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• Probes perturbative QCD 

• Non perturbative effects / soft gluon resummation 

• Parton shower effects 

• Behavior of different MC modeling approaches

Motivation
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Theoretical motivation 
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Differential cross-section has a general form for at all orders of  QCD as a function of y, 
m and pT of Z-boson in rest frame and θ,ϕ of leptons: 

o  probe perturbative QCD (pQCD) 
o  test QCD predictions in all orders of αs complimented with Parton Showers(PS)  
o  non-perturbative effects 
o  soft-gluon resummation and hard jet emission  
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• Precise measurements using weak gauge Bosons: 
• Huge statistic, clean signature 

• Experimental uncertainties: ~1% (sometimes better!) 
• excellent calibration and control of systematics 
• low pileup environment preferable!

Precision measurements at hadron colliders? 

3

• Luminosity uncertainty: 
• 2% - 3%  => most precise 
measurements are ratios 
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• Luminosity uncertainty: 
• 2% - 3%  => most precise 
measurements are ratios 

• 13 TeV: σ(Z → ll) = 1870pb ± 0.1% (stat) ± 1.9% (syst) ± 2.7% (lumi) 
• 13 TeV: σ(Z → ll) =   779pb ± 0.4% (stat) ± 0.8% (syst) ± 2.1% (lumi) 

•   8 TeV: σ(Z → ll) =  1138pb     ± 0.07% (exp) ± 2.2% (theo)   ± 2.6% (lumi) 
•   8 TeV: σ(Z → ll) =  537.10pb  ± 0.03% (stat) ± 0.45% (syst) ± 2.8% (lumi) 

CMS-PAS-SMP-15-011 

Eur. Phys. J. C 75 (2015) 147

(update: 1.9% )

Phys. Lett. B 759 (2016) 601

Eur. Phys. J. C 76(5), 1-61 (2016)

total

Achieved precision in inclusive x-section measurement:

fiducial!
total

fiducial!
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Eur. Phys. J. C 75 (2015) 147

(update: 1.9% )

Phys. Lett. B 759 (2016) 601

Eur. Phys. J. C 76(5), 1-61 (2016)

total

Achieved precision in inclusive x-section measurement:

fiducial!
total

fiducial!

At present: most precise measurements released from 8 TeV data! 
precision of 8 TeV run might no be reached any time soon with 13 TeV data

• Differential measurements: 10s - 100s of bins    stat. unc. dominating! 
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• 13 TeV analyses: 

• Single boson cross section measurements 
• Ratio measurements 
• Associated jets 

• Recent highlights from 8 TeV data: 

• Z-Boson transverse momentum measurement 
• Drell-Yan x-section measurements 
• Study of Angular coefficients in pp → Z/γ* → ll

Overview

4

Naturally this represents a selection of few of the many results from the ATLAS and 
CMS collaborations. For a complete list, please refer to the collaboration websites:

ATLAS physics results:

CMS physics results:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-
results/SMP/index.html

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP/index.html


Results at √s = 13 TeV



ATLAS 

• Data collected during 2015 
• √s = 13 TeV, 81 pb-1  

• Fiducial Volume, ee and µµ channels 

• Signal Simulation: 
• Powheg + Pythia8 

• Backgrounds: 
• EW & ttbar from MC 
• QCD multijet: data-driven 

 CMS 

• Data collected during 2015 
• √s = 13 TeV, 2.3 fb-1   

• Fiducial volume of µµ channel 

• Signal Simulation: 
• MG5_aMC@NLO + Pythia8 

• Backgrounds: 
• EW & ttbar from MC 
• QCD multijet: data-driven

Kristof Schmieden XXXVI Physics in Collision - Sep 2016 - Quy Nhon, Vietnam 6

CMS-PAS-SMP-15-011 Phys. Lett. B 759 (2016) 601

Typical Selection of W,Z Events

|⌘| < 2.4
pT > 25GeVpT > 25GeV

|⌘| < 2.5

60GeV < mZ < 120GeVZ: 66GeV < mZ < 116GeVZ: 

Emiss
T > 25GeV
mT > 50GeV

W: mT > 50GeVW: 

http://dx.doi.org/10.1016/j.physletb.2016.06.023
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• Control distributions: invariant mass (transverse mass) 
• Signal process, Electroweak and top backgrounds simulated 
• Multijet background estimated from data (negligible in Z analysis) 

Measured distributions
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Figure 2: Transverse mass distributions from the W ! e⌫ and W ! µ⌫ selections (top) and dilepton mass distri-
butions from the Z ! e+e� and Z ! µ+µ� selections (bottom). The predicted signal distributions are normalised
to the measured cross sections as presented in this paper. The shaded bands in the histograms encompass the un-
certainties described in Table 1. In addition to these uncertainties in the correction factors, the uncertainties in the
evaluation of the multijet background in the W±-boson analysis are included in the shaded bands.

