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• Why do we perform precise measurements of standard model processes?

Introduction - Precision Measurements in SM

2

• Challenge theoretical calculation on most precise level! 

• Look for deviations from standard model predictions  

• Consistency in the EWK sector  
• Potential for finding evidence of physics beyond the standard model  

• Study QCD and EWK interactions at extreme regions of phase space 
• Use high energy collisions  

 Experimental precision needed to challenge theory calculations:  < few %  
— achieved at hadron colliders —
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• Challenge theoretical calculation on most precise level! 

• Look for deviations from standard model predictions  

• Consistency in the EWK sector  
• Potential for finding evidence of physics beyond the standard model  

• Study QCD and EWK interactions at extreme regions of phase space 
• Use high energy collisions  

 Experimental precision needed to challenge theory calculations:  < few %  
— achieved at hadron colliders —

• Which prediction to compare to: 

• State of the art Matrix Element calculations (NNLO) 
• Non-perturbative QCD, Resummation, Parton Shower 

• PDFs

See talks by  
Fabrizio Caola and  
Peter Richardson
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Overview of standard model measurements
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∫
L dt

[fb−1] Reference

WZjj EWK 20.3 PRD 93, 092004 (2016)

W±W±jj EWK 20.3 arXiv: 1611.02428 [hep-ex]

Wγγ 20.3 PRL 115, 031802 (2015)

Zγγ 20.3 PRD 93, 112002 (2016)

Zjj EWK 20.3 JHEP 04, 031 (2014)

Wjj EWK
4.7 arXiv:1703.04362 [hep-ex]mjj > 500GeV

20.2 arXiv:1703.04362 [hep-ex]mjj > 1TeV
t̄tγ 4.6 PRD 91, 072007 (2015)

t̄tZ 20.3 JHEP 11, 172 (2015)

3.2 EPJC 77 (2017) 40

t̄tW 20.3 JHEP 11, 172 (2015)

3.2 EPJC 77 (2017) 40

Zγ
4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

20.3 PRD 93, 112002 (2016)
arXiv:1407.1618 [hep-ph]

Wγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ts−chan 20.3 PLB 756, 228-246 (2016)

ZZ
4.6 JHEP 03, 128 (2013)

20.3 JHEP 01, 099 (2017)

3.2 PRL 116, 101801 (2016)

WZ
4.6 EPJC 72, 2173 (2012)

20.3 PRD 93, 092004 (2016)

3.2 PLB 762 (2016) 1

Wt
2.0 PLB 716, 142-159 (2012)

20.3 JHEP 01, 064 (2016)

3.2 arXiv:1612.07231 [hep-ex]

γγ 4.9 JHEP 01, 086 (2013)

WW
4.6 PRD 87, 112001 (2013)

20.3 PLB 763, 114 (2016)

3.2 arXiv: 1702.04519 [hep-ex]

tt−chan
4.6 PRD 90, 112006 (2014)

20.3 arXiv:1702.02859 [hep-ex]

3.2 arXiv:1609.03920 [hep-ex]

t̄t
4.6 EPJC 74: 3109 (2014)

20.2 EPJC 74: 3109 (2014)

3.2 PLB 761 (2016) 136

Z
4.6 JHEP 02 (2017) 117

20.2 JHEP 02 (2017) 117

3.2 JHEP 02 (2017) 117

W 4.6 arXiv:1612.03016 [hep-ex]

0.081 PLB 759 (2016) 601

γ

4.6 PRD 89, 052004 (2014)pT > 100 GeV

20.2 JHEP 06 (2016) 005pT > 25 GeV

3.2 arXiv: 1701.06882 [hep-ex]pT > 125 GeV

Dijets R=0.4 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV
Jets R=0.4 4.5 JHEP 02, 153 (2015)0.1 < pT < 2 TeV

pp
8×10−8 Nucl. Phys. B, 486-548 (2014)

50×10−8 PLB 761 (2016) 158

σ [pb]
10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

data/theory
0.5 1 1.5 2 2.5

Theory

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Standard Model Production Cross Section Measurements Status: March 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV
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Run 1,2
√
s = 7, 8, 13 TeV

• Multi-boson & EWK 
Boson production results 
covered in parallel session: 

• Higgs + Top + EW 
Today! 

• Vector Bosons + jets & 
ttbar: 

• next talk by Fabio 
Cossutti
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• W Mass measurement 
• Relies on other precision measurements 

• Single Boson cross section measurements 

• Inclusive & differential 

• Impact on PDFs 

• Angular distributions 

• Z Forward Backward asymmetry 

• Weak mixing angle 

• Z Angular Coefficients / Z Polarisation 

• Summary

Content

4

See Fabio Cossutti’s talk on 
tests of QCD @ colliders

See Tai-Hua Lin’s talk on 
ATLAS W mass measurement

Personal selection of results, 

many more available!



W-mass measurement



• Current SM predictions:  
 ΔmW = 8 MeV  

• Extremely challenging measurement 

• Relies on previous W,Z precision 
measurements!
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• Sensitive probe of SM EWK sector 

• Sensitive to EWK corrections and 
modeling of boson kinematic

W mass @ LHC

6
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m2
W

0
BBBB@1 �

m2
W

m2
Z

1
CCCCA =

⇡↵p
2Gµ

(1 + �r),

mt
mH

m?

 arXiv: 1608.01509 

http://arxiv.org/abs/arXiv:1701.07240


• Current SM predictions:  
 ΔmW = 8 MeV  

• Extremely challenging measurement 

• Relies on previous W,Z precision 
measurements!

Kristof Schmieden Rencentre de Blois - Mai 2017

• Sensitive probe of SM EWK sector 

• Sensitive to EWK corrections and 
modeling of boson kinematic

W mass @ LHC

6

 arXiv:1701.07240

W
T

p
0 5 10 15 20 25 30 35 40 45 50

R
el

. u
nc

er
ta

in
ty

0

0.002

0.004

0.006

0.008

0.01

0.012
ATLAS Simulation

-=7 TeV, Powheg + Pythia 8, Ws

CT10, full
-constrainedZ

T
CT10, p

• PDF for simulation chosen by 7TeV W,Z 
inclusive cross section measurement 

• pTZ constraint from measurement 

• Uncertainty on spin correlations from      
8 TeV Z - polarization measurement  
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• Current SM predictions:  
 ΔmW = 8 MeV  
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W mass @ LHC - Result
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Measurement
Stat. Uncertainty
Full Uncertainty

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
26th January 2017

Measurement of the W-boson mass in pp collisions
at
p

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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• Sensitive variables: pTl & mT 

• Pushed precision of lepton & 
missing energy calibration to 
unprecedented accuracy 

• Good agreement between hadron 
collider measurements

http://arxiv.org/abs/arXiv:1701.07240


For more details: 
See talk by Tai-Hua Lin,  

today @ 16:50h

 [GeV] tm
165 170 175 180 185

 [G
eV

]
W

m

80.25

80.3

80.35

80.4

80.45

80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)
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  Precision test for 
consistency of standard 

model:

W mass @ LHC - Uncertainties

8

• Largest uncertainties: 

