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• Electroweak (EW) precision observables  
•    

• Not independent but related through Standard Model (SM) 

• Precision EW measurements  
• SM is over constrained with mh 
• Testing the consistency of the SM 

• Non-abelian Gauge structure 
• Are there anomalous couplings? 

• Focus of this talk: 
• c 
• EW production of same sign WW

Overview of the Electroweak Sector
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Eur. Phys. J. C 74, 3046 (2014) 



• 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:

hP(cos ✓, �)i =
R

P(cos ✓, �)d�(cos ✓, �)d cos ✓d�
R

d�(cos ✓, �)d cos ✓d�
. (4)

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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Dilepton production at the LHC
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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

CMS-PAS-SMP-16-007 

Minimize the impact of 
incoming quark transverse 
momentum

F: cosθ>0 
B: cosθ<0



• 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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Eur. Phys. J. C 74, 3046 (2014) 



• AFB measured as function of di-lepton mass in muon and electron final 
states (mass dependence from the Z/gamma* interference) 

• 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 

• Dependence on PDF from large-x antiquarks

Forward-backward Asymmetry 
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True Diluted



• Dilution strongly depends on rapidity->maximal at Y=0->AFB=0 
• AFB is measured in 6 bins of rapidity and 12 bins of dilepton mass 
• Extract                  by fitting the measured AFB with different templates  

• Angular event weighting->less sensitive to cosθ acceptance modeling 
• Precise lepton momentum calibration

AFB and  
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sin2 ✓`e↵

sin2 ✓`e↵

Eur. Phys. J. C67, 321–334 (2010)



• Statistical uncertainties dominate 

• Experimental uncertainties are small (dominated by limited number of  
simulated events) 

• Modeling uncertainties small compared to the statistical uncertainties 
• Dominated by QCD scale

Statistical and systematic uncertainties

703/12/17



• Measured AFB is sensitive to the PDFs 
• Different couplings of u and d-type quarks to Z boson 
• Size of the dilution effect (large-x antiquarks) 

• PDF dependence is large at small and large masses, small near the peak

PDF uncertainties

803/12/17



• Bayesian 𝝌2 reweighing method used to constrain the PDFs 

• Perform the               fit for each NNPDF3.0 replica   
• Weight each replica by: 

• Consistent between electron/muon 
• PDF uncertainties reduced by x2 

• Similar picture with Hessian PDF sets

PDF uncertainties

903/12/17

sin2 ✓`e↵



• Results are consistent with the mean value of LEP and SLD and 
other available measurements 

• Comparable to precision at the Tevatron! 
• Statistical uncertainties dominate

Results

1003/12/17



• What can we expect at the high-luminosity LHC  
• Negligible statistical uncertainties  
• PDF uncertainties further constrained with profiling 
• Extended lepton acceptance with the upgraded CMS detector

Future

1103/12/17

• Smaller AFB at 14 TeV 
(less valence quark 
contribution)  

• Larger lepton |η| acceptance

LEP+SLD

CMS-PAS-FTR-17-001 



• Shift from precision observables to first measurements 
• Probe the non-Abelian gauge structure of the EW interactions 
• Vector boson scattering processes 

• What mechanism ensures the unitarity is respected 
• Is the 125 GeV Higgs boson the only solution 
• Characterized by VV and 2 jet final state

Gauge boson couplings

1203/12/17



• Events are selected by requiring 2 same-sign leptons and 2 jets with large 
pseudorapidity separation and large mass 

• First observation of EW production of same-sign W boson pairs  
• Observed (expected) significance is 5.5 (5.7) standard deviations 
• Observed signal is consistent with SM predictions 
• Evidence by ATLAS and CMS in Run 1

Vector boson scattering

1303/12/17

PRL. 120, 081801 (2018)



• Pure EW production of dileptons in association with two jets 
• Measured cross section is in agreement with the leading order SM 

predictions 

• Best limits of anomalous triple gauge couplings

Electroweak Z+2jet production

1403/12/17 CMS-SMP-16-018 
Submitted to Eur.Phys.J.C.



• Electroweak precision measurements with the CMS detector 
• Precise measurement of the effective weak mixing angle 

• Comparable to precision at the Tevatron! 
• PDF and statistical uncertainties dominate 
• Experimental uncertainties are under control 

• First observation of electroweak production of same sign W boson 
pairs 

• Observed (expected) significance is 5.5 (5.7) standard deviations 

• Many more results to come 

Summary

1503/12/17



ADDITIONAL MATERIAL
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• 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

1703/19/17 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



Angular event weighting
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The slide is from: 
https://indico.cern.ch/event/661916/contributions/2702568/attachments/
1536039/2406301/171005_WmW.pdf


