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The Weak Mixing Angle

The electroweak sector of the Standard Model can be tested via precision measurements of
fundamental observables such as the weak mixing angle, θW.

By rotating electroweak boson fields W 3 and B by θW, the Z and photon (A) fields are
obtained: (

Z

A

)
=

(
cos θW − sin θW
sin θW cos θW

) (
W 3

B

)
.

At leading order (LO), the weak mixing angle also relates the masses of the Z and W ±:
sin2 θW = 1−m2

W /m2
Z .

The value of θW is not predicted by the Standard Model; hence, it must be experimentally
determined.

Higher-order electroweak radiative corrections affect such LO relations.

In practice, these higher-order corrections are absorbed into an effective weak mixing angle:
sin2 θeff = κ sin2 θW.

κ = 1 + δκ, and δκ contains the higher-order corrections.

δκ, therefore sin2 θeff , is a function of invariant mass and cos θ and also depends on
fermion flavour.

This analysis measures sin2 θ`
eff for leptons at the Z -pole.
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The Drell-Yan Cross Section
Drell-Yan process [1]:
q(P1) + q̄(P2)→ Z/γ∗ → `+`−.

A 5-dimensional differential cross section can
describe the kinematics of the two leptons
produced from the process:

a per-event weight technique [29, 30] and in the improved Born approximation, as developed and used
for the legacy measurements of LEP [31, 32].

This note is organised as follows: Section 2 describes the theoretical framework used to extract the
measurement, while Sections 3 and 4 respectively review briefly the methodology of the measurement of
the angular coe�cients and the data analysis, which are very similar to what is explained in more detail
in Ref. [7]. Section 5 summarises the various sources of systematic uncertainties in the measurements of
the angular coe�cient A4 and in the extraction of sin2 ✓`e↵ . Finally, Section 6 discusses the compatibility
of the results obtained in the three analysis channels, describes a cross-check with the forward-backward
asymmetry analysis stemming from the interpretation of the ATLAS measurements of this observable [8],
and then presents the results and compares them to previous measurements.

2 Theoretical framework

2.1 Angular coe�cients

The angular distributions of charged lepton pairs produced in hadron–hadron collisions via the Drell–
Yan neutral current process, qq̄ ! Z/�⇤ ! `+`�, provide a portal to precise measurements of the
production dynamics through spin correlation e↵ects between the initial-state spin-1/2 partons and the
final-state spin-1/2 leptons mediated by a spin-1 intermediate state, predominantly the Z boson. The
Collins-Soper (CS) reference frame [33] is used to define the lepton polar and azimuthal angular vari-
ables (cos ✓,�). The spin correlations are described by a set of nine helicity density matrix elements,
which can be calculated within the context of the parton model using the theoretical formalism elaborated
in Refs. [3–6].

At leading order in EW theory, the full five-dimensional di↵erential cross-section describing the kin-
ematics of the two Born-level leptons from the Z-boson decay can be decomposed as a sum of nine
harmonic polynomials, which depend on cos ✓ and �, multiplied by corresponding helicity cross-sections
that depend on the Z-boson transverse momentum (p``T ), rapidity (y``), and invariant mass (m``). It is a
standard convention to factorise out the unpolarised cross-section, denoted in the literature by �U+L , and
to present the five-dimensional di↵erential cross-section as an expansion into nine harmonic polynomials
Pi (cos ✓,�) and eight dimensionless angular coe�cients A0�7(p``T , y

``,m``), which represent ratios of
helicity cross-sections with respect to �U+L :

d�
dp``T dy`` dm`` d cos ✓ d�

=
3

16⇡
d�U+L

dp``T dy`` dm``

⇢
(1 + cos2 ✓) +

1
2

A0(1 � 3 cos2 ✓) + A1 sin 2✓ cos � (1)

+
1
2

A2 sin2 ✓ cos 2� + A3 sin ✓ cos � + A4 cos ✓

+A5 sin2 ✓ sin 2� + A6 sin 2✓ sin � + A7 sin ✓ sin �
�
.

The dependence of the di↵erential cross-section on cos ✓ and � is thus completely manifest analytically.
In contrast, the dependence on p``T , y``, and m`` is entirely contained in the Ai coe�cients and �U+L .

3

The cross section can be decomposed into
1 + 8 harmonic polynomials, Pi (cosθ, φ), with
coefficients Ai (p``

T , y
``,m``).