• Theory model 

• Electron experimental 
uncertainties

Source
pT mT

QCD modeling 11.6 12.9
e: E scale, eff 14.2 14.3
µ: pT scale, eff 9.8 9.7

Recoil corrections 2.6 13.0
EWK corrections 5.6 2.6

 arXiv:1701.07240

http://arxiv.org/abs/arXiv:1701.07240
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 CMS also working 
on W-mass 

measurement
CMS-PAS-SMP-14-007

http://arxiv.org/abs/arXiv:1701.07240


W,Z Boson inclusive & differential  
cross sections
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• Measurement of the total & differential production cross sections 
• Electron & Muon final states 

• W → lν:  |ηl|  < 2.5 
• Z  → ll:  |Yll|  < 3.6,  three bins in mll

W,Z - Boson Inclusive x-Section @ 7 TeV

10

�tot

W!`⌫ [pb]

W+ ! `+⌫ 6350± 2 (stat)± 30 (syst)± 110 (lumi)± 100 (acc)
W� ! `�⌫̄ 4376± 2 (stat)± 25 (syst)± 79 (lumi)± 90 (acc)
W ! `⌫ 10720± 3 (stat)± 60 (syst)± 190 (lumi)± 130 (acc)

�tot

Z/�⇤!`` [pb]

Z/�⇤ ! `` 990± 1 (stat)± 3 (syst)± 18 (lumi)± 15 (acc)

• Total production cross sections: Uncertainty < 2.8 % total 
Lumi: 1.8%, exp. sys: W: ~1%, Z: 0.4%

arXiv:1612.03016

2.4% 
2.8% 
2.2%

2.4%

total unc.:

W 

 Z  

http://arxiv.org/abs/arXiv:1612.03016
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• Total production cross sections: Uncertainty < 2.8 % total 
Lumi: 1.8%, exp. sys: W: ~1%, Z: 0.4%

• Dominating uncertainties (syst): 

• Signal modeling el. (W) 0.7%, Zforward 1.1% 
• Experimental: 

• Multijet BG estimate (W only)  < 0.7 % 
• Reconstruction efficiency   ~ 0.2 % 
• Transverse momentum scale (W)  ~ 0.2 %

arXiv:1612.03016
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 Most precise hadron collider result 
on single vector boson production 

• 4.6 fb-1 @ 7 TeV CME  
• 29 M W candidates  
•   3 M Z  candidates

2.4% 
2.8% 
2.2%

2.4%

total unc.:

W 

 Z  

http://arxiv.org/abs/arXiv:1612.03016
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Z Boson - x-Section in forward region @ 13 TeV

11

Source ��µµ
Z [%] ��ee

Z [%]

Statistical 0.5 0.9

Reconstruction e�ciencies 2.4 2.4

Purity 0.2 0.5

FSR 0.1 0.2

Total systematic (excl. lumi.) 2.4 2.5

Luminosity 3.9 3.9

JHEP 09 (2016) 136

l

is the one associated with the luminosity determination. This uncertainty is determined to
be 3.9% following the procedures used in Ref. [31]. The uncertainty on the FSR correction
may also be correlated, but is su�ciently small for the e↵ects of such correlation to be
negligible. The measurement is performed for the nominal centre-of-mass energy of the
colliding beams. This energy was determined to an accuracy of 0.65% for the 4TeV
proton beams used in earlier LHC operations [38]. No studies have yet been published
for the 6.5 TeV proton beams used here, but for calculations performed using the FEWZ
generator [22] at NNLO in pQCD, a 0.65% shift in the beam and collision energy would
correspond to a shift in the fiducial cross-section of 0.9%. This is not assigned as an
additional uncertainty. The correlation matrices for the measurements of the di↵erential
cross-section as a function of the Z boson rapidity are given in the appendix.

6 Results

The inclusive Z boson cross-section for decays to a dilepton final state with the dilep-
ton invariant mass in the range 60 < m(``) < 120 GeV, and where the leptons have
p

T

> 20GeV and 2.0 < ⌘ < 4.5, is measured in
p
s = 13TeV pp collisions to be

�

µµ
Z

= 198.0± 0.9± 4.7± 7.7 pb,

�

ee

Z

= 190.2± 1.7± 4.7± 7.4 pb.

The first uncertainties quoted are statistical, the second arise from systematic e↵ects, and
the third are due to the accuracy of the luminosity determination. This cross-section
is determined at the Born level in QED. Taking the luminosity uncertainty to be fully
correlated, the two measurements are consistent at the level of 1.1 �, and are linearly
combined to give

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the combination minimises the sum of the statistical and systematic uncertaintes
in quadrature. The integrated cross-section in the fiducial acceptance and the di↵erential
measurement as a function of the Z boson rapidity are compared in Figs. 1 and 2 to
the fixed-order predictions for both dimuon and dielectron final states. The measured
di↵erential cross-sections are tabulated in the appendix. Fixed-order predictions describe
the LHCb data well for a range of PDF sets. The measured di↵erential cross-section is
slightly larger than the next-to-next-to-leading order pQCD predictions at lower rapidities,
in line with observations in Ref. [7]. The di↵erences between the PDF sets, and the PDF
uncertainties, are larger than those at lower values of

p
s. Larger LHCb datasets with the

uncertainty on the luminosity determination reduced to the level of previous studies (1.2%)
should significantly constrain the PDFs. The di↵erential cross-sections as a function of p

T

and �

⇤
⌘

, normalised to the total cross-section, are shown in Figs. 3, 4 and 5. Since the largest
systematic e↵ects are independent of these variables, systematic uncertainties largely
cancel when these distributions are normalised, and the uncertainties on the normalised
distributions are dominated by the statistical components. The LHCb data agree better
with Pythia 8 predictions than with Powheg + Pythia 8 predictions, as seen also in
previous analyses [2, 3]. The LHCb specific tune of Pythia 8 does not describe the data
significantly better than the Monash 2013 tune. In addition, the data do not favour a
particular matching and merging scheme generated using MadGraph5 aMC@NLO.

9

7 Conclusions

The Z production cross-section measured in pp collisions at
p
s = 13TeV is presented

using LHCb events where the Z boson decays to two muons or two electrons. The cross-
section is measured in a fiducial acceptance defined by lepton pseudorapidity in the range
2.0 < ⌘ < 4.5, transverse momentum p

T

> 20GeV, and dilepton invariant mass in the
range 60 < m(``) < 120GeV. The cross-section is measured to be

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the uncertainties are due to the size of the dataset, systematic e↵ects, and the
luminosity determination respectively. In addition, the measurement is performed in bins
of the Z boson rapidity, transverse momentum and �

⇤
⌘

. The measurement is compared to
theoretical predictions calculated at O(↵2

s

) in pQCD as a function of the boson rapidity.
The results do not favour any specific parton distribution function, but the di↵erences
between the PDF sets suggest that, with more data and a reduction in the uncertainty
associated with the luminosity determination, LHCb results will significantly constrain the
PDFs. The �⇤

⌘

and boson transverse momentum distributions are compared to theoretical
predictions that model higher orders in pQCD in di↵erent ways. No significant deviations
are seen between the data and the Standard Model.

10

stat. sys. lumi.

