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• Electroweak (EW) precision observables  
•    

• Not independent but related through Standard Model (SM) 

• Precision EW measurements  
• Testing the consistency of the SM 
• Probing beyond SM contributions 

• Focus on               in this talk 
• Non-abelian Gauge structure  

discussed in the next talk        
• W mass discussed tomorrow  

morning

Overview of the Electroweak Sector
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• Neutral current process:  
• Z boson couplings are different for left and right-handed fermions 
• Forward-backward asymmetry (AFB) in the polar angle distribution 
of negatively charged lepton in the rest frame of di-lepton system 
• Defined with respect to the incoming quark 

• AFB defined in Collin-Soper (CS) frame
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Figure 1: Sketch of the Collins-Soper reference frame, in which the angles ✓CS and �CS are defined with respect to
the negatively charged lepton ` (see text). The notations x̂, ŷ and ẑ denote the unit vectors along the corresponding
axes in this reference frame.

of its corresponding coe�cient. The moment of a polynomial P(cos ✓, �) over a specific range of pZ
T, yZ ,

and mZ is defined to be:
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The moment of each harmonic polynomial can thus be expressed as (see Eq. (1)):
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One thus obtains a representation of the e↵ective angular coe�cients for Z/�⇤ production. These e↵ective
angular coe�cients display in certain cases a dependence on yZ , which arises mostly from the fact that
the interacting quark direction is unknown on an event-by-event basis. As the method of Ref. [3] relies
on integration over the full phase space of the angular distributions, it cannot be applied directly to data,
but is used to compute all the theoretical predictions shown in this paper.

The inclusive fixed-order perturbative QCD predictions for Z-boson production at NLO and NNLO were
obtained with DYNNLO v1.3 [25]. These inclusive calculations are formally accurate to O(↵2

s ). The
Z-boson is produced, however, at non-zero transverse momentum only at O(↵s), and therefore the cal-
culation of the coe�cients as a function of pZ

T is only NLO. Even though the fixed-order calculations
do not provide reliable absolute predictions for the pZ

T spectrum at low values, they can be used for
pZ

T > 2.5 GeV for the angular coe�cients. The results were cross-checked with NNLO predictions from
FEWZ v3.1.b2 [26–28] and agreement between the two programs was found within uncertainties. The
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Forward-backward Asymmetry
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while integrating over � yields:

d�
dpZ

T dyZ dmZ d cos ✓
=

3
8

d�U+L

dpZ
T dyZ dmZ

(

(1 + cos2 ✓) +
1
2

A0(1 � 3 cos2 ✓) + A4 cos ✓
)

. (3)

At leading order (LO) in QCD, only the annihilation diagram qq̄! Z is present and only A4 is non-zero.
At next-to-leading order (NLO) in QCD (O(↵s)), A0�3 also become non-zero. The Lam–Tung relation [8–
10], which predicts that A0�A2 = 0 due to the spin-1 of the gluon in the qg! Zq and qq̄! Zg diagrams,
is expected to hold up to O(↵s), but can be violated at higher orders. The coe�cients A5,6,7 are expected to
become non-zero, while remaining small, only at next-to-next-to-leading order (NNLO) in QCD (O(↵2

s )),
because they arise from gluon loops that are included in the calculations [11, 12]. The coe�cients A3 and
A4 depend on the product of vector and axial couplings to quarks and leptons, and are sensitive to the
Weinberg angle sin2 ✓W. The explicit formulae for these dependences can be found in Appendix A.

The full set of coe�cients has been calculated for the first time at O(↵2
s) in Refs. [2–5]. More re-

cent discussions of these angular coe�cients may be found in Ref. [13], where the predictions in the
NNLOPS scheme of the Powheg [14–17] event generator are shown for Z-boson production, and in
Ref. [18], where the coe�cients are explored in the context of W-boson production, for which the same
formalism holds.

