth information in the generated datasets called target and in the default PYTHIA signal889

sample called ref (see App. A) weights are calculated to transform the shape of the reconstructed raw AFB890

spectrum of the signal sample. The weights are calculated in the 2-dim distribution of m`` vs. cos ✓⇤CS891

as wi j = targeti j/refi j. Here i and j denote the bin numbers in m`` and cos ✓⇤CS. The mass is calculated892

before FSR. These weights are then applied to the reconstructed PYTHIA MC signal events, in order to893

obtain a fully reconstructed dataset for each of the di↵erent simulated values of sin2 ✓
e f f
W . These datasets894

are referred to as reweighted datasets in the following. Weighting the samples should not a↵ect the Z895

mass; this cross check has been done in the muon channel, and the result is shown in Fig. 32.896

Kristof Schmieden

Measurement of sin2θweff
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Figure 17: Systematic erros on A f b spectrum. Left: systematic error due to limited Monte Carlo statistic.

Right: uncertainty due to PDFs. The error bars represent the statistical error from data statistics, as

obtained in section 8.3

the 2 dimensional plane di-muon invariant mass vs. cos θ∗ is used to calculate weights wrt. to the459

truth information of the nominal MC11b Pythia sample1. The weights are used to reweight the fully460

reconstructed events of that dataset. Finally the measured spectrum of the raw asymmetry vs. µµ invariant461

mass is compared to each of the reweighted datasets. For every MC dataset a χ2 value is calculated in462

the following way:463

χ2 =

N∑

i=1

(datai − MCi)
2

σ(datai)2 + σ(MCi)2
(26)

where σ(datai) / σ(MCi) is the statistical uncertainty of the mass bin i in the measured / simulated &464

reweighted asymmetry distribution. The sum runs over all mass bins. When plotting the obtained χ2
465

values versus the value of sin2 θ
e f f
W

used in the simulation a parabolic shape is obtained. The minimum,466

which corresponds to the most probable value of sin2 θ
e f f
W in the measured data, is determined by fitting467

a second order polynomial:468

χ2(x) = a + b · (x − c)2 (27)

where c is the measured value of sin2 θ
e f f
W

and
√

1/b its statistical uncertainty. The statistical uncertainty469

has also been veryfied by splitting the available dataset into 31 disjunct subsets of 30 k events each and470

comparing the RMS of the obtained results with the calculated statistical precission. The obtained dis-471

tribution of sin2 θ
e f f
W values is shown in figure 21. The RMS value of 15(2) · 10−4 agrees well with the472

mean statistical unc. of < σ >= 16 · 10−4.473

474

The official ATLAS job transform scripts for the MC11b simulation have been used to generate the475

MC truth datasets. Only the value of sin2 θ
e f f
W is changed in the Pythia configuration. Note that the476

change of the weak mixing angle leaves mZ unchanged in this setup as shown in figure 22.477

1mc11 7TeV.106047.PythiaZmumu no filter.merge.AOD.e815 s1272 s1274 r2920 r2900

χ2 calculation restricted to mass 
range: 70 GeV - 250 GeV

Fit χ2 distribution to obtain 
minimum (wma) and ,width‘ (err)

This part is performed on the raw Afb spectra

# sin2(θle�) was extracted from each of
the measured AFB spectra by
comparing the detector-level
asymmetry to Monte Carlo
predictions produced with varying
initial values of the weak mixing
angle

# PYTHIA templates with initial
values 0.218 ≤ sin2(θle�) ≤ 0.238

# χ2 �ts in the mass range
70 − 250GeV

sin2 ✓ lept
e↵

CC electron 0.2302 ± 0.0009(stat.) ± 0.0008(syst.) ± 0.0010(PDF) = 0.2302 ± 0.0016

CF electron 0.2312 ± 0.0007(stat.) ± 0.0008(syst.) ± 0.0010(PDF) = 0.2312 ± 0.0014

Muon 0.2307 ± 0.0009(stat.) ± 0.0008(syst.) ± 0.0009(PDF) = 0.2307 ± 0.0015

El. combined 0.2308 ± 0.0006(stat.) ± 0.0007(syst.) ± 0.0010(PDF) = 0.2308 ± 0.0013

Combined 0.2308 ± 0.0005(stat.) ± 0.0006(syst.) ± 0.0009(PDF) = 0.2308 ± 0.0012

Table 2. The sin2 ✓ lept
e↵ measurement results in each of the three studied channels: electron central-

central, electron central-forward and muon. Results of the statistical combination of both electron
channels and all three channels are shown as well.