Angular coefficients Ai have been measured
by ATLAS at

√
s = 8 TeV [2].

Electroweak parameters can be extracted from
measurements of Ai , one being the effective
leptonic weak mixing angle.

16

Process Subprocess Partons

PP ! �⇤ ! `�`+X uū, dd̄, ... ! �⇤ ū, d̄, ...
PP ! Z ! `�`+X uū, dd̄, ... ! Z u, d, ...
PP ! jet + X gg, gq, qq ! jet jet g, q
PP ! W± ! l±⌫ + X ud̄ ! W+, dū ! W� u, d, ū, d̄
PP ! bb + X gg ! bb g
PP ! � + X gq ! �q, gq̄ ! q̄ g

Table 2.3: The LHC processes that can be used to measure proton PDFs. The
process, subprocess, and the partons they are sensitive to are given.

2.3 The Drell-Yan Process

The process of interest is neutral current Drell-Yan production [2] in the electron

channel, qq̄ ! Z/�⇤ ! e�e+, from proton-proton collisions at the LHC. The goal is

to measure a di↵erential cross-section that can be used to determine the asymmetry

exhibited in Drell-Yan events resulting from the weak interaction component of the

Drell-Yan process. To accomplish these goals, the di↵erential cross-section will be

measured or binned in three dimensions. In this section, these dimensions will be

defined and their use motivated.

Consider again the scenario in which quark q carries xq of the total momentum

of its proton and q̄ carries xq̄ of its proton which is illustrated in Figure 2.6. Let the

four-momenta of the quarks be pq and pq̄ and those of the protons, Pq and Pq̄; these

quantities are related as follows:

Pq̄

Pq

e+

q

q̄

Z/�⇤
e�

Figure 2.6: The Drell-Yan process according to the Parton Model where the individual
quarks of each proton undergo hard scattering.
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ATLAS Effective Weak Mixing Angle at 8 TeV
As an extension to the Ai analysis, the leptonic weak mixing angle, sin2 θ`

eff , is extracted
from the measurement of A4 by comparing predicted angular (cos θ and φ) distributions to
measured ones [3].

A4 ∝ product of vector and axial-vector couplings of the Z to the q and ` ∝ sin2 θ`
eff .

LO in EW and NLO in QCD predictions of A4 as a function of sin2 θ`
eff are computed using

DYTurbo, an optimized version of DYRES/DYNNLO.

EW corrections are applied to the predictions enhancing their accuracy.

To further improve the agreement with data,
NNLO QCD corrections are also applied to
the A4 predictions.

A4 is then parametrized: A4 = a sin2 θ`
eff + b.

A likelihood function
L(A4, σ, θ | data) = L(sin2 θ`

eff , σ, θ | data) is
constructed, where θ are nuisance
parameters representing systematic
uncertainties.

The sin2 θ`
eff that maximizes the likelihood

function (or best describes the data) is taken
as the measurement.
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Analysis Channels
The 2012 ATLAS dataset is used for this measurement which corresponds to√

s = 8 TeV and L = 20.2 fb−1.
Extraction of sin2 θ`

eff is made using measurements from 3 analysis channels.

“eeCC”: qq̄ → Z/γ∗ → e+e−:
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Figure 3.4: Configurations of the final-state dielectron pair in the neutral-current Drell-Yan process.

range is limited to |yZ/g⇤ | < 2.4. The forward-forward topology is not measured with ATLAS due to
experimental constrains.

Measuring the Drell-Yan cross-section in the forward rapidity region extends the kinematic (Q2,x)
plane towards lower and higher x as shown in figure 3.5, compare to a measurement at central
rapidities which at

p
s = 8 TeV and a scale of the Z boson mass, Q = MZ , covers x range of

1.03 ·10�3�1.26 ·10�1. The extended rapidity range |yZ/g⇤ | < 3.6 makes it possible to access lower
and higher x values, which extend down to x = 3.11 ·10�4 and up to x = 4.17 ·10�1.