4.5% 

4.7% 

4.3%

total unc.:

• Acceptance in forward region: 
• 2.0 < |η | < 4.5,  pT > 20 GeV  
• 60 GeV < mll < 120 GeV

• 1.7% experimental uncertainty!

http://dx.doi.org/10.1007/JHEP09(2016)136
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6 Results

The inclusive Z boson cross-section for decays to a dilepton final state with the dilep-
ton invariant mass in the range 60 < m(``) < 120 GeV, and where the leptons have
p

T

> 20GeV and 2.0 < ⌘ < 4.5, is measured in
p
s = 13TeV pp collisions to be

�

µµ
Z

= 198.0± 0.9± 4.7± 7.7 pb,

�

ee

Z

= 190.2± 1.7± 4.7± 7.4 pb.

The first uncertainties quoted are statistical, the second arise from systematic e↵ects, and
the third are due to the accuracy of the luminosity determination. This cross-section
is determined at the Born level in QED. Taking the luminosity uncertainty to be fully
correlated, the two measurements are consistent at the level of 1.1 �, and are linearly
combined to give

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the combination minimises the sum of the statistical and systematic uncertaintes
in quadrature. The integrated cross-section in the fiducial acceptance and the di↵erential
measurement as a function of the Z boson rapidity are compared in Figs. 1 and 2 to
the fixed-order predictions for both dimuon and dielectron final states. The measured
di↵erential cross-sections are tabulated in the appendix. Fixed-order predictions describe
the LHCb data well for a range of PDF sets. The measured di↵erential cross-section is
slightly larger than the next-to-next-to-leading order pQCD predictions at lower rapidities,
in line with observations in Ref. [7]. The di↵erences between the PDF sets, and the PDF
uncertainties, are larger than those at lower values of

p
s. Larger LHCb datasets with the

uncertainty on the luminosity determination reduced to the level of previous studies (1.2%)
should significantly constrain the PDFs. The di↵erential cross-sections as a function of p

T

and �

⇤
⌘

, normalised to the total cross-section, are shown in Figs. 3, 4 and 5. Since the largest
systematic e↵ects are independent of these variables, systematic uncertainties largely
cancel when these distributions are normalised, and the uncertainties on the normalised
distributions are dominated by the statistical components. The LHCb data agree better
with Pythia 8 predictions than with Powheg + Pythia 8 predictions, as seen also in
previous analyses [2, 3]. The LHCb specific tune of Pythia 8 does not describe the data
significantly better than the Monash 2013 tune. In addition, the data do not favour a
particular matching and merging scheme generated using MadGraph5 aMC@NLO.
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7 Conclusions

The Z production cross-section measured in pp collisions at
p
s = 13TeV is presented

using LHCb events where the Z boson decays to two muons or two electrons. The cross-
section is measured in a fiducial acceptance defined by lepton pseudorapidity in the range
2.0 < ⌘ < 4.5, transverse momentum p

T

> 20GeV, and dilepton invariant mass in the
range 60 < m(``) < 120GeV. The cross-section is measured to be

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the uncertainties are due to the size of the dataset, systematic e↵ects, and the
luminosity determination respectively. In addition, the measurement is performed in bins
of the Z boson rapidity, transverse momentum and �

⇤
⌘

. The measurement is compared to
theoretical predictions calculated at O(↵2

s

) in pQCD as a function of the boson rapidity.
The results do not favour any specific parton distribution function, but the di↵erences
between the PDF sets suggest that, with more data and a reduction in the uncertainty
associated with the luminosity determination, LHCb results will significantly constrain the
PDFs. The �⇤

⌘

and boson transverse momentum distributions are compared to theoretical
predictions that model higher orders in pQCD in di↵erent ways. No significant deviations
are seen between the data and the Standard Model.
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• Acceptance in forward region: 
• 2.0 < |η | < 4.5,  pT > 20 GeV  
• 60 GeV < mll < 120 GeV

• 1.7% experimental uncertainty!
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CMS-PAS-SMP-15-004
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• Acceptance: 
•  |η | < 2.5,  pT > 25 GeV  
• 60 GeV < mll < 120 GeV

• Dominating uncertainties: 
•  Lumi:    4.8% 

•  Lepton Reco:  2% 
•  Theory :  1.5%
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W,Z - Boson Inclusive Cross-Section @ 7 TeV
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• NNLO QCD using DYNNLO 
• NLO EWK corrections using  

• PHOTOS (QED FSR) 
• MCSANC (other)

Predictions:

http://arxiv.org/abs/arXiv:1612.03016
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• Ratio of σ(W) / σ(Z) 
• Luminosity uncertainty cancels 
• Exp. uncertainties cancel 
partially due to correlations  

• Comparison to current PDFs yields 
interesting tension: 

• All considered PDFs yield larger 
W/Z cross section ratios than 
measured

• NNLO QCD using DYNNLO 
• NLO EWK corrections using  

• PHOTOS (QED FSR) 
• MCSANC (other)

Predictions:

http://arxiv.org/abs/arXiv:1612.03016
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• Test of lepton universality for 1st 
and 2nd lepton generations: 

• In good agreement with 
Standard Model 

• Precision on RW improved w.r.t. 
LEP result! 

• RW = 0.997 ± 0.010

W,Z - Boson Inclusive Cross-Section
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Figure 8: The ratio of branching fractions for the electron and muon final states determined for
W , W+, and W� is compared to hadron collider and LEP results. The theory expectation is
represented by the red line.

B(W+ ! e

+
⌫

e

)/B(W+ ! µ

+
⌫

µ

) = 1.024± 0.003± 0.019,

B(W� ! e

�
⌫

e

)/B(W� ! µ

�
⌫

µ

) = 1.014± 0.004± 0.022,

B(W ! e⌫)/B(W ! µ⌫) = 1.020± 0.002± 0.019,

where the first uncertainties are statistical and the second are systematic. The result is
compared to past measurements [2, 26, 41, 42] in Fig. 8 and its precision is seen to exceed
previous individual determinations of the ratio and to be comparable to the combined
LEP result.
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W,Z - Boson Differential Measurements - Rapidity

14

• Predictions: 

arXiv:1612.03016

JHEP 09 (2016) 136

• NNLO QCD using DYNNLO 
• NLO EWK corrections using  

• PHOTOS (QED FSR) 
• MCSANC (other)

• NLO pQCD using FEWZ 3.1 
• LO EWK

 Exp. unc. < 1% 

 Exp. unc. < 7% 

http://arxiv.org/abs/arXiv:1612.03016
http://dx.doi.org/10.1007/JHEP09(2016)136
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• Experimental uncertainties < Theory uncertainties! 
• for central rapidities

W,Z - Boson Differential Measurements - Rapidity

14

• Predictions: 

arXiv:1612.03016

JHEP 09 (2016) 136

• NNLO QCD using DYNNLO 
• NLO EWK corrections using  

• PHOTOS (QED FSR) 
• MCSANC (other)

• NLO pQCD using FEWZ 3.1 
• LO EWK

 Exp. unc. < 1% 

 Exp. unc. < 7% 
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• Comparison to various PDFs: 

• Predicted cross section too low for |η| < 2.7 
• (except HERA 2.0 PDF) 
• Consistent between experiments 

• Discrepancy in shape

W,Z - Boson Differential Measurements - Rapidity

15

• Predictions:  

arXiv:1612.03016

JHEP 09 (2016) 136

• NNLO QCD using DYNNLO 
• NLO EWK corrections using  

• PHOTOS (QED FSR) 
• MCSANC (other)

• NLO qQCD using FEWZ 3.1 
• LO EWK

http://arxiv.org/abs/arXiv:1612.03016
http://dx.doi.org/10.1007/JHEP09(2016)136
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• W boson (pseudo-) rapidity  

