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Introduction
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‣ Drell-Yan is the largest source of isolated 
leptons at LHC 

‣ Theory calculations at NNLO QCD and NLO 
EW 

‣ Use Drell-Yan data to extract information on 
calculation inputs
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 To constrain calculation uncertainties
‣ Measurements in rapidity bins provide 

information for parton flavour parametrisation 
as a fiction of x

Theoretical Limitations

I fixed order calculations of Drell-Yan production
computed using DYNNLO 1.5 and FEWZ 3.1.b2

I with typical systematic uncertainties of

µR, µF variations ⇠ 1.1%
(factors of 2, with 0.5µR/µF2)

beam energy ±0.5-0.6%

PDF up to ±2.5%
(with a spread between PDFs larger than this)

I measurement of W and Z production can
constrain these uncertainties, in particular those
from PDF

I measurement as a function of rapidity can provide
information for the parametrisation vs. x

y = 0.5 ln(x1/x2) parton momentum fraction x
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This talk focuses on
W, Z precision measurements at  √s = 7 TeV 
tt / Z ratios at √s = 7, 8, 13 TeV



Part I
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Precision measurement and interpretation of inclusive 
W+ W- and Z/𝛾* production cross sections with the 

ATLAS detector

√s = 7 TeV,  ∫L = 4.6 fb-1

Eur. Phys. J. C 77 (2017) 367

https://link.springer.com/article/10.1140/epjc/s10052-017-4911-9


Motivation
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‣ Increasing the precision comparing to previous ATLAS 
measurements (√s = 7 TeV, ∫L = 33-36 pb-1:                          ) 

‣ Test of electron-muon universality in the weak interaction sector:
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Phys.Rev. D85  

 ATLAS results at 13 TeV with 50ns data:  Phys. Lett. B 759
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‣ Strangness density at lox x
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Cancellation of many 
experimental uncertainties

‣ Sensitivity to PDF by performing measurements in bins of yll and 𝜂l :

W+/W-: ratio sensitive to uv-dv quark distributions 
W±/Z ratio: sensitive to s-quark distribution
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.072004


W, Z kinematics and integrated cross sections
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‣ EW and Top bkg:  MC simulation 
‣ MJ bkg: data-driven method

N Bkg (%)
W→e𝜈 12.8 M 8.3
W→𝜇𝜈 15.4 M 7.7
CC: Z/𝛾*→e+e- 1.0 M 0.47
CF: Z/𝛾*→e+e- 0.3 M 2.8
Z/𝛾*→𝜇+𝜇- 1.6 M 0.41

W

Z

‣ W sys: Hadronic recoil response (         , JES, JER), 
MJ bkg, Reco eff. 

‣ Z sys: lepton Reco, ID, Iso eff.

Emiss
T

Significant uncertainty reduction comparing to the previous measurement: Phys.Rev. D85 (2012)
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𝜎fid ± stat ± syst ± lumi [pb]
W+→e+𝜈 2939 ± 1 ± 28 ± 53
W+→𝜇+𝜈 2948 ± 1 ± 21 ± 53
W-→e- 1957 ± 1 ± 21 ± 35
W-→𝜇- 1964 ± 1 ± 13 ± 35
Z/𝛾*→e+e- 502.7 ± 0.5 ± 2.0 ± 9.0
Z/𝛾*→𝜇+𝜇- 501.4 ± 0.4 ± 2.3 ± 9.0

⌫̄

⌫̄

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.072004


Lepton universality and combination
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Standard Model

-1 = 7 TeV, 4.6 fbs
➡ RW  and RZ represent ratios of corresponding branching  fractions 
➡ Due to cancellation of correlated uncertainties reach a precision of 1% 

and 0.5% for W and Z branching fractions, respectively 
➡ Precision improvement comparing to previously published 7 TeV and   

13 TeV (50 ns) results: 
➡ The measurements confirm lepton (e-𝜇) universality  (SM: unity)  in 

the weak vector-boson decays

Phys.Rev. D85 (2012), Phys. Lett. B 759 (2016)

12.06.2017                     Trofymov Artur

‣ Lepton universality

‣ Combination of e and 𝜇 channels
➡ Combination is based on 𝜒2 minimisation and uses individual sources of systematic uncertainties

* Numbers in brackets are calculated taking into account luminosity uncertainty

Z W+ W-

Z 1 0.349(0.964) 0.314(0.958)

W+ 1 0.890(0.991)

W- 1

➡ Combined cross sections:
𝜎fid ± stat ± syst ± lumi [pb]

W→e𝜈 4896 ± 2 ± 49 ± 88
W→𝜇𝜈 4912 ± 1 ± 32 ± 88
W→l𝜈 4911 ± 1 ± 26 ± 88
Z/𝛾*→ll 502.2 ± 0.3 ± 1.7 ± 9.0