The CDF Collaboration at the Tevatron published [19] a measurement of some of the angular coe�cients
of lepton pairs produced near the Z-boson mass pole, using 2.1 fb�1 of proton–anti-proton collision data
at a centre-of-mass energy

p
s = 1.96 TeV. Since the measurement was performed only in projections

of cos ✓ and �, the coe�cients A1 and A6 were inaccessible. They further assumed A5 and A7 to be zero
since the sensitivity to these coe�cients was beyond the precision of the measurements; the coe�cients
A0,2,3,4 were measured as a function of pZ

T. These measurements were later used by CDF [20] to infer
an indirect measurement of sin2 ✓W, or equivalently, the W-boson mass in the on-shell scheme, from the
average A4 coe�cient. These first measurements of the angular coe�cients demonstrated the potential of
this not-yet-fully explored experimental avenue for investigating hard QCD and EW physics.

Measurements of the W-boson angular coe�cients at the LHC were published by both ATLAS [21]
and CMS [22]. More recently, a measurement of the Z-boson angular coe�cients with Z ! µµ decays
was published by CMS [23], where the first five coe�cients were measured with 19.7 fb�1of proton–
proton (pp) collision data at

p
s = 8 TeV. The measurement was performed in two yZ bins, 0 < |yZ | < 1

and 1 < |yZ | < 2.1, each with eight bins in pZ
T up to 300 GeV. The violation of the Lam–Tung relation

was observed, as predicted by QCD calculations beyond NLO.

This paper presents an inclusive measurement of the full set of eight Ai coe�cients using charged lepton
pairs (electrons or muons), denoted hereafter by `. The measurement is performed in the Z-boson invari-
ant mass window of 80–100 GeV, as a function of pZ

T, and also in three bins of yZ . These results are based
on 20.3 fb�1 of pp collision data collected at

p
s = 8 TeV by the ATLAS experiment [24] at the LHC.

With the measurement techniques developed for this analysis, the complete set of coe�cients is extracted
with fine granularity over 23 bins of pZ

T up to 600 GeV. The measurements, performed in the CS reference
frame [1], are first presented as a function of pZ

T, integrating over yZ . Further measurements divided into
three bins of yZ are also presented: 0 < |yZ | < 1, 1 < |yZ | < 2, and 2 < |yZ | < 3.5. The Z/�⇤ ! e+e�
and Z/�⇤ ! µ+µ� channels where both leptons fall within the pseudorapidity range |⌘| < 2.4 (hereafter
referred to as the central–central or eeCC and µµCC channels) are used for the yZ-integrated measurement
and the first two yZ bins. The Z/�⇤ ! e+e� channel where one of the electrons instead falls in the region

3

qq̄ ! Z/�⇤ ! `+`�

AFB =
�F � �B

�F + �B

Eur.Phys.J.C76(2016)

Minimize the impact of 
incoming quark transverse 
momentum



• AFB measured as function of di-lepton mass in muon (LHCb) and electron/
muon final states (ATLAS/CMS)  
• Proton-proton collisions: where is the quark? 

• Direction of longitudinal boost of the di-lepton system in the 
laboratory frame chosen as the positive axis 
• Quark direction is not always along the positive axis 

• Dilution of AFB  

• Dilution is smaller at large absolute rapidities of di-lepton system 

Forward-backward Asymmetry 2
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• AFB is sensitive to               near Z peak     
• Product of vector and axial couplings 

• Electroweak corrections: 
• Tree level couplings are replaced by  
effective couplings 

• Template fit to extract the 
• Large discrepancy (~3 standard deviations)  

between the two most precise LEP/SLD 
measurements  

Effective weak mixing angle
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• ATLAS 7 TeV measurement 
• Muon and electron final states are used (including forward 
electrons)

Afb and  
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sin2 ✓`e↵

Forward Central

Leading 
uncertainties 
are from PDF

JHEP 1509 (2015) 049  



• ATLAS 7 TeV measurement 
• Muon and electron final states are used (including forward 
electrons)

Afb and  
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Forward Central

Leading 
uncertainties 
are from PDF

JHEP 1509 (2015) 049  



• LHCb 7 and 8 TeV measurements using di-muon  
• Assignment of forward and backward decays is correct 90% of the time 