W,Z - Boson Differential Measurements - Rapidity
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• W boson (pseudo-) rapidity  

W,Z - Boson Differential Measurements - Rapidity
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• Relative uncertainty on u-Quark PDF 

•Measurements sensitive to PDF 

• Impact on PDF evaluated using profiling  
• Significant reduction of PDF uncertainty!
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• Extraction of the strange quark density:  

• Strangeness in quark sea unsuppressed! 
• Confirmed results from 2010 data

W,Z - Boson Differential Measurements @ 7 TeV
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Figure 28: Di↵erential cross-section measurements for W+ ! `+⌫ (right) and W� ! `�⌫̄ (left) compared to the
predictions of the QCD fit. The predictions are shown before (solid lines) and after (dashed lines) the shifts due to
the correlated uncertainties are applied. The lower box of each plot shows the ratio of the theoretical calculations
to the data.

and allowing Bs̄ , Bd̄. The PDFs including all uncertainties are shown in Figure 30. The high level of
precision of the data makes it necessary to evaluate further uncertainties, such as those from the e↵ect
of the renormalization and factorization scales and the limitations of the NNLO calculations. These are
detailed below in terms of their influence on the ratio of strange quarks to the light sea.

7.2.2 Strange-quark density

The QCD analysis of the ATLAS 2010 W and Z measurements [37] led to the unexpected observation
that strangeness is unsuppressed at low x of ' 0.023 and low Q2 = 1.9GeV2, which means that the
strange, down and up sea quarks are of similar strength in that kinematic range. This was supported by
the ATLAS measurement of associated W and charm production [127] and not in contradiction with a
similar measurement performed by CMS [20]. But a large strange-quark density had not been expected
from previous analyses of dimuon production in neutrino scattering [128–131] within the global PDF fit
approaches [30, 33, 34, 132].

The fraction of the strange-quark density in the proton can be characterized by a quantity rs, defined as the
ratio of the strange to the down sea-quark distributions. When evaluated at the scale Q2 = Q2

0 = 1.9GeV2

and x = 0.023,9 the result is

rs =
s + s̄
2d̄
= 1.19 ± 0.07 (exp) ± 0.02 (mod) +0.02

�0.10 (par) . (23)

Here the uncertainties relate to those of the experimental data (exp) determined by the Hessian method.
The model (mod) and parameterization (par) uncertainties are discussed in Section 7.2.1 and the corres-
ponding individual variations of rs are listed separately in Table 19. This result represents an improvement

9 The value of Bjorken x = 0.023 at Q2
0 roughly corresponds to the region of maximum sensitivity of a measurement at central

rapidity at
p

s = 7TeV and a scale of Q2 = m2
Z [37].
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• PDF profiling used to study impact of 
measurement on given PDF 

• Uncertainty significantly reduced 

• Central values changed

arXiv:1612.03016
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• High |η| region very sensitive to 
PDF effects 

• Significant deviation between 
data and predictions

W → eν: Differential Charge Asymmetry

18
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• Largest uncertainties: 

• Momentum scale: 1.8% 

• PID, FSR modeling:  0.6% 
• Track reconstruction:  0.5%
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Figure 20: Ratios of the fiducial cross sections times leptonic branching ratios of �fid
W+!`+⌫/�

fid
W�!`� ⌫̄ (left) and

�fid
W±!`±⌫/�

fid
Z/�⇤!`+`� (right). The data (solid blue line) are shown with the statistical (yellow band) and the total

uncertainties (green band). Theoretical predictions based on various PDF sets are shown with open symbols of
di↵erent colours. The uncertainties of the theoretical calculations correspond to the PDF uncertainties only.

6.3 Rapidity distributions

6.3.1 W+ and W� cross sections

Di↵erential cross sections as a function of lepton pseudorapidity in W ! `⌫ decays, for both W+ and W�,
are shown in Figure 21 and compared to NNLO perturbative QCD predictions, including NLO EW cor-
rections. The predictions with the ABM12 PDF set match the data particularly well, while the predictions
of NNPDF3.0, CT14, MMHT14 and JR14, tend to be below and the HERAPDF2.0 set slightly above the
W cross-section data. For many PDF sets, the di↵erences, however, do not exceed the luminosity uncer-
tainty of 1.8% by a significant amount. Di↵erent groups producing PDF sets make di↵erent choices in
their evaluation of uncertainties. For example, the JR14 set is less consistent with these data even though
it is somewhat closer to the data than the NNPDF3.0 set, which quotes much larger uncertainties than
JR14.

The measurements of W+ and W� cross sections as a function of ⌘` are used to extract the lepton charge
asymmetry

A` =
d�W+/d|⌘`| � d�W�/d|⌘`|
d�W+/d|⌘`| + d�W�/d|⌘`| , (19)

taking into account all sources of correlated and uncorrelated uncertainties.

Figure 22 shows the measured charge asymmetry and the predictions based on various PDF sets. The
experimental uncertainty ranges from 0.5% to 1%. Most of the predictions agree well with the asymmetry
measurement, only CT14 somewhat undershoots the data. The NNPDF3.0 set, which uses W± asymmetry
data from the CMS Collaboration [19, 20], matches the ATLAS data very well, even within its very small
uncertainties. On the other hand, these predictions are in general 3–5% below both the measured W+ and
W� di↵erential cross sections. This highlights the additional information provided by precise, absolute
di↵erential measurements with full uncertainty information, including the correlations, as compared to
an asymmetry measurement.
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 Unc. < 2.5 % 
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Z pT spectrum - Φ* measurement
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Comparison to QCD predictions  
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•  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  

• Instead of direct transverse momentum measurement: 

• Related quantity: Φ* 

• Depends only on measured angles  

• Better resolution compared to momentum measurements

p
2mZ�

⇤
⌘ ⇡ pllT



Kristof Schmieden Rencentre de Blois - Mai 2017

• pT → Φ* 
• large reduction of 
uncertainties

Z pT spectrum - Φ* measurement - 13 TeV results

20

CMS-PAS-SMP-16-009

 Exp. unc. ~ 2.5% 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-009/index.html
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• FEWZ can not model 
low pT / Φ* region 

• aMC@NLO shows 
deviations from data in 
high Φ* region 

• 13 TeV results much 
less precision than 7  & 8 
TeV measurements
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• pT → Φ* 
• large reduction of 
uncertainties

Z pT spectrum - Φ* measurement - 13 TeV results
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Z pT spectrum - Φ* Measurement
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CMS-PAS-SMP-15-002

• Low range dominated by: 
• Non perturbative effects  
• Parton shower 

• High range dominated by:  
• Hard parton emission 
• Matrix element generator 

• Good agreement: Pythia8 & MG w.r.t data

JHEP 09 (2016) 136

 Exp. unc. ~ 1% 

 Exp. unc. < 3% 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
http://dx.doi.org/10.1007/JHEP09(2016)136
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Z pT spectrum - Φ* Measurement
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CMS-PAS-SMP-15-002

• Low range dominated by: 
• Non perturbative effects  
• Parton shower 

• High range dominated by:  
• Hard parton emission 
• Matrix element generator 

• Good agreement: Pythia8 & MG w.r.t data

PowHeg + Pythia prediction below 
measurement for low Φ* values

JHEP 09 (2016) 136

 Exp. unc. ~ 1% 

 Exp. unc. < 3% 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
http://dx.doi.org/10.1007/JHEP09(2016)136
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Z pT spectrum - Φ* Measurement
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CMS-PAS-SMP-15-002