CC electrons CF electrons Muons Combined
Uncertainty source [10�4] [10�4] [10�4] [10�4]

PDF 10 10 9 9
MC statistics 5 2 5 2
Electron energy scale 4 6 – 3
Electron energy resolution 4 5 – 2
Muon energy scale – – 5 2
Higher-order corrections 3 1 3 2
Other sources 1 1 2 2

Table 3. Contributions to the systematic uncertainties on the sin2 ✓ lept
e↵ values extracted from the

three analysis channels and on the combined result. Null entries (denoted by “–”) correspond to
uncertainties that do not apply to a specific channel. Higher-order corrections include NLO QCD
and NLO EWK contributions. Other sources include the effect of pileup, background uncertainties,
lepton trigger/reconstruction/identification efficiency uncertainties, muon momentum resolution
and effects of detector misalignment.

and Aq, c.f. eq. 1.4 and ref. [3]. Both are functions of the vector and axial-vector couplings
of the quark/muon,

Aq/µ =
2g

q/µ
V g

q/µ
A

(g
q/µ
V )2 + (g

q/µ
A )2

=
2g

q/µ
V /g

q/µ
A

1 + (g
q/µ
V /g

q/µ
A )2

. (6.1)

The asymmetry parameters are related to the flavour-dependent weak mixing angle sin2 ✓
q/µ
e↵

by

g
q/µ
V /g

q/µ
A = 1 � 4|Qq/µ| sin2 ✓

q/µ
e↵ , (6.2)

where Qq/µ is the quark (q) or muon (µ) charge. The measurement of the forward-backward
asymmetry can be interpreted as a determination of Aµ when assuming sin2 ✓ q

e↵ = sin2 ✓ µ
e↵

= sin2 ✓ lept
e↵ , which is valid within an uncertainty of 1.5 ⇥ 10�4 [3]. Given the value of

sin2 ✓ lept
e↵ , Aµ is small compared to Aq and the uncertainty on sin2 ✓ µ

e↵ (⇠ 1.5⇥ 10�3) plays

– 20 –
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Systematics on The E�ective Weak Mixing Angle

sin2 ✓ lept
e↵

CC electron 0.2302 ± 0.0009(stat.) ± 0.0008(syst.) ± 0.0010(PDF) = 0.2302 ± 0.0016

CF electron 0.2312 ± 0.0007(stat.) ± 0.0008(syst.) ± 0.0010(PDF) = 0.2312 ± 0.0014

Muon 0.2307 ± 0.0009(stat.) ± 0.0008(syst.) ± 0.0009(PDF) = 0.2307 ± 0.0015

El. combined 0.2308 ± 0.0006(stat.) ± 0.0007(syst.) ± 0.0010(PDF) = 0.2308 ± 0.0013

Combined 0.2308 ± 0.0005(stat.) ± 0.0006(syst.) ± 0.0009(PDF) = 0.2308 ± 0.0012

Table 2. The sin2 ✓ lept
e↵ measurement results in each of the three studied channels: electron central-

central, electron central-forward and muon. Results of the statistical combination of both electron
channels and all three channels are shown as well.

CC electrons CF electrons Muons Combined
Uncertainty source [10�4] [10�4] [10�4] [10�4]

PDF 10 10 9 9
MC statistics 5 2 5 2
Electron energy scale 4 6 – 3
Electron energy resolution 4 5 – 2
Muon energy scale – – 5 2
Higher-order corrections 3 1 3 2
Other sources 1 1 2 2

Table 3. Contributions to the systematic uncertainties on the sin2 ✓ lept
e↵ values extracted from the

three analysis channels and on the combined result. Null entries (denoted by “–”) correspond to
uncertainties that do not apply to a specific channel. Higher-order corrections include NLO QCD
and NLO EWK contributions. Other sources include the effect of pileup, background uncertainties,
lepton trigger/reconstruction/identification efficiency uncertainties, muon momentum resolution
and effects of detector misalignment.

and Aq, c.f. eq. 1.4 and ref. [3]. Both are functions of the vector and axial-vector couplings
of the quark/muon,

Aq/µ =
2g

q/µ
V g

q/µ
A

(g
q/µ
V )2 + (g

q/µ
A )2

=
2g

q/µ
V /g

q/µ
A

1 + (g
q/µ
V /g

q/µ
A )2

. (6.1)