• Smaller theoretical uncertainty due to forward di-muon events 

Afb and  
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 AFB and sin2θeff 9
• LHCb, 7 and 8 TeV datasets"
• Use AFB in forward dimuon events to extract sin2θeff

• Precision of sin2θeff dominated by LEP and SLD  
 — however there is ~3σ discrepancy between the two     
       most precise measurements"

• Measurements from hadron colliders are 
becoming more precise 
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Figure 3: Di�erence between the ‰2 and the minimum ‰2 obtained by comparing the final
AFB(m

µµ

) measurements in data to Apred
FB calculated using values of sin2◊e�

W ranging from 0.22
to 0.24, indicated by the crosses on the plot. A quadratic fit is used to determine the minimum
value for sin2◊e�

W and the corresponding uncertainty, and is shown for the di�erent centre-of-mass
energies and the combination. The black dashed horizontal line corresponds to one unit of ‰2

from the minimum and the intersecting sin2◊e�
W for the combination are indicated by the vertical

red dashed lines.

A comparison between the sin2◊e�
W result obtained here and those from other experiments

is shown in Fig. 4. The LHCb result agrees well with the world average and is one of the
most precise measurements from hadron colliders.

6 Conclusions
The forward-backward asymmetry for the process qq̄ æ Z æ µ+µ≠ as a function of the
dimuon invariant mass is measured with the LHCb detector using proton proton collision
data collected at centre-of-mass energies of

Ô
s = 7 and 8 TeV. The measurements are

performed in the Collins-Soper frame, using muons with pT > 20 GeV and 2.0 < ÷ < 4.5
with a combined invariant mass 60 < m

µµ

< 160 GeV. The forward-backward asymmetry
for each invariant mass bin is measured, together with the statistical and experimental
uncertainties. The measurements at each centre-of-mass energy are used to determine a
value for sin2◊e�

W , by comparing to SM predictions that include FSR. The best fit values
obtained are sin2◊e�

W = 0.23219 ± 0.00148 and sin2◊e�
W = 0.23074 ± 0.00123 for the two

samples at
Ô

s = 7 and 8 TeV respectively. This leads to the combined result

sin2◊e�
W = 0.23142 ± 0.00073 ± 0.00052 ± 0.00056,

where the first uncertainty is statistical, the second systematic and the third theoretical.

9

 (stat)                  (exp)          (theory+pdf)

Recent combined ee+�� results 
from CDF: arxiv:1605.02719

JHEP 1511 (2015) 190



• Hadron collider measurements are becoming more precise 
• LEP and SLD measurements are still most precise measurements 

• Dominating PDF uncertainties at the LHC 
• PDF uncertainties will be smaller if the measurements were  repeated 

with recent PDFs   
• Future improvements? Profiling PDF uncertainties in a combined fit to 

extract              and constrain PDFs

Afb and  
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• Single boson production 
cross section 
measurements constrain 
the PDFs 
• Differential W/Z 

measurements are 
important (including 
the forward region) 

• Measurements at 7, 8, 
and 13 TeV are 
performed

PDF related measurements
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Figure 23: Di↵erential cross-section measurement d�/d|y`` | for Z/�⇤ ! `` in the Z-peak region, 66 < m`` <
116GeV, for central (left) and forward rapidity values (right). Predictions computed at NNLO QCD with NLO EW
corrections using various PDF sets (open symbols) are compared to the data (full points). The ratio of theoretical
predictions to the data is also shown. The predictions are displaced within each bin for better visibility. The
theory uncertainty corresponds to the quadratic sum of the PDF uncertainty and the statistical uncertainty of the
calculation.