• Low range dominated by: 
• Non perturbative effects  
• Parton shower 

• High range dominated by:  
• Hard parton emission 
• Matrix element generator 

• Good agreement: Pythia8 & MG w.r.t data

PowHeg + Pythia prediction below 
measurement for low Φ* values

P&P: Different behavior in high Φ* 
region

JHEP 09 (2016) 136

 Exp. unc. ~ 1% 

 Exp. unc. < 3% 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
http://dx.doi.org/10.1007/JHEP09(2016)136
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W,Z pT spectrum - Φ* Measurement Uncertainties
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• Unfolding dominated by: 
• MC generator modeling  

• (MG vs PowHeg)

CMS-PAS-SMP-15-002

Achieved precision: < 1%

• Dominating experimental 
uncertainty: 

• Reconstruction efficiency 
 (2.4% on total cross section)

JHEP 09 (2016) 136

Eur. Phys. J. C (2016) 76

• Background  ( < 0.5% ) 
• Pileup  ( < 0.4% )

Achieved precision: ~0.2%

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
http://dx.doi.org/10.1140/epjc/s10052-016-4070-4
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• Tuning of NNLOJET to describe LHC data 
• Nov. 2016 

• Latest LHC results included from May 2016: 

Impact on theory developments
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Figure 2. Normalized transverse momentum distribution differential in mℓℓ at NLO and NNLO
compared to ATLAS data [2]. The distribution is normalised to the NLO prediction. The green
bands denote the NLO prediction with scale uncertainty and the blue bands show the NNLO
prediction with scale uncertainty.

resummation. The three data bins below this value are however insufficient to resolve and

quantify this potential deviation in detail. In this region, the determination of pZT is limited

by the experimental lepton energy resolution. A more detailed picture can be gained from

the distribution in the φ∗
η variable, which is determined using the lepton angles rather than

their energies. This distribution is discussed in detail in the next two subsections.

3.3 The large φ∗
η region

We first consider the region of large φ∗
η values: φ∗

η > 0.051, where one expects that the

perturbative prediction is not dominated by large logarithms. Figure 4 shows the ratio

of the normalised fixed-order predictions to the NLO prediction for the φ∗
η distribution

for each of the six rapidity slices in the on-resonance mℓℓ-bin. For φ∗
η ! 0.2, the NLO

predictions systematically undershoot the data points by almost 5–10%. This is reminiscent

of the behaviour of the NLO prediction for the pZT distribution. The NNLO corrections are

positive in this region and lead to a significant improvement in the theory-data comparison.

Moreover, the residual scale uncertainty is greatly reduced by moving from NLO to NNLO.

Below φ∗
η ≈ 0.1 the shape of the NLO prediction quickly deviates away from the data points

by more than 30–40% for φ∗
η " 0.051. This divergent behaviour is tamed by the inclusion

of the NNLO corrections where the shape of the data points is well captured by the theory

curve down to small values of φ∗
η ≈ 0.051.

– 7 –

JHEP11(2016)094

 Significant improvement 
w.r.t. NLO predictions!

• Fast feedback into MC :-)

A. Gehrmann-De Ridder, T. Gehrmann,  
E.W.N. Glover,  A. Huss  and T.A. Morgan 

http://link.springer.com/article/10.1007/JHEP11(2016)094


Z-Boson: 
Forward Backward asymmetry, 

angular distributions &  
weak mixing angle
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• Polarization of Z Bosons: 

• Accessible via angular distributions of decay 
leptons 

• Difficult to model in Monte Carlo simulation 
• ME & Spin correlations of FS particles 

• Weak mixing angle accessible 

• Fundamental parameter of EWK standard 
model sector 

• Several Measurements at colliders: 

• Forward Backward asymmetry (AFB) 
• Weak mixing angle 

• Angular coefficients → Z polarisation 
• Input to m(W) measurement 
• Not well modeled by several MC generators

Intro

25
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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
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Angular coefficients:

26

< 1 + cos

2 ✓ >

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∫
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Theoretical prediction: Ai measurements 

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∫
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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)

Orthogonal polynomials used to 
parametrize angular distribution:

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

pp ! Z/�⇤ +X ! l+l� +X

Differential cross section 
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•  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 
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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)

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

pp ! Z/�⇤ +X ! l+l� +X

Differential cross section 
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• Sensitive to PDFs at low / high masses  
• up - down quark distributions

Z boson Forward Backward Asymmetry (AFB)

27
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•  Sensitive to weak mixing angle 
around the Z-pole 

DØ note 6497-CONF

https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E42/
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• Latest measurement at LHC  
• Binned in Boson Rapidity

Forward - Backward asymmetry
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Weak mixing angle

29
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Z Boson Polarisation 

30

 [GeV]Z
T

p
1 10 210

(D
at

a)
2

-A 0
(T

he
or

y)
 - 

A
2

-A 0A

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5

Data 
 2j)≤SHERPA 2.1 Z+(
 5j)≤SHERPA 2.1 Z+(
 5j)≤SHERPA 1.4 Z+(

ATLAS
-18 TeV, 20.3 fb

 [GeV]Z
T

p
1 10 210

(D
at

a)
2

-A 0
(T

he
or

y)
 - 

A
2

-A 0A

0.2−

0.1−

0

0.1

0.2

0.3

Data
DYNNLO (NNLO)
DYNNLO (NLO)
POWHEGBOX
POWHEGBOX+PYTHIA8
POWHEGBOX+HERWIG

ATLAS
-18 TeV, 20.3 fb

• 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 

• Included feedback from this 
Measurement

JHEP08(2016)159

http://link.springer.com/article/10.1007/JHEP08(2016)159
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• Rich physics program using W & Z Bosons at hadron colliders 
• Experimental precision achieved: 

• ~ % or better on many inclusive & differential observables! 

• Largest uncertainties: 
• Reconstruction efficiencies 
• Momentum Scales  
• Model uncertainties 

• More precise than current theory calculations for several observables 
• Tensions with several theory calculations observed 
• Interesting development expected! 

• Adding constrains to PDFs 
• Dominant uncertainty for many collider measurements

Summary

32

Can be further reduced

Need improved calculations

Results on standard model EWK sector passing LEP precision!



BACKUP
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VBF W,Z production

34
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LHC electroweak Xjj production measurements ATLAS

=7 TeVsATLAS EW Wjj 
This paper (CERN-EP-2017-008)

Stat. uncertainty Total uncertainty Theory uncertainty

=8 TeVsATLAS EW Wjj 
This paper (CERN-EP-2017-008)

=8 TeVsCMS EW Wjj 
JHEP 1611 (2016) 147

=8 TeVsATLAS EW Zjj 
JHEP 1404 (2014) 031

=8 TeVsCMS EW Zjj 
Eur.Phys.J. C75 (2015) 66

=8 TeVsLHC EW Higgs 
JHEP 1608 (2016) 045
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CMS PAS SMP-16-018

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-018/index.html


Ratio of cross sections: 
ttbar / Z  

at √s of 7,8 and 13 TeV
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• Many experimental systematics cancel in ratio 
measurements 

• ttbar and Z analyses harmonized to 
maximize cancellation of uncertainties! 