The combination uses the individual sources of the systematic uncertainties, as shown in Table 1, in
addition to uncertainties in the background evaluations. Sources corresponding to lepton reconstruction
and identification are uncorrelated between the electron and muon channels. Some sources, such as JES,
JER, Emiss

T and multijet background, only a↵ect W±-boson measurements. The correlation model used
for combining the multijet W+ and W� uncertainties in each lepton channel is defined by:

�(W±)2 = �(W+)2 + �(W�)2 + 2⇢�(W+)�(W�), (2)

performed separately for each source of systematic uncertainty considered for this background. All such
uncertainties are considered to be uncorrelated between the electron and muon channels except that of

9

8 9 Conclusion

Figure 2: Detector level distributions for Z boson candidate events. The plots show the mass
(Left), and the transverse momentum (Right) of the di-muon system. MC is normalized to the
data-yields. Signal from MADGRAPH5 AMC@NLO is shown in yellow, background contribu-
tion from tt̄ is shown in green, diboson and W+jets contribution is shown in orange.
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Figure 3: Transverse momentum (pT) distribution of the Z (! µ+µ�) boson. The data points
(black) are surrounded by the total uncertainty (shaded band) and its statitstical compo-
nent (solid line). MADGRAPH5 AMC@NLO prediction is shown using square red markers,
POWHEG with green triangles, and FEWZ with empty blue circles. The solid band around the
MC predictions (of the same color of the marker) represents the total uncertainty, while the
solid line, the statistical component.

CMS-PAS-SMP-15-011 Phys. Lett. B 759 (2016) 601

Simulation and measurement agree very well!

http://dx.doi.org/10.1016/j.physletb.2016.06.023
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Systematic uncertainties

8

• Uncertainty estimation: 

• Calibration derived from the data 
• Largely based on 2012 calibration 

• Uncertainties are derived in 
calibration 

• Efficiency scale factors account for 
data / simulation discrepancy. Varied 
within uncertainties.  

�C/C [%] Z ! e+e� W+ ! e+⌫ W� ! e�⌫ Z ! µ+µ� W+ ! µ+⌫ W� ! µ�⌫
Lepton trigger 0.1 0.3 0.3 0.2 0.6 0.6
Lepton reconstruction, identification 0.9 0.5 0.6 0.9 0.4 0.4
Lepton isolation 0.3 0.1 0.1 0.5 0.3 0.3
Lepton scale and resolution 0.2 0.4 0.4 0.1 0.1 0.1
Charge identification 0.1 0.1 0.1 – – –
JES and JER – 1.7 1.7 – 1.6 1.7
Emiss

T – 0.1 0.1 – 0.1 0.1
Pile-up modelling < 0.1 0.4 0.3 < 0.1 0.2 0.2
PDF 0.1 0.1 0.1 < 0.1 0.1 0.1
Total 1.0 1.9 1.9 1.1 1.8 1.8

Table 1: Relative systematic uncertainties (%) in the correction factors C in the di↵erent channels.

simulation. The probability of charge misidentification is negligible in the muon channel. Jet-Energy
Scale/Resolution (JES and JER): The corresponding uncertainties, described in Ref. [46], are propagated
to the calculation of the missing transverse momentum. Emiss

T : Uncertainties in the soft component of the
Emiss

T scale and resolution evaluated as described in Ref. [47] are included. Pile-up: Incorrect modelling
of pile-up e↵ects can lead to acceptance changes and is accounted for with dedicated studies. PDF: The
impact of PDF eigenvector variations is propagated to the correction factor.

In the Z-boson channel, the systematic uncertainties from the background evaluation contribute negligibly
to the experimental cross-section uncertainty. This is not the case for the W±-boson channel; the multijet
background evaluation results in uncertainties of up to 3.4% on the cross-section measurements in the
electron channel and up to 1.4% in the muon channel.