The asymmetry parameters are related to the flavour-dependent weak mixing angle sin2 ✓
q/µ
e↵

by

g
q/µ
V /g

q/µ
A = 1 � 4|Qq/µ| sin2 ✓

q/µ
e↵ , (6.2)

where Qq/µ is the quark (q) or muon (µ) charge. The measurement of the forward-backward
asymmetry can be interpreted as a determination of Aµ when assuming sin2 ✓ q

e↵ = sin2 ✓ µ
e↵

= sin2 ✓ lept
e↵ , which is valid within an uncertainty of 1.5 ⇥ 10�4 [3]. Given the value of

sin2 ✓ lept
e↵ , Aµ is small compared to Aq and the uncertainty on sin2 ✓ µ

e↵ (⇠ 1.5⇥ 10�3) plays

– 20 –

# Final uncertainty dominated by PDF (ATLAS-epWZ12 LO PDF set)
◦ Variation of PDF set leads to signi�cant shifts
◦ MSTW2008 shifts down the value by 0.002
◦ precision measurements are needed to constrain PDFs

W/Z cross-section measurement, Angular distributionsPDF results

lept

effθ
2sin

0.225 0.227 0.229 0.231 0.233 0.235

MSTW2008

HERAPDF1.5LO

CT10

ATLAS-epWZ12
ATLAS

  -1 = 7 TeV, 4.8 fb   s

Figure 8. Comparison of the extracted sin2 ✓ lept
e↵ values when using different PDFs in the

templates. Only PDF systematic errors are shown. Errors on MSTW and CT10 are calculated
using the CT10 error set, while those on ATLAS-epWZ12 and HERA1.5LO are calculated using
the ATLAS-epWZ12 error set.

– 33 –
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Results for The E�ective Weak Mixing Angle
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# sin2(θle�) � 0.2308 ± 0.0012

# Agreement with PDG global �t
(0.6σ):
sin2(θle�) � 0.23146 ± 0.00012

# Result is about 10 times less precise
than LEP+SLC
- limited by the PDF uncertainty

Determination of Muon Asymmetry Parameter Aµ:

# can be estimated from AFB, assuming the SM value for Aq and estimation

sin2 θqe� � sin2 θµe� � sin2 θlepte� (valid up to 1.5 · 10−3): Aµ �
2(1−4 sin2 θlepte� )

1+(1−4 sin2 θlepte� )

# Aµ � 0.153 ± 0.007(stat.) ± 0.009(syst.) � 0.153 ± 0.012

# in agreement with measurements from LEP/SLD (0.142 ± 0.015)
http://arxiv.org/pdf/hep-ex/0509008v3.pdf
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Towards the MW Measurement
# Among electroweak observables, theW mass is the least constrained by current

experimental data
# indirect determination better by factor of ∼ 2
# world average δMW � 15MeV
# natural goal at the LHC δMW < 10MeV
# Measurement is dominated by physics modeling

(PDFs)
# Basic objects: lepton and hadronic recoil
# Z events can be used for calibration
# MW is extracted from the comparison of data with

MC templates of the mass-sensitive distributions:
plT and MT

0

0.25

0.5

0.75

1

80.2 80.3 80.4 80.5 80.6

Entries               0

80.2 80.6

MW[GeV]

ALEPH 80.440±0.051

DELPHI 80.336±0.067

L3 80.270±0.055

OPAL 80.415±0.052

LEP2 80.376±0.033
χ

2
/dof =  49 / 41

CDF 80.389±0.019

D0 80.383±0.023

Tevatron 80.387±0.016
χ

2
/dof =   4.2 / 6

Overall average 80.385±0.015
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Summary

ATLAS measurement of the weak mixing angle

# sin2(θle�) � 0.2308 ± 0.0005(stat.) ± 0.0006(syst.) ± 0.0009(PDF) � 0.2308 ± 0.0012
# Good agreement with other measurements
# Uncertainty is dominated by the PDFs (∼ 75%)
# Determined value of muon asymmetry parameter is in good agreement with

previous measurements

Towards the MW Measurement
# Detector calibration is under control:

◦ Electron Calibration: Eur.Phys.J. C74 (2014) 10, 3071
◦ Muon Calibration: Eur.Phys.J. C74 (2014) 11, 3130

# Physics modeling ofW production is a challenge

Further electroweak measurements are important in order to constrain the models:

# W/Z cross-section measurement1,W charge asymmetry,W+ charm production
# pZT measurement2
# pWT measurement (needs low pile-up Data sample)

1Phys. Rev. D 85, 072004, 2012; Phys. Rev. Lett. 109, 012001, 2012
2Phys. Lett. B 738, 25, 2014; Phys. Lett. B 720, 32, 2013
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Standard Model - Fit Results

Pull values for SM�t de�ned as deviations to the
indirect determinations, divided by total error:

# Direct measurement (data)
# Full �t result
# Fit result without using corresponding

direct constraint from the measurement

# Total error: error of direct measurement
plus error from indirect determination

# The prediction is often more precise then
the measurement,
exceptions: MH,MZ, mt, ∆α(5)
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