• Ratio ttbar / Z: 
• Luminosity cancels 

• Ratio same processes at different √s 
• Reco & selection efficiencies, ….  

• Allows precise comparisons to predictions 
• ABM12 disfavored by measurement 

• ttbar / Z ratio sensitive to PDFs 
• Contribution of Gluons 

• Eventually: double ratios

Ratio of ttbar / Z production cross sections

36

Z(13TeV)
fidσ / (13TeV)tt

totσ
0.7 0.8 0.9 1 1.1 1.2

ATLAS
-113 TeV, 3.2 fb

 total uncertainty±data 
 exp. uncertainty± stat. ±data 

 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

JHEP 02 (2017) 117

Z(7TeV)
fidσ / Z(8TeV)

fidσ
0.7 0.8 0.9 1 1.1 1.2 1.3

ATLAS
-17 TeV, 4.6 fb

-18 TeV, 20.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

Uncertainty < 
marker size!

http://link.springer.com/article/10.1007/JHEP02(2017)117
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• Double ratios are very sensitive probe 

• Significant impact on gluon PDF uncertainty

Ratio of ttbar / Z production cross sections

37

Z(8TeV)
fidσ

(8TeV)tt
totσ

 ⁄ 
Z(13TeV)
fidσ

(13TeV)tt
totσ
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-113 TeV, 3.2 fb

 total uncertainty±data 
 exp. uncertainty± stat. ±data 

 stat. uncertainty±data 
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NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)
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 ⁄ 
Z(8TeV)
fidσ

(8TeV)tt
totσ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

ATLAS
-17 TeV, 4.6 fb

-18 TeV, 20.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)
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-113 TeV, 3.2 fb
-18 TeV, 20.2 fb

-17 TeV, 4.6 fb

Good agreement, predictions with ABM12 
differs w.r.t. other PDFs

Significant discrepancy between data & 
prediction. Origin lies in 7 TeV 
measurement / prediction.
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• Double ratios are very sensitive probe 

• Significant impact on gluon PDF uncertainty

Ratio of ttbar / Z production cross sections

37

Z(8TeV)
fidσ

(8TeV)tt
totσ

 ⁄ 
Z(13TeV)
fidσ

(13TeV)tt
totσ

1.4 1.6 1.8 2 2.2 2.4 2.6

ATLAS
-18 TeV, 20.2 fb
-113 TeV, 3.2 fb

 total uncertainty±data 
 exp. uncertainty± stat. ±data 

 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)
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ATLAS
-17 TeV, 4.6 fb

-18 TeV, 20.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)
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Good agreement, predictions with ABM12 
differs w.r.t. other PDFs

Significant discrepancy between data & 
prediction. Origin lies in 7 TeV 
measurement / prediction.

• Discrepancy not explainable with PDF effects 
• Correlation model excluded as source. 
• Origin most likely in the ttbar data.
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W,Z - Boson Inclusive Cross-Section

38

-µ+µ →* γZ/
fidσ / -e+ e→* γZ/

fidσ = ZR
0.95 1 1.05

ν±
µ 

→ ±
Wfid
σ

 / ν±
 e

→ ±
Wfid
σ

 =
 

WR

0.95

1

1.05
ATLAS

Data
-W+ W→ -e+ LEP eWR

 Z→ -e+ LEP+SLD eZR

Standard Model

-1 = 7 TeV, 4.6 fbs

arXiv:1612.03016CMS-PAS-SMP-15-004

http://arxiv.org/abs/arXiv:1612.03016
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-004/index.html


Kristof Schmieden Rencentre de Blois - Mai 2017

• Electron channel

W,Z @ 7 TeV - Uncertainties

39

��W+

��W� ��Z ��
forwardZ

[%] [%] [%] [%]

Trigger e�ciency 0.03 0.03 0.05 0.05
Reconstruction e�ciency 0.12 0.12 0.20 0.13
Identification e�ciency 0.09 0.09 0.16 0.12
Forward identification e�ciency � � � 1.51
Isolation e�ciency 0.03 0.03 � 0.04
Charge misidentification 0.04 0.06 � �
Electron p

T

resolution 0.02 0.03 0.01 0.01
Electron p

T

scale 0.22 0.18 0.08 0.12
Forward electron p

T

scale + resolution � � � 0.18
Emiss

T

soft term scale 0.14 0.13 � �
Emiss

T

soft term resolution 0.06 0.04 � �
Jet energy scale 0.04 0.02 � �
Jet energy resolution 0.11 0.15 � �
Signal modelling (matrix-element generator) 0.57 0.64 0.03 1.12
Signal modelling (parton shower and hadronization) 0.24 0.25 0.18 1.25
PDF 0.10 0.12 0.09 0.06
Boson p

T

0.22 0.19 0.01 0.04
Multijet background 0.55 0.72 0.03 0.05
Electroweak+top background 0.17 0.19 0.02 0.14
Background statistical uncertainty 0.02 0.03 <0.01 0.04
Unfolding statistical uncertainty 0.03 0.04 0.04 0.13
Data statistical uncertainty 0.04 0.05 0.10 0.18
Total experimental uncertainty 0.94 1.08 0.35 2.29
Luminosity 1.8

��W+ ��W� ��Z

[%] [%] [%]

Trigger e�ciency 0.08 0.07 0.05

Reconstruction e�ciency 0.19 0.17 0.30

Isolation e�ciency 0.10 0.09 0.15

Muon pT resolution 0.01 0.01 <0.01

Muon pT scale 0.18 0.17 0.03

Emiss
T soft term scale 0.19 0.19 �

Emiss
T soft term resolution 0.10 0.09 �

Jet energy scale 0.09 0.12 �
Jet energy resolution 0.11 0.16 �
Signal modelling (matrix-element generator) 0.12 0.06 0.04

Signal modelling (parton shower and hadronization) 0.14 0.17 0.22

PDF 0.09 0.12 0.07

Boson pT 0.18 0.14 0.04

Multijet background 0.33 0.27 0.07

Electroweak+top background 0.19 0.24 0.02

Background statistical uncertainty 0.03 0.04 0.01

Unfolding statistical uncertainty 0.03 0.03 0.02

Data statistical uncertainty 0.04 0.04 0.08

Total experimental uncertainty 0.61 0.59 0.43

Luminosity 1.8

• Muon channel
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• Differential measurements in (pseudo-) 
rapidity  

• Sensitive to PDF 

• Impact on PDF evaluated using profiling 

W,Z - Boson Differential Measurements @ 7 TeV
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Kristof Schmieden XXXVI Physics in Collision - Sep 2016 - Quy Nhon, Vietnam

• 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

41
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• Discrepancy observed in super-ratio including 7TeV data: 
• Origin in ttbar(8 TeV) / ttbar(7 TeV) ratio 
• Suspected to lie in 7 TeV ttbar measurement

Ratio of ttbar / Z production cross sections

42

Z(7TeV)
fidσ

(7TeV)tt
totσ

 ⁄ 
Z(8TeV)
fidσ

(8TeV)tt
totσ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

ATLAS
-17 TeV, 4.6 fb

-18 TeV, 20.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

Z(7TeV)
fidσ

(7TeV)tt
totσ

 ⁄ 
Z(13TeV)
fidσ

(13TeV)tt
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ATLAS
-17 TeV, 4.6 fb