6.3.2 Z/�⇤ cross sections

Di↵erential Z/�⇤ ! `` cross-sections, as a function of the dilepton rapidity, are shown in Figures 23
and 24, and compared to NNLO perturbative QCD predictions, including NLO EW corrections. The
predictions are evaluated with various PDF sets. At the Z peak, where the highest precision is reached for
the data, all predictions are below the data at central rapidity, |y``| < 1, but least for the HERAPDF2.0 set,
which quotes the largest uncertainties. In the forward region, the PDFs agree well with the measurement,
which, however, is only precise to the level of a few percent and thus not very sensitive to di↵erences
between PDFs. In the low mass Z/�⇤ ! `` region, Figure 24, several of the PDF sets exhibit a di↵erent
rapidity dependence than the data although being mostly consistent with the measurement. This also
holds for the central rapidity region at high mass, 116 < m`` < 150GeV. The precision of the data in the
forward region at high mass is too low to allow discrimination between the various PDF sets, all of which
reproduce the measured rapidity dependence within the quoted uncertainties.

6.4 PDF profiling results

Using the profiling technique introduced in Section 6.1, the agreement between data and predictions can
be quantitatively assessed. Table 17 provides �2/n.d.f. values for each Drell–Yan data set and a number
of PDFs, taking into account the experimental uncertainties, and also including the uncertainties provided
by the individual PDF sets. Including the full PDF uncertainties, a satisfactory description of the data is
achieved with the CT14 PDFs, where the �2/n.d.f. is similar to the dedicated PDF analysis presented in

51
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• Measurements of top-quark pair to Z boson cross section ratios 
• Center of mass energies of 7, 8, and 13 TeV 

• Constrains on PDFs, strong coupling constant, and top-quark mass 

• Significant power to constrain the gluon distribution functions near 
x of 0.1

Cross section ratios

1103/19/17

JHEP 02 (2017) 117 



• Constraints on the valence and 
sea quark distributions 
•General good agreement with 
theory predictions 

 

W charge asymmetry 
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Figure 3: The W+ to W� cross-section ratio in bins of ⌘e. Measurements, represented as bands,
are compared to NNLO predictions with di↵erent parameterisations of the PDFs (markers
are displaced horizontally for presentation). The bottom panel displays the theory predictions
divided by the measured cross-section ratios.

7.4 Cross-section ratio and charge asymmetry

Cross-section ratios as a function of ⌘

e are compared to theory predictions in Fig. 3 and the
measurements are tabulated in Appendix A. Overall the measurements are in agreement
with theory predictions, with the exception of the far forward region. In this region the
measured ratio is higher than the expectation as a consequence of the discrepancy seen in
the W

+ cross-section in that region.
The W boson production charge asymmetry is defined as

A

e

⌘ �

W

+!e

+
⌫e � �

W

�!e

�
⌫e

�

W

+!e

+
⌫e + �

W

�!e

�
⌫e

. (4)

The asymmetry is compared to theory predictions in bins of ⌘

e in Fig. 4. The measurements
are tabulated in Appendix A.

7.5 Lepton universality

Production of W bosons in the forward region has also been studied in the muon final
state [9]. The muon measurement had a di↵erent upper kinematic limit in pseudorapidity,
and consequently the bin boundaries only coincide with the present measurement for
⌘

l

< 3.50. The results are therefore compared in the range 2.00 < ⌘

l

< 3.50 as is shown
in Figs. 5, 6, and 7. The results of these measurements are seen to be consistent with the
W ! µ⌫ measurements and no significant deviation from lepton universality is observed
once uncertainties and correlations between measurements are taken into account. Fig. 5
shows good agreement, apart from the bin 3.00 < ⌘

l

< 3.25 for W

+, where the di↵erence
is approximately 3 standard deviations.
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Figure 21: Di↵erential d�W+/d|⌘` | (left) and d�W�/d|⌘` | (right) cross-section measurement for W ! `⌫. Predic-
tions computed at NNLO QCD with NLO EW corrections using various PDF sets (open symbols) are compared to
the data (full points). The ratio of theoretical predictions to the data is also shown. The predictions are displaced
within each bin for better visibility. The theory uncertainty corresponds to the quadratic sum of the PDF uncertainty
and the statistical uncertainty of the calculation.
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Figure 22: Lepton charge asymmetry A` in W ! `⌫ production as a function of the lepton pseudorapidity |⌘` |. Pre-
dictions computed at NNLO QCD with NLO EW corrections using various PDF sets (open symbols) are compared
to the data (full points). The ratio of theoretical predictions to the data is also shown. The predictions are displaced
within each bin for better visibility. The theory uncertainty corresponds to the quadratic sum of the PDF uncertainty
and the statistical uncertainty of the calculation.
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• Data can be interpreted in combination with HERA data within 
perturbative QCD 
• For example: more sensitivity to the flavor composition of sea quark 