➡ Correlation model:

➡ Main correlated experimental syst. sources: e and 𝜇 momentum scale and resolution, hadronic recoil 
response, signal modelling, bkg. estimation with MC simulation



Cross-section ratios

7

ν
- l→ -W

fidσ / ν+ l→ +W
fidσ

1.42 1.44 1.46 1.48 1.5 1.52 1.54

ATLAS
-1 = 7 TeV, 4.6 fbs

Data
stat. uncertainty
total uncertainty
ABM12
CT14
HERAPDF2.0
JR14
MMHT2014
NNPDF3.0

-l+ l→* γZ/
fidσ / ν± l→ ±W

fidσ
9.2 9.4 9.6 9.8 10 10.2

ATLAS
-1 = 7 TeV, 4.6 fbs

Data
stat. uncertainty
total uncertainty
ABM12
CT14
HERAPDF2.0
JR14
MMHT2014
NNPDF3.0

‣ Complete cancellation of luminosity uncertainty 
‣ High precision of data comparing to some theory predictions 

indicates their potential constraining power 
‣W+/W- ratio is generally well reproduced 
‣ Predictions for W±/Z are systematically higher than measured 

in data
compatible with results based on 13 TeV data (50 ns):

Phys. Lett. B 759 (2016)
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http://www.sciencedirect.com/science/article/pii/S0370269316302763


Differential cross sections
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‣ Lepton charge asymmetry:

A` =
d�W+/d|⌘`|� d�W�/d|⌘`|
d�W+/d|⌘`|+ d�W�/d|⌘`|

‣ Good agreement for         
‣ Shape of W differential cross section well 

described with predictions 
‣ Experimental uncertainty: from 0.5% to 1%

A`

W

ZCentral Forward
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‣ At central rapidity (              ) most of  
theoretical predictions are lower than data

|y``| < 1

‣ At forward region measurement is not very 
sensitive to differences between PDFs

➡ Potential indication of strangeness 
unsuppression in the data



PDF profiling
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Before profiling After profiling ‣ Quantitive estimation of data and 
predictions agreement 
‣ Provides a shifted set of parton 

distributions with reduced uncertainties 
‣ Quark density ratio RS (for MMHT14 and 

CT14) at x ≃ 0.023 shows significant 
reduction of uncertainties and increasing 
of central values towards unity

Supports the hypothesis of 
unsuppressed s-quark density at low x

‣ ABM12 demonstrates tension between 
profiled and original RS
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QCD analysis
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‣ QCD fit is performed using DIS HERA I+II and ATLAS DY data
ATLAS data provide more sensitivity to quark sea and  valence-
quark distributions at lower x

‣ Data are all described by the fit (ATLAS:                           ,  
    total:                                 ) 
‣ Fit determines a new set of PDFs, termed ATLAS-epWZ16 
‣ ATLAS-epWZ16 has smaller experimental uncertainties than the 

ATLAS-epWZ12 set
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ATLAS CKM fit

Strange density (RS) Magnitude of CKM matrix element

‣Measured RS confirms that the strangeness  is unsuppressed at low x~0.023 and 
low Q2 = 1.9 GeV2 

‣ |VCS| obtained from the fit where it was varied, while rest CKM elements were fixed
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�2/npts = 108/61
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Measurements of top-quark pair to 𝑍-boson cross-section ratios at
√𝑠 = 13, 8, 7 TeV with the ATLAS detector

√s = 13 TeV,  ∫L = 3.2 fb-1

JHEP 02 (2017) 117 
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https://link.springer.com/article/10.1007/JHEP02(2017)117


Motivation
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‣ Sensitive to the gluon-to-quark PDF ratio  
‣ Luminosity uncertainty cancelation 
‣ Lepton-related systematic cancelation

Single                ratios at given √s �tt̄/�Z

Double ratios
‣ Luminosity-uncertainty-independent checks of SM

‣ Systematic uncertainties cancelation 
‣       at different √s have similar PDF sensitivity          Z boson        

data can be used to cross-normalise measurements at different √s 
�Z

atlas-conf-2015-049 

Single             ,              ratios at different √s Ri/j TeV
tt̄Ri/j TeV

Z

‣     at 7, 8, 13 TeV: Eur. Phys. J. C74 and C76 , Phys. Lett. B 761 
‣ Z at 7, 8, TeV:  arXiv:1612.03016 , Eur. Phys. J. C76(5) 1-61
tt̄

Public results used in ratios:
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arXiv:1507.00556

https://arxiv.org/abs/1507.00556


Z analysis at 13 TeV
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‣ Systematic sources ‣ Background contributions