-113 TeV, 3.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)
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fidσ

(8TeV)tt
totσ

 ⁄ 
Z(13TeV)
fidσ

(13TeV)tt
totσ
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ATLAS
-18 TeV, 20.2 fb
-113 TeV, 3.2 fb

 total uncertainty±data 
 exp. uncertainty± stat. ±data 

 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

(7TeV)tt
totσ / (13TeV)tt

totσ
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ATLAS
-17 TeV, 4.6 fb

-113 TeV, 3.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

(8TeV)tt
totσ / (13TeV)tt

totσ
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ATLAS
-18 TeV, 20.2 fb
-113 TeV, 3.2 fb

 total uncertainty±data 
 exp. uncertainty± stat. ±data 

 stat. uncertainty±data 
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NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

(7TeV)tt
totσ / (8TeV)tt

totσ
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

ATLAS
-17 TeV, 4.6 fb

-18 TeV, 20.2 fb
 total uncertainty±data 

 exp. uncertainty± stat. ±data 
 stat. uncertainty±data 

ABM12
CT14
NNPDF3.0
MMHT14
ATLAS-epWZ12
HERAPDF2.0

(NNLO QCD, inner uncert.: PDF only)

JHEP 02 (2017) 117

http://link.springer.com/article/10.1007/JHEP02(2017)117
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Drell-Yan measurements @ 8 TeV

43

• Uncertainties at few % level for m < 500 GeV 
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Eur. Phys. J. C 75 (2015) 147

  
Agreement with SM over 3 orders of magnitude in mass  

9 order in cross section 

http://dx.doi.org/10.1140/epjc/s10052-015-3364-2
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High mass DY measurement @ 8 TeV

44

• Only masses above Z-peak considered 

• Comparison to various PDFs 

• Rapidity distribution very sensitive  
• Significant deviations observed

JHEP 08 (2016) 009

http://link.springer.com/article/10.1007/JHEP08(2016)009
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High mass DY measurement @ 8 TeV

44

• Only masses above Z-peak considered 

• Comparison to various PDFs 

• Rapidity distribution very sensitive  
• Significant deviations observed

JHEP 08 (2016) 009

• High mass Drell-Yan data included in NNPDF2.3  

• Significant constraint of photon PDF

http://link.springer.com/article/10.1007/JHEP08(2016)009
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W mass @ 7 TeV - uncertainty details

45

W -boson charge W+ W�
Combined

Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]

Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

QCD modeling

|⌘`| range [0.0, 0.6] [0.6, 1.2] [1.82, 2.4] Combined

Kinematic distribution p`T mT p`T mT p`T mT p`T mT

�mW [MeV]

Energy scale 10.4 10.3 10.8 10.1 16.1 17.1 8.1 8.0

Energy resolution 5.0 6.0 7.3 6.7 10.4 15.5 3.5 5.5

Energy linearity 2.2 4.2 5.8 8.9 8.6 10.6 3.4 5.5

Energy tails 2.3 3.3 2.3 3.3 2.3 3.3 2.3 3.3

Reconstruction e�ciency 10.5 8.8 9.9 7.8 14.5 11.0 7.2 6.0

Identification e�ciency 10.4 7.7 11.7 8.8 16.7 12.1 7.3 5.6

Trigger and isolation e�ciencies 0.2 0.5 0.3 0.5 2.0 2.2 0.8 0.9

Charge mismeasurement 0.2 0.2 0.2 0.2 1.5 1.5 0.1 0.1

Total 19.0 17.5 21.1 19.4 30.7 30.5 14.2 14.3

Electrons experimental

|⌘`| range [0.0, 0.8] [0.8, 1.4] [1.4, 2.0] [2.0, 2.4] Combined

Kinematic distribution p`T mT p`T mT p`T mT p`T mT p`T mT

�mW [MeV]

Momentum scale 8.9 9.3 14.2 15.6 27.4 29.2 111.0 115.4 8.4 8.8

Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2

Sagitta bias 0.7 0.8 1.7 1.7 3.1 3.1 4.5 4.3 0.6 0.6

Reconstruction and

isolation e�ciencies 4.0 3.6 5.1 3.7 4.7 3.5 6.4 5.5 2.7 2.2

Trigger e�ciency 5.6 5.0 7.1 5.0 11.8 9.1 12.1 9.9 4.1 3.2

Total 11.4 11.4 16.9 17.0 30.4 31.0 112.0 116.1 9.8 9.7

Muons experimental

W -boson charge W+ W�
Combined

Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]

hµi scale factor 0.2 1.0 0.2 1.0 0.2 1.0

⌃

¯ET correction 0.9 12.2 1.1 10.2 1.0 11.2

Residual corrections (statistics) 2.0 2.7 2.0 2.7 2.0 2.7

Residual corrections (interpolation) 1.4 3.1 1.4 3.1 1.4 3.1

Residual corrections (Z ! W extrapolation) 0.2 5.8 0.2 4.3 0.2 5.1

Total 2.6 14.2 2.7 11.8 2.6 13.0

Recoil corrections

Decay channel W ! e⌫ W ! µ⌫
Kinematic distribution p`T mT p`T mT

�mW [MeV]

FSR (real) < 0.1 < 0.1 < 0.1 < 0.1
Pure weak and IFI corrections 3.3 2.5 3.5 2.5

FSR (pair production) 3.6 0.8 4.4 0.8

Total 4.9 2.6 5.6 2.6

Higher order EWK corrections
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• Test for consistency of standard model:

W mass @ LHC - consistency of SM

46

 [GeV] tm
165 170 175 180 185

 [G
eV

]
W

m

80.25

80.3

80.35

80.4

80.45

80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)

 arXiv:1701.07240

http://arxiv.org/abs/arXiv:1701.07240
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• Choosing the PDF to be used in simulations for W mass extraction  
• Best agreement with 7 TeV W,Z data: CT PDF sets

W,Z inclusive @ 7 TeV => W mass

47

Data set n.d.f. ABM12 CT14 MMHT14 NNPDF3.0 ATLAS-epWZ12

W+ ! `+⌫ 11 11|21 10|26 11|37 11|18 12|15
W� ! `�⌫̄ 11 12|20 8.9|27 8.1|31 12|19 7.8|17
Z/�⇤ ! `` (m`` = 46 � 66 GeV) 6 17|21 11|30 18|24 21|22 28|36
Z/�⇤ ! `` (m`` = 66 � 116 GeV) 12 24|51 16|66 20|116 14|109 18|26
Forward Z/�⇤ ! `` (m`` = 66 � 116 GeV) 9 7.3|9.3 10|12 12|13 14|18 6.8|7.5
Z/�⇤ ! `` (m`` = 116 � 150 GeV) 6 6.1|6.6 6.3|6.1 5.9|6.6 6.1|8.8 6.7|6.6
Forward Z/�⇤ ! `` (m`` = 116 � 150 GeV) 6 4.2|3.9 5.1|4.3 5.6|4.6 5.1|5.0 3.6|3.5
Correlated �2 57|90 39|123 43|167 69|157 31|48
Total �2 61 136|222 103|290 118|396 147|351 113|159

PDF uncertainties: 
included | excluded
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• Predicted cross section too low 
• (except HERA 2.0 PDF) 

• Discrepancy in shape

W,Z - Boson Differential Measurements @ 7 TeV
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• Predictions:  

• NNLO QCD using DYNNLO 

• NLO EWK corrections using  
• PHOTOS (QED FSR) 
• MCSANC (other) 

• Various PDFs

arXiv:1612.03016

http://arxiv.org/abs/arXiv:1612.03016
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• LHCb: forward spectrometer 

• Access to high rapidity regime!