• Ratio of strange to light quark sea densities 
• Close to unity in the sensitivity range of data 

• Heavy flavor PDF can also be tested via V+c-jet measurements 

Impact on PDFs 

1303/19/17

Arxiv:1612.03016 



• Accurate modeling of QCD effects 
is crucial to perform the EW 
precision measurements  
• Factorizing the Drell-Yan 

production cross section from the 
decay kinematics

Angular coefficients

1403/19/17 JHEP 08 (2016) 159 Phys. Lett. B 750 (2015) 154

1. Introduction

The angular distributions of charged lepton pairs produced in hadron–hadron collisions via the Drell–Yan
neutral current process provide a portal to precise measurements of the production dynamics through
spin correlation e↵ects between the initial-state partons and the final-state leptons mediated by a spin-
1 intermediate state, predominantly the Z boson. In the Z-boson rest frame, a plane spanned by the
directions of the incoming protons can be defined, e.g. using the Collins–Soper (CS) reference frame [1].
The lepton polar and azimuthal angular variables, denoted by cos ✓ and � in the following formalism, are
defined in this reference frame. 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 perturbative quantum
chromodynamics (QCD). The theoretical formalism is elaborated in Refs. [2–5].

The full five-dimensional di↵erential cross-section describing the kinematics 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 trans-
verse momentum (pZ

T), rapidity (yZ), and invariant mass (mZ). 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 dimensionless
angular coe�cients A0�7(pZ

T, y
Z ,mZ), which represent ratios of helicity cross-sections with respect to the

unpolarised one, �U+L, as explained in detail in Appendix A:

d�
dpZ

T dyZ dmZ d cos ✓ d�
=

3
16⇡

d�U+L

dpZ
T dyZ dmZ

⇢

(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 pZ

T, yZ , and mZ is entirely contained in the Ai coe�cients and �U+L. There-
fore, all hadronic dynamics from the production mechanism are described implicitly within the structure
of the Ai coe�cients, and are factorised from the decay kinematics in the Z-boson rest frame. This allows
the measurement precision to be essentially insensitive to all uncertainties in QCD, quantum electro-
dynamics (QED), and electroweak (EW) e↵ects related to Z-boson production and decay. In particular,
EW corrections that couple the initial-state quarks to the final-state leptons have a negligible impact (be-
low 0.05%) at the Z-boson pole. This has been shown for the LEP precision measurements [6, 7], when
calculating the interference between initial-state and final-state QED radiation.

When integrating over cos ✓ or �, the information about the A1 and A6 coe�cients is lost, so both angles
must be explicitly used to extract the full set of eight coe�cients. Integrating Eq. (1) over cos ✓ yields:

d�
dpZ

T dyZ dmZ d�
=

1
2⇡

d�U+L

dpZ
T dyZ dmZ

(

1 +
1
4

A2 cos 2� +
3⇡
16

A3 cos � +
1
2

A5 sin 2� +
3⇡
16

A7 sin �
)

, (2)

2

A0-A2 is non-zero for QCD calculations 
beyond NLO: Lam-Tung relation violated

CS frame



• Electroweak precision measurements at the LHC 
• Precise measurements of the effective weak mixing angle 

• PDF and statistical uncertainties dominate 
• Experimental uncertainties are under control 

• PDF uncertainties will improve with more data 
• Precise measurements of W/Z production cross sections  

and their ratios available 
• Many more results to come with  
new data

Summary

1503/19/17