The measurement of the integrated luminosity has a 2.1% uncertainty, which is derived, following a meth-
odology similar to that detailed in Ref. [48], from a calibration of the luminosity scale using x–y beam-
separation scans performed in August 2015. Apart from the determination of the luminosity, the dominant
experimental systematic uncertainties in the cross-section evaluations are the jet-energy scale/resolution
and the multijet background for the W±-boson measurements while they are lepton reconstruction and
identification e�ciencies for the Z-boson measurements.

7 Results

The mT and m`` distributions after the final selection are shown in Figure 2 for the W ! e⌫, W ! µ⌫ and
Z ! e+e�, and Z ! µ+µ� channels, respectively, for the data compared to the predictions, normalised
to the measured cross section. All elements necessary to calculate the cross sections for W+, W� and
Z-boson production and decay in the electron and muon channels are summarised in Table 2. The derived
fiducial and total cross sections are also presented in this table, along with their statistical, systematic,
and luminosity uncertainties.

The ratios of the fiducial electron and muon channel measurements in the W± (RW± = �fid
W±!e⌫/�

fid
W±!µ⌫)

and the Z-boson (RZ = �fid
Z!e+e�/�

fid
Z!µ+µ�) channels, evaluated taking into account correlations in the

systematic uncertainties, are shown in Figure 3. Since these results agree well with Standard Model
expectations of lepton universality, a simultaneous combination of the W+, W� and Z-boson fiducial
cross sections using the HERAverager program [51, 52] is performed.

8

4 8 Results

events that belong to the same truth bin, and at least 50 expected events define the choice of
the binning.

7 Systematic uncertainties
The different sources of systematic uncertainties are studied in detail for each observable pre-
sented in this summary. Two groups of systematic uncertainties are identified: theoretical and
experimental uncertainties. The theoretical uncertainties have impact on the predictions of
the simulation, changing the predicted yield or shapes. Considered are cross section, PDF,
and scale uncertainties. The experimental uncertainties stem from the luminosity, muon mo-
mentum scale, resolution and identification efficiencies, background subtraction, and model
dependence in the unfolding procedure.

The effect of the systematic uncertainties on the inclusive cross section is listed in Table 1. The
uncertainty on the luminosity dominates the measurement with 2.7% [37]. A graphical rep-
resentation of the different contribution to the systematic is given in Figures 1 as function of
the observable under study. The luminosity uncertainty is the dominant systematic in many
regions of the phase space. The model dependence uncertainty is assigned in order to cover
possible difference induced by the underlying spectra in the unfolding procedure. This uncer-
tainty is assessed using POWHEG event generator as alternate model. Statistical uncertainties
on the limited size of the sample used for constructing the response matrix are included as well.
The uncertainty typically ranges from ⇡ 1% to 5% and increases to 10% for large boson pT due
to small MC dataset size. The uncertainties in the muon momentum scale and resolution, as
well as in the scale factor are considered. These uncertainties have a very small impact on the
analysis, typically around 1% each. The background subtraction is based on MC simulations.
An uncertainty is assigned to this procedure corresponding to a 10% variation in the tt̄ yields,
and a 30% variation in the dibosons yields. Control samples of opposite flavor lepton pairs
and a 3-lepton events, as well as the early CMS measurements on these processes, are used to
derive the level of uncertainty. The small background contamination results in an uncertainty
of below the permil in almost all the probed regions of phase space.

Table 1: Systematic uncertainties on the inclusive measurement in percent.
Lepton reco. & id. [%] 1.3
Bkg. subtraction / modeling [%] 0.1
Total experimental [%] 1.3
PDF [%] 0.7
QCD corrections [%] 1.1
EW corrections [%] 0.4
Theoretical Uncertainty [%] 1.4
Lumi [%] 2.7
Total [%] 3.3

8 Results
8.1 Inclusive cross sections

The theoretical predictions of inclusive cross sections are computed at NNLO QCD with the
program FEWZ [29–32] and the NNPDF 3.0 set of PDFs. The renormalization and factorization
scales are set to the mass of the Z boson. Electroweak NLO corrections are included and the
calculatoin is done by FEWZ. The final state radiation contributions are not included when

ATLAS CMS: Z -> µµ

• Main sources: 

• Jet energy scale (W only) 
• Propagated to uncertainty on MET 

• Lepton reco & id (W & Z) 
• Lepton isolation (Z) 
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Results - Differential Distributions