Z - Boson Differential Measurements
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• Predictions:  
• NLO qQCD using FEWZ 3.1 
• LO EWK 

• Various PDFs

• Predicted cross section slightly 
below measurement for low 
rapidities 

• Consistent with other LHC 
measurements

http://dx.doi.org/10.1007/JHEP09(2016)136
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Z pT spectrum - Φ* measurement

50

CMS-PAS-SMP-15-002

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

p
2mZ�

⇤
⌘ ⇡ pllT

• Significant deviations observed 

• MadGraph: best agreement 
• Deviations up to 5% 

• PowHeg + Pythia 6 
• Deviations up to 18% 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-002/index.html
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• Before: MC / Data! 

• Low range dominated by: 

• Non perturbative effects  
• Parton shower 

• High range dominated by 
hard parton emission 

• Matrix element generator 

• Good agreement of Pythia 8 
prediction with data

Z pT spectrum - Φ* measurement
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 As for CMS measurement: 
PowHeg + Pythia prediction below 
measurement for low phi* values 

 Here different behavior w.r.t. data 
compared to previous results  

JHEP 09 (2016) 136

http://dx.doi.org/10.1007/JHEP09(2016)136


Kristof Schmieden Rencentre de Blois - Mai 2017

• Before: MC / Data! 

• Low range dominated by: 

• Non perturbative effects  
• Parton shower 

• High range dominated by 
hard parton emission 

• Matrix element generator 

• Good agreement of Pythia 8 
prediction with data
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 As for CMS measurement: 
PowHeg + Pythia prediction below 
measurement for low phi* values 

 Here different behavior w.r.t. data 
compared to previous results  

• Dominating experimental 
uncertainty: 

• Reconstruction efficiency 
 (2.4% on total cross section)

JHEP 09 (2016) 136

http://dx.doi.org/10.1007/JHEP09(2016)136
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• Acceptance in forward region: 
• 2.0 < |η | < 4.5,  pT > 20 GeV  
• 60 GeV < mll < 120 GeV 

• Achieved precision (combined): 

• < 4.3% total uncertainty 
• 1.7% experimental 
• ( 3.9% luminosity )

Z Boson - x-Section in forward region @ 13 TeV
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Source ��µµ
Z [%] ��ee

Z [%]

Statistical 0.5 0.9

Reconstruction e�ciencies 2.4 2.4

Purity 0.2 0.5

FSR 0.1 0.2

Total systematic (excl. lumi.) 2.4 2.5

Luminosity 3.9 3.9

JHEP 09 (2016) 136

is the one associated with the luminosity determination. This uncertainty is determined to
be 3.9% following the procedures used in Ref. [31]. The uncertainty on the FSR correction
may also be correlated, but is su�ciently small for the e↵ects of such correlation to be
negligible. The measurement is performed for the nominal centre-of-mass energy of the
colliding beams. This energy was determined to an accuracy of 0.65% for the 4TeV
proton beams used in earlier LHC operations [38]. No studies have yet been published
for the 6.5 TeV proton beams used here, but for calculations performed using the FEWZ
generator [22] at NNLO in pQCD, a 0.65% shift in the beam and collision energy would
correspond to a shift in the fiducial cross-section of 0.9%. This is not assigned as an
additional uncertainty. The correlation matrices for the measurements of the di↵erential
cross-section as a function of the Z boson rapidity are given in the appendix.

6 Results

The inclusive Z boson cross-section for decays to a dilepton final state with the dilep-
ton invariant mass in the range 60 < m(``) < 120 GeV, and where the leptons have
p

T

> 20GeV and 2.0 < ⌘ < 4.5, is measured in
p
s = 13TeV pp collisions to be

�

µµ
Z

= 198.0± 0.9± 4.7± 7.7 pb,

�

ee

Z

= 190.2± 1.7± 4.7± 7.4 pb.

The first uncertainties quoted are statistical, the second arise from systematic e↵ects, and
the third are due to the accuracy of the luminosity determination. This cross-section
is determined at the Born level in QED. Taking the luminosity uncertainty to be fully
correlated, the two measurements are consistent at the level of 1.1 �, and are linearly
combined to give

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the combination minimises the sum of the statistical and systematic uncertaintes
in quadrature. The integrated cross-section in the fiducial acceptance and the di↵erential
measurement as a function of the Z boson rapidity are compared in Figs. 1 and 2 to
the fixed-order predictions for both dimuon and dielectron final states. The measured
di↵erential cross-sections are tabulated in the appendix. Fixed-order predictions describe
the LHCb data well for a range of PDF sets. The measured di↵erential cross-section is
slightly larger than the next-to-next-to-leading order pQCD predictions at lower rapidities,
in line with observations in Ref. [7]. The di↵erences between the PDF sets, and the PDF
uncertainties, are larger than those at lower values of

p
s. Larger LHCb datasets with the

uncertainty on the luminosity determination reduced to the level of previous studies (1.2%)
should significantly constrain the PDFs. The di↵erential cross-sections as a function of p

T

and �

⇤
⌘

, normalised to the total cross-section, are shown in Figs. 3, 4 and 5. Since the largest
systematic e↵ects are independent of these variables, systematic uncertainties largely
cancel when these distributions are normalised, and the uncertainties on the normalised
distributions are dominated by the statistical components. The LHCb data agree better
with Pythia 8 predictions than with Powheg + Pythia 8 predictions, as seen also in
previous analyses [2, 3]. The LHCb specific tune of Pythia 8 does not describe the data
significantly better than the Monash 2013 tune. In addition, the data do not favour a
particular matching and merging scheme generated using MadGraph5 aMC@NLO.

9

7 Conclusions

The Z production cross-section measured in pp collisions at
p
s = 13TeV is presented

using LHCb events where the Z boson decays to two muons or two electrons. The cross-
section is measured in a fiducial acceptance defined by lepton pseudorapidity in the range
2.0 < ⌘ < 4.5, transverse momentum p

T

> 20GeV, and dilepton invariant mass in the
range 60 < m(``) < 120GeV. The cross-section is measured to be

�

``

Z

= 194.3± 0.9± 3.3± 7.6 pb,

where the uncertainties are due to the size of the dataset, systematic e↵ects, and the
luminosity determination respectively. In addition, the measurement is performed in bins
of the Z boson rapidity, transverse momentum and �

⇤
⌘

. The measurement is compared to
theoretical predictions calculated at O(↵2

s

) in pQCD as a function of the boson rapidity.
The results do not favour any specific parton distribution function, but the di↵erences
between the PDF sets suggest that, with more data and a reduction in the uncertainty
associated with the luminosity determination, LHCb results will significantly constrain the
PDFs. The �⇤

⌘

and boson transverse momentum distributions are compared to theoretical
predictions that model higher orders in pQCD in di↵erent ways. No significant deviations
are seen between the data and the Standard Model.
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stat. sys. lumi.

l

4.5% 

4.7% 

4.3%

total unc.:

http://dx.doi.org/10.1007/JHEP09(2016)136