➡ estimated from MC simulations 
➡ total background event: ~0.5%  
➡ main contribution: top-quark pair production  
➡ sum of all electroweak backgrounds: ~0.2% 
➡ multijet events: < 0.1%
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Correlation model
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Correlation of grouped systematic sources
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Source /

p
s [TeV] 13 8 7 13 8 7

Luminosity A B C A B C

Beam energy A A A A A A

Muon (lepton) trigger A A

⇤
A A B B

Muon reconstruction/ID A B C A D D

Muon isolation A A A B C D

Muon momentum scale A A A A A A

Electron trigger A A A A — —

Electron reconstruction/ID A B C A D D

Electron isolation A A — B C D

Electron energy scale A A A A A A

Jet energy scale — — — A B B

b-tagging — — — A B B

Background A A A B B B

Signal modelling (incl. PDF) A A A B

⇤
B B

‣         box - dominant uncertainty sources

‣Main source of correlation is the luminosity uncertainty

‣Table entries:        in different rows are uncorrelated 
within a row with the same letter are 
fully correlated 
with starred letter are mostly correlated
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‣Opposite sign of correlation in data provides discriminative input to PDFs determination



tt to Z ratios at a given √s
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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)

Z(8TeV)
fidσ / (8TeV)tt

totσ
0.3 0.35 0.4 0.45 0.5 0.55

ATLAS
-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
0.25 0.3 0.35 0.4 0.45

ATLAS
-17 TeV, 4.6 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)

‣ Luminosity uncertainties almost entirely cancel  
‣ ATLAS data are more precise than most of the theory 

predictions → indication of strong constraining power 
‣ Similar pattern of predictions for all √s : 

ABM12 yields the lowest values  
PDF4LHC sets predict the largest ratios 
HERA-based sets are in the middle
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13 TeV 8 TeV 

7 TeV 



Z ratios at different √s
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Z(8TeV)
fidσ / Z(13TeV)

fidσ
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

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)

Z(7TeV)
fidσ / Z(13TeV)

fidσ
1.2 1.4 1.6 1.8 2

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)

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)

‣ Uncertainties dominated by the luminosity uncertainty 
‣ Most of predictions agree with data within exp. uncertainty

May indicate that the luminosity-determination 
uncertainty in ratio is conservative 
Z-boson data could be used to cross-normalise the 
measurements at the different centre-of-mass energies
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13/8 TeV 13/7 TeV

8/7 TeV



tt ratios at different √s
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(8TeV)tt
totσ / (13TeV)tt

totσ
2 2.5 3 3.5 4

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
3 3.5 4 4.5 5

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)

(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)
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‣ Deviation of 8 TeV to 7 TeV measured ratio, at the level 
of ~2𝜎  from PDF4LHC, was observed in previously 
published results: Eur. Phys. J. C74

‣ Predictions follow the same pattern for all ratios

Motivation to test with double ratio where 
luminosity uncertainty should cancel 

13/8 TeV 13/7 TeV

8/7 TeV



More than compensates for the uncertainties which Z 
boson measurement bring to the ratios

tt to Z double ratios at different √s
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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)

Z(7TeV)
fidσ

(7TeV)tt
totσ

 ⁄ 
Z(13TeV)
fidσ

(13TeV)tt
totσ

1.6 1.8 2 2.2 2.4 2.6 2.8 3

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)

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)

-

tt̄

‣ Almost complete cancellation of the luminosity uncertainty 

Most of predictions deviate from data at the level of 
~3𝜎, where 𝜎 is the total exp.+lumi. uncertainty
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‣ Trends are similar to those observed for the      single ratios 
‣ Data - theory tension in 8 to 7 TeV ratio is increased:



PDF Constraint
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Gluon distributions 
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 x  
-210 -110

re
f

)2
)/x

g(
x,

Q
2

 x
g(

x,
Q

0.9

0.95

1

1.05

1.1

t
2 = m2Q

ATLAS-epWZ12
+ZtATLAS-epWZ12+t

ATLAS-epWZ12
+ZtATLAS-epWZ12+t

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

-17 TeV, 4.6 fb

 x  
-210 -110

xg
/x

g
δ 

0.9

0.95

1

1.05

1.1

t
2 = m2Q

ATLAS-epWZ12
tATLAS-epWZ12+t
+ZtATLAS-epWZ12+t

ATLAS-epWZ12
tATLAS-epWZ12+t
+ZtATLAS-epWZ12+t

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

-17 TeV, 4.6 fb

‣ The impact of the ATLAS data on the PDF uncertainties is quantified using PDF profiling 
‣ Central values of the profiled distribution agree very well with the original ATLAS-epWZ12 set 
‣     and Z cross section data impose visible constraints on the gluon distribution at x ~ 0.1 
‣ Profiling was also performed excluding 7 TeV      data yielding similar results