9

8 9 Conclusion

Figure 2: Detector level distributions for Z boson candidate events. The plots show the mass
(Left), and the transverse momentum (Right) of the di-muon system. MC is normalized to the
data-yields. Signal from MADGRAPH5 AMC@NLO is shown in yellow, background contribu-
tion from tt̄ is shown in green, diboson and W+jets contribution is shown in orange.
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Figure 3: Transverse momentum (pT) distribution of the Z (! µ+µ�) boson. The data points
(black) are surrounded by the total uncertainty (shaded band) and its statitstical compo-
nent (solid line). MADGRAPH5 AMC@NLO prediction is shown using square red markers,
POWHEG with green triangles, and FEWZ with empty blue circles. The solid band around the
MC predictions (of the same color of the marker) represents the total uncertainty, while the
solid line, the statistical component.
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Figure 4: f⇤
h distribution of the Z (! µ+µ�) boson. The data points (black) are surrounded

by the total uncertainty (shaded band) and its statistical component (solid line). MAD-
GRAPH5 AMC@NLO prediction is shown using square red markers, POWHEG with green tri-
angles, and FEWZ with empty blue circles. FEWZ prediction is shown for f⇤

h > 0.1. The solid
band around the MC predictions (of the same color of the marker) represents the total uncer-
tainty, while the solid line, the statistical component.
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Figure 5: Rapidity (y) distribution of the Z (! µ+µ�) boson. The data points (black) are sur-
rounded by the total uncertainty (shaded band) and its statistical component (solid line). MAD-
GRAPH5 AMC@NLO prediction is shown using square red markers, POWHEG with green tri-
angles, and FEWZ with empty blue circles. The solid band around the MC predictions (of the
same color of the marker) represents the total uncertainty, while the solid line, the statistical
component.

CMS-PAS-SMP-15-011 

• Low range dominated by: 

 Non perturbative effects  
 Soft gluon resummation 

 FEWZ doesn’t calculate 
that 

• High pT range: 
dominated by hard parton 
emission 

• Rapidity spectrum well     
described  

 small deviations at large   
|Y|
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Results - Ratios and impact on PDFs
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Phys. Lett. B 759 (2016) 601

• Luminosity uncertainty cancels in ratios! 

• Sensitivity to PDFs 
• Predictions and measurement disagree systematically by ~ 1 standard deviation

http://dx.doi.org/10.1016/j.physletb.2016.06.023
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• Ratio of cross sections in different 
lepton final states 

• W,Z: 2 independent processes 

• Precise test of lepton universality

Results - Lepton Universality

11

  
In agreement with standard model 

predictions 
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• Sensitive to 
• Parton shower, matrix element & PS 
matching 

• Standard Z selection + requirement on jets 

• Jet definition: 
• Anti-kt algorithm, radius 0.4 
• pT > 30 GeV && |y| < 2.5 (2.4) 
• Jets overlapping with leptons are removed 

• Measurement differentially in several 
variables, compared to various simulations 

• Very sensitive probe of different MC 
approaches, tuning, … 

• Alpgen + Py6  &  MG5_aMC + Py8 CKKWL 

•  discrepancy for large jet pT (> 200 GeV)

Z + jet cross section measurements
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• Systematics dominated by  

• Jet Energy Scale 

Z + jet cross section measurements: Systematics
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• Other large contributions depend on 
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• Jet energy resolution, Luminosity, 
Background, … 
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• Z + jet measurement vs. number of jets 

• Some deviations from measurement observed for high jet multiplicities 
• Different generators describe different features well

Z + jet cross section measurements
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• Same observables of interest as for Z+jet measurement 

• Systematic uncertainties: similar to Z analysis 
• Dominant uncertainty: jet energy scale 

W + jet cross section measurements
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Selected precision results from 8 TeV 
data set
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Measurement of      and 
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�⇤
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ATLAS 

• Data collected during 2012 
• √s = 8 TeV, 20.3 fb-1  

• Fiducial Volume ( ee and µµ 
channels )  

•MC signal: 
• POWHEG+PYTHIA 

• Backgrounds: 
• EW & ttbar from MC 
• QCD multijet: data-driven 

pT > 20GeV
|⌘| < 2.4

 CMS 

• Data collected during 2012 
• √s = 8 TeV,18.4 pb-1 (W,Z pT)  
• √s = 8 TeV,19.7 fb-1  (φ*)  