The directions of the outgoing leptons can be described with respect to the directions of the
incoming quarks. Schematically it is shown in figure 3.6a with q ⇤ angle between the momenta of a
lepton and a quark. The angle q ⇤ allows to classify events into two categories: forward and backward.
Events where the lepton goes in the same direction as the incoming quark are classified as forward,
while events where the lepton is going opposite to the quark direction are classified as backward. In
the presented measurements the angular variable is defined with respect to the Collins-Soper frame
[32], schematically shown in figure 3.6b. In the Collins-Soper frame the angular variable is defined
by

cosq ⇤CS =
p``z

|p``z |
2(p+

1 p�2 � p�1 p+
2 )

M``

q
M2

`` +(p``T )2
, (3.7)

with p±
i = 1p

2
(Ei ± pZ,i)

In a pp collision it is unknown from which of the two protons the quark (antiquark) originates.
Moreover when the transverse momentum of the dilepton pair is non-zero the longitudinal direction
of the center-of-mass of the qq̄ system is also unknown. Experimentally the quark direction in a qq̄
annihilation process is determined on a statistical basis. While the annihilating antiquark is from
the quark sea, the quark is typically a valence quark. The assumption is that the dilepton system is
boosted in the direction of the incoming valence quark, which on average carries a higher momentum
fraction than the sea quark [36, 37]. The sign of the longitudinal momentum of the dielectron pair
reflects this assumption in the cosq ⇤CS definition (equation 3.7).

3.2 The differential cross-section

The Drell-Yan cross-section can be studied in multiple dimensions. Information on electroweak and
QCD effects can be extracted by studying the cross-section as a function of the dilepton invariant
mass M``, Z/g⇤ boson rapidity and cosq ⇤, which at leading order, can be written as
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Table of Results
Results determined using predictions calculated with parton distribution function (PDF) set
MMHT14:

Dominant uncertainties on the fully combined result include signal Monte Carlo statistics
and the PDF uncertainty on the prediction.

The eeCF measurement yields the most precise measurement of sin2 θ`
eff .

Sensitivity to sin2 θ`
eff is at its greatest for large values of |y``|, which the inclusion of a forward

electron allows to be measured.
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Comparing the Three Channels
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The eeCC, µµCC, and eeCF sin2 θ`
eff measurement results are compared to each other in

every analysis bin.

The pulls are plotted with respect to the bin with the greatest sensitivity, namely
2.5 < |y``| < 3.6 of the eeCF channel.

Results are shown separately using 4 different PDF sets.

A p-value of 3.4% is obtained, due primarily to a 3.0 standard deviation pull from the µµCC
measurement in 80 < m`` < 100 GeV, 0 < |y``| < 0.8.
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Cross-Check using Forward-Backward Asymmetry
With the 2012 dataset, a
triple-differential Drell-Yan
cross section,
dσ/dm``d|y``|d cos θ, has
been published by
ATLAS [4].

Derived from the cross
section are measurements of
forward-backward
asymmetry (AFB) which is
sensitive to sin2 θ`

eff .

As a check of the tools and
corrections used in the A4
analysis, measured and
predicted values (calculated
using sin2 θW = 0.23148) of
AFB are compared.

Additionally, sin2 θ`
eff

obtained from AFB is
comparable to the result
obtained with A4.

A formal extraction of the
effective leptonic weak
mixing angle using AFB is
ongoing.
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Comparison of sin2 θ`eff with Past Measurements

sin2 θ`
eff = 0.23140± 0.0021 (stat.)± 0.00024 (PDF)± 0.00016 (syst.)

eff
lθ2sin

0.23 0.231 0.232

 0.00036±0.23140 ATLAS: 8 TeV

 0.00043±0.23166 CFATLAS: ee

 0.00049±0.23119 
CC

µµ+CCATLAS: ee

 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
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Conclusions

Using the well-understood ATLAS 2012 dataset, a measurement of the effective
leptonic weak mixing angle, sin2 θ`

eff , was extracted from the angular coefficient
A4 of the Drell-Yan cross section.

The analysis consists of three measurement channels: a di-electron and a
di-muon channel where both leptons are reconstructed in the central region of the
ATLAS detector and a di-electron channel where one of the electrons is
reconstructed in the forward region.

The measured value of sin2 θ`
eff has been cross-checked with the

forward-backward asymmetry measurement made by ATLAS using the
triple-differential Drell-Yan cross section.

The following result is achieved:

sin2 θ`
eff = 0.23140± 0.00036 .

This measurement is consistent with current value of 0.23150± 0.00006 from
global electroweak fits, and previous measurements such as those from CMS [5]
and Tevatron [6].
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