• Fiducial volume of ee (µµ)      
channels 

•MC signal: 
• POWHEG+PYTHIA 

• Backgrounds: 
• EW & ttbar from MC 
• QCD multijet: data-driven 

pT > 25(20)GeV
|⌘| < 2.5(2.1)

arXiv:1606.05864,  
CMS-PAS-SMP-15-002

Eur. Phys. J. C 76(5), 1-61 (2016)

http://arxiv.org/abs/1606.05864
http://link.springer.com/article/10.1140/epjc/s10052-016-4070-4
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Measurement of      and 
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Measurement of      and �⇤
⌘pllT
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13.04.16 5 

Comparison to QCD predictions  

DIS2016, DESY, Hamburg 

•  Scale on x-axis  are aligned according 
to the approximate relationship  

 
 
     Finer binning in ϕ* while maintaining 
     smaller systematic uncertainties 
 
•  low ϕ* and pll

T – non-perturbative 
effect and soft-gluon resummation 
dominate, the prediction from ResBos 
are consistent with data  

 
•  high values of  ϕ* and pll

T – more 
sensitive to the emission of hard 
partons, the predictions from ResBos 
are not consistent with data  

	

2mzφη
* ≈ pT

ll

φη
* = tan(π −Δφ

2
) ⋅sin(θη

*)

θη
* = arccos(tanh(η

− −η+

2
))

azimuthal angle between 
the two leptons  

• Depends only on measured angles  

• Better resolution compared to 
momentum measurements 

•  

• x-axes in Plots are aligned 

p
2mZ�

⇤
⌘ ⇡ pllT
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Measurement of      and �⇤
⌘pllT
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• Low range dominated by: 

• Non perturbative effects  
• Soft gluon resummation 

• ResBos predictions agree with data 

• High range dominated by: 

• Emission of hard partons
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• ResBos predictions not consistent with data 
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• Powheg:  
• Disagreement with measurement 
• most pronounced in low / high phi* 
region 

• Resbos:  
• Uses resummation technique 
• Optimized for describing low 
momentum tail 

• Madgraph: 
• Describes high momentum tail 
very well

Comparison to different ME generators

21
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
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• Comparison in 3 regions of mll 

• 2 individual Pythia tunes: 
• AZNLO done on 7 TeV data at Z-
peak 
• AU2 

• Significant disagreement between 
simulation & data in peak region 

• Also significant disagreement 
between PowHeg and Sherpa  

• Particularly for large φ* values

Comparison to parton-shower Simulations

22

   
η

*φ
-310 -210 -110 1 10

0.8

1

1.2

| < 2.4
ll

 < 150 GeV, |yll m≤116 GeV 

   
η

*φ-310 -210 -110 1 10

0.8
0.9

1
1.1

| < 2.4
ll

 < 116 GeV, |yll m≤66 GeV 

   
η

*φ
-310 -210 -110 1 10

0.6
0.8

1
1.2

| < 2.4
ll

 < 66 GeV, |yll m≤46 GeV 

Data - statistical uncertainty Data - total uncertainty
HERPAS  (AU2)YTHIAPOWHEGP

 (AZNLO)YTHIAPOWHEGP ERWIGHOWHEGP

ATLAS -1 = 8 TeV, 20.3 fbs

  M
on

te
 C

ar
lo

 / 
Da

ta
η*φ

/d
σ

 d
σ

1/



Kristof Schmieden XXXVI Physics in Collision - Sep 2016 - Quy Nhon, Vietnam

• Resbos and Powheg show deviation from 
measurement at high pT 

• FEWZ shows some disagreement in mid pT 
range

W Boson pT measurement 
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 Ratio of Z / W  pT well modeled 
by all generators!



Drell - Yan cross section measurements
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• Statistically limited at large 
invariant masses 

• Uncertainties > 20% @ 500 
GeV  

• More precise measurement 
with 8 TeV dataset

Drell-Yan measurements
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13 TeV
• Comparison to predictions from:  

• aMC@NLO: provides automated PS matching to ME, NLO accuracy 
• FEWZ:  full spin correlation, NNLO QCD accuracy, NLO EWK
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• Uncertainties at few % level, compared to 20% at 13 TeV analysis

Drell-Yan measurements @ 8 TeV
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• Impact of PDFs becomes visible 

  
Agreement with SM over 3 orders of magnitude in mass! 

http://dx.doi.org/10.1140/epjc/s10052-015-3364-2
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• Only masses above Z-peak considered 

• Comparison to various PDFs 

• Rapidity distribution very sensitive  
• Significant deviations observed

High mass DY measurement @ 8 TeV

27

JHEP 08 (2016) 009

http://link.springer.com/article/10.1007/JHEP08(2016)009
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• High mass Drell-Yan data included in NNPDF2.3  

• Significant constraint of photon PDF

Impact on PDF fits

28



Angular Coefficients Ai
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A bit of Theory
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Differential cross section for 
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DRAFT

1. Introduction56

The angular distributions of charged lepton pairs produced in hadron-hadron collisions via the Drell-Yan57

neutral current process provide a portal to precise measurements of the production dynamics through58

spin correlation e�ects between the initial-state partons and the final-state leptons mediated by a spin-59

1 intermediate state, predominantly the Z-boson. In the Z-boson rest frame, a plane spanned by the60

directions of the incoming protons can be defined, e.g. using the Collins-Soper (CS) reference frame [1].61

This provides a reference for the lepton polar and azimuthal angular variables, denoted as cos ✓ and �62

in the following formalism. The spin correlations are described by a set of nine helicity density matrix63

elements, which can be calculated within the context of the parton model using perturbative quantum64

chromodynamics (QCD). The theoretical formalism is elaborated in Refs. [2–5].65

The full five-dimensional di�erential cross-section describing the kinematics of the two Born-level leptons66

from the Z-boson decay can be decomposed as a sum of nine harmonic polynomials, which depend67

on cos ✓ and �, multiplied by corresponding helicity cross-sections that depend on the Z-boson transverse68

momentum (pZ
T ), rapidity (yZ ), and invariant mass (mZ ). It is a standard convention to factorise out69

the unpolarised cross-section, denoted in the literature as �U+L , and to present the five-dimensional70

di�erential cross-section as an expansion into nine harmonic polynomials Pi (cos ✓, �) and dimensionless71

angular coe�cients A0�7(pZ
T , y

Z,mZ ), which represent ratios of helicity cross-sections with respect to the72

unpolarised one, �U+L , as explained in detail in Appendix A:73

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.74

In contrast, the dependence on pZ
T , yZ , and mZ is entirely contained in the Ai coe�cients and �U+L .75

Therefore, all hadronic dynamics from the production mechanism are described implicitly within the76

structure of the Ai coe�cients, and are factorised from the decay kinematics in the Z-boson rest frame.77

This allows the measurement precision to be essentially insensitive to all uncertainties on QCD, quantum78

electrodynamics (QED), and electroweak (EW) e�ects related to Z-boson production and decay. In79

particular, EW corrections that couple the initial-state quarks to the final-state leptons have a negligible80

impact (below 0.05%) at the Z-boson pole. This has been shown for the LEP precision measurements [6,81

7], when calculating the interference between initial-state and final-state QED radiation.82

When integrating over cos ✓ or �, the information about the A1 and A6 coe�cients is lost, so both angles83

must be explicitly used to extract the full set of eight coe�cients. Integrating Eq. 1 over cos ✓ yields:84

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)
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1. Introduction56

The angular distributions of charged lepton pairs produced in hadron-hadron collisions via the Drell-Yan57

neutral current process provide a portal to precise measurements of the production dynamics through58
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This allows the measurement precision to be essentially insensitive to all uncertainties on QCD, quantum78

electrodynamics (QED), and electroweak (EW) e�ects related to Z-boson production and decay. In79

particular, EW corrections that couple the initial-state quarks to the final-state leptons have a negligible80

impact (below 0.05%) at the Z-boson pole. This has been shown for the LEP precision measurements [6,81

7], when calculating the interference between initial-state and final-state QED radiation.82

When integrating over cos ✓ or �, the information about the A1 and A6 coe�cients is lost, so both angles83

must be explicitly used to extract the full set of eight coe�cients. Integrating Eq. 1 over cos ✓ yields:84

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)

29th March 2016 – 14:41 4

Angular distributions parametrized by coefficients Ai 
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Angles in Collins-Soper Frame:

• Rest frame of di-lepton system 

• z-axis bisecting directions of 
incoming proton momenta 

• Direction of z-axis defined by 
longitudinal boost of di-lepton 
system

• Test QCD predictions to all orders of αs 

• Includes Spin-correlations of all 
particles

• Sensitive to various SM parameters



< 1 + cos
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A bit of Theory

31

13.04.16 9 

•  Ai are the ratios of the helicity cross-sections for Z/γ* relative to 
unpolarized productions 

•  Ai can be extracted from generated MC events: 

DIS2016, DESY, Hamburg 

P cosθ,φ( ) =
P(cosθ,φ)dσ (cosθ,φ)dcosθ dφ∫

dσ (cosθ,φ)dcosθ dφ∫
<
1
2
(1−3cos2θ )>= 3

20
(A0 −

2
3
)

< sin2θ cosφ >= 1
5
A1

< sin2θ cos2φ >= 1
10

A2

< sinθ cosφ >= 1
4
A3

< cosθ >= 1
4
A4

< sin2θ sin2φ >= 1
5
A5

< sin2θ sinφ >= 1
5
A6

< sinθ sinφ >= 1
4
A7

Theoretical prediction: Ai measurements 

13.04.16 9 

•  Ai are the ratios of the helicity cross-sections for Z/γ* relative to 
unpolarized productions 
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Theoretical prediction: Ai measurements 

longitudinal polarization

product of v-a couplings, sensitive to Weinberg angle

interference term: 
longitudinal / transverse

transverse polarization

Predicted to be 0 @ NLO 
Non zero contributions @ NNLO for large pT(Z) 

Measured by ATLAS - Set to 0 in CMS analysis

Orthogonal polynomials used to 
parametrize angular distribution: Ai are neither input to theory 

calculations, nor simulations! 

8/3 * forward backward asymmetry AFB, sensitive to Weinberg angle 
non-zero already at LO qq̄ ! Z/�⇤ ! l+l�

normalization of unpolarized cross section, also applied to all other P
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• A0-A2: Sensitive to the Spin of the Gluon 
(Lam-Tung relation) 

• exactly 0 @ NLO 
• A2 changed 10% @ NNLO

Impact of higher order QCD corrections

32
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 ATLAS 
• √s = 8 TeV, 20.3 fb-1 

• Measurement performed in 3 
independent channels: 

• Muons 
• Electrons: central central 
• Electrons: central-forward 

• Fiducial Volume: 
• CC & µµ: 

• CF: 

• OS di-leptons 

The Measurement - Lepton Selection

33
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Figure 1: A few examples of the observed 1D angular distributions in cos q⇤ (left) and |f⇤|
(right) compared to the MC simulation using the best fit values of the angular coefficients. The
top (bottom) plots show the distributions for 10 < qT < 20 GeV (120 < qT < 200 GeV), a region
where A0 and A2 are small (large). The background-subtracted data points are shown with
filled (open) circles for |y| < 1 (1 < |y| < 2.1), whilst the corresponding MC results are shown
with the solid (dashed) lines. Vertical bars represent the statistical uncertainties. The lower
panels show the data-to-MC ratios.

the extraction of the efficiency (e.g., background estimates) are also included. Another sig-
nificant uncertainty stems from the statistical precision of the templates, which is estimated
using pseudo-experiments. The pileup uncertainty is estimated by varying the cross section
of the minimum bias events by ±5%. The muon momentum bias is measured in data and
simulation, and corresponding corrections are applied [35]. The statistical uncertainties in the
muon momentum correction factors are propagated to a systematic uncertainty using pseudo-
experiments. In addition, a systematic uncertainty is assessed to take into account possible
global offsets from the peak position of the Z boson mass. The systematic uncertainties for the
background are estimated by varying the normalization scale factor of the eµ sample by 10%
and the yields of WZ and ZZ events by 50%. The statistical precision of the iterative reweight-
ing is determined using pseudo-experiments. The difference between the last two iterations
is assigned as additional systematic uncertainty. The effect of final-state radiation is taken
into account by adding the energy of photons within a cone of radius 0.1 around the muon
direction [36]. Weights are applied to the simulation to reflect the difference between a soft-
collinear approach and the exact O(aQED) result and the reconstructed template is rebuilt using
the weighted simulation. The difference between templates is used to estimate the systematic
uncertainty from final-state radiation. Finally, the acceptance uncertainty, related to the values
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Electron CF channel

 CMS 
• √s = 8 TeV, 19.7 fb-1 

• Fiducial Volume: (muons only) 

pT > 25(10)GeV |⌘| > 2.1(2.4)

J. High Energ. Phys. (2016) 2016: 159Phys. Lett. B 750 (2015) 154

http://link.springer.com/article/10.1007/JHEP08(2016)159
http://dx.doi.org/10.1016/j.physletb.2015.08.061
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• Angular distributions sculpted by fiducial 
acceptance 

• Polynomials are „folded“ into reconstruction space 
• Simulation used to model acceptance, 
efficiencies & resolution 
• 3D folding in cosθ,φ, pllT 

• Folded polynomials (templates) fitted to measured 
angular distributions 

• Angular coefficients Ai normalize the templates 
relative to each other 

• Ai extracted from fit 

• Overall normalization done in pT(Z) 

• Fit implemented as maximum likelihood fit 

• Nuisance parameter for each systematic 
uncertainty incorporated 
• Background templates included

Analysis strategy

34
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• Breakdown of systematic 
uncertainties

A glance at Uncertainties

35

• Total uncertainties 
• Very similar shape for all Ai
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• A3,4 well described 
by fixed order 
simulations 

• Those are sensitive 
to the Weinberg angle

Measurement Results

36
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• Equal to 0 @ NLO 

• Higher order effects 
become visible 

• Small discrepancy 
between measurement 
and simulation: 

• Limitations of 
current simulations

Measurement Results

37
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Comparison of various Generators

38

• A0 - A2 (➚ Lam-Tung relation) 

• Compatible results in different 
rapidity regions  

• Significant differences between 
simulations 
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Comparison of various Generators

39

• Significant differences between 
simulations! 

• Sherpa & PowHegBox show 
statistical unc. only 

• DYNNLO gives best description 
of measured A0 

• No generator describes A0-A2 
• (Best: Sherpa 2.1) 

• Improvement from Sherpa 1.4 to 
2.1
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Conclusions & Outlook

41

•  Study of weak vector bosons provide a wealth of information  
•  Partonshower modeling 
•  Higher order matrix element calculations 
•  PDFs, alpha_s, weak mixing angle, new physics 

•  13 TeV results have been provided by ATLAS and CMS in short time! 
• First precise results appearing 

•  Inclusive and differential cross section, V+jets 

• Precision domain dominated by study of 8 TeV data (2012) 
•  Differential measurements with %-level uncertainties! 
•  Very sensitive tools! 

• Several further measurements in progress 
• Addition of heavy flavor jets 
• Multidifferential x-section measurements 

• Large impact on PDFs expected! 

Stay tuned for what still is to come :-)



BACKUP
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Z Polarisation measurement - results

43
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• MJ fit regions: 
• full event selection removing mT or MET requirement

Multijet Background estimation in detail

44
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•MJ enriched samples in fit region: 
• Mutually exclusive isolation cuts 

• Statistically independent sample 

• Similar samples for signal and other 
backgrounds created from simulation 

• Normalization of MJ sample and 
Signal template extracted in ML fit 

• Linear extrapolation to signal region 

• Average of all MJ estimations used as 
central value (4% µ channel, 10% e 
channel) 

• 0.5 * difference between average and 
single estimations used as uncertainty 
• (20%-30%) 
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• Reaction:  

• Large statistics allow to go to high invariant masses 
• Sensitivity to new physics 

Drell-Yan Measurements - low & high masses

45
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Z Polarisation measurement
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• Folding of phi projected polynomials

Z Polarisation measurement

47
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Z Polarisation measurement

48
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Electroweak corrections
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• Predictions low by ~15% in all mll bins 

• No significant impact of NLO EWK corrections
Expected due to soft-
gluon emissions
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• Data collected during 2012 
• √s = 8 TeV, 20.3 fb-1 

• Measurement performed in 3 
independent channels: 

• Muons 
• Electrons: central central 
• Electrons: central-forward 

• Fiducial Volume: 
• CC & µµ: 

• CF: 

• OS di-leptons 

• Backgrounds:  
• EW & ttbar from simulation 
• QCD multi-jet: data driven 

• Signal simulation:  
•POWHEG + Pythia

The Measurement - Lepton Selection
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• Electron and Muon channels give 
consistent results 

• Similar for all Ai 

• Regularization: 
• Smooth fluctuations in results & 
uncertainties 
• Increase correlation between bins

Measurement Results - Compatibility ee / µµ
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• Only small impact in A1,3,4  

• No sensitivity with current measurement

Impact of higher order QCD corrections
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• A0 well described by 
fixed order calculations 

• A2 predicted too high 
for large pZT  

‣ A0 - A2 predictions 
also off w.r.t. 
measurement 

‣ Impact of higher 
order effects not 
covered in simulation

Measurement Results
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