tt̄

tt̄



Summary

20

WZ precision measurements
‣ A measurement precision at sub-percent level, higher than of predictions 
‣ Quantitive comparison of differential x-sections showed deviations of predictions, hinting the 

data impact on the determination of s-quark distribution 
‣ Measurement used to derive new set of parton distribution functions ATLAS-epWZ16  
‣ QCD fit analysis supported the previous atlas observations of a large ratio of s-quark 

distribution to the lighter sea-quark distributions at low x 
‣ Determination of CKM matrix element |VCS| is performed

tt / Z cross-section ratios-

‣ tt to Z experimental precision is higher then theoretical (indicates constraining power) due 
to luminosity and lepton-related systematic cancellation 

‣ Z to Z ratios demonstrate very good agreement between data and predictions 
‣ tt to tt measured ratios show different compatibility with the predictions for different √s 
‣ Double ratios provide complete cancellation of the luminosity uncertainty  
‣ PDF constraint: presented data have significant power to constrain the gluon distribution 

function at Bjorken-x ∼ 0.1

- -

-
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Summary of results from ATLAS and CMS 
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 [pb]ttσ

50 100 150 200 250 300 350

ATLAS+CMS Preliminary  = 7 TeV   s summary, 
tt

σ 

(*) Superseded by results shown below the line

WGtopLHC May 2017

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

 (lumi)± (syst) ± (stat) ± 
tt

σ

ABM12
) = 0.113

Z
(Msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJ C75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 
ATLAS, dilepton (*) -1=0.7 fbintL pb 7−

 8+   11−
 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 
ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−

 8+ 3 ±177 
CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 
CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 
CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 
CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 
LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 
, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 

miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 
+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
 60+ 12 ±168 

+lhadτATLAS, -1=4.6 fbintL 3 pb± 23 ± 9 ±183 
CMS, l+jets -1=5.0 fbintL 3.6 pb± 12.0 ± 6.0 ±161.7 

µCMS, dilepton e -1=5.0 fbintL 3.8 pb±  4.0−
 4.5+ 2.1 ±173.6 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 
+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

 [pb]ttσ

100 150 200 250 300 350 400

ATLAS+CMS Preliminary  = 8 TeV   s summary, 
tt

σ WGtopLHC May 2017

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

ABM12
) = 0.113

Z
(Msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJ C75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

total  stat
 (lumi)± (syst) ± (stat) ± 

tt
σ

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1 = 20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS, lepton+jets
EPJC 77 (2017) 15, -1 = 19.6 fbintL

 6.0 pb± 13.7 ± 3.8 ±228.5 

hτCMS, lepton+
PLB 739 (2014) 23, -1 = 19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, EPJ C76 (2016) 642, 

-1 = 20.2 fbintL

 5.1 pb± 5.5 ± 1.7 ±242.9 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1 = 5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016, 

-1 = 5.3 - 20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS, dilepton e
JHEP 08 (2016) 029, -1 = 19.7 fbintL

 6.4 pb±  5.5−
 6.3+ 1.4 ±244.9 

CMS, all jets
EPJ C76 (2016) 128, -1 = 18.4 fbint     L  7.2 pb± 37.8 ± 6.1 ±275.6 

 [pb]ttσ

200 400 600 800 1000 1200 1400

ATLAS+CMS Preliminary  = 13 TeV   s summary, 
tt

σ WGtopLHC May 2017

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat
 (lumi)± (syst) ± (stat) ± 

tt
σ

* Preliminary

 

µATLAS, dilepton e
-1 = 3.2 fb

int
PLB 761 (2016) 136,  L

µATLAS, dilepton e  19 pb± 27 ± 8 ±818 

 *µµATLAS, dilepton ee/
-1 = 85 pbintATLAS-CONF-2015-049,  L

 *µµATLAS, dilepton ee/  74 pb± 79 ± 57 ±749 

ATLAS, l+jets *
-1 = 85 pbintATLAS-CONF-2015-049,  L

ATLAS, l+jets *  88 pb± 103 ± 13 ±817 

µCMS, dilepton e
, 50 ns-1 = 43 pb

int
PRL 116 (2016) 052002,  L

µCMS, dilepton e  36 pb± 53 ± 58 ±746 

µCMS, dilepton e
, 25 ns-1 = 2.2 fb

int
EPJC 77 (2017) 172,  L

µCMS, dilepton e  19 pb± 38 ±  9 ±815 

CMS, l+jets
-1 = 2.3 fbintarXiv:1701.06228,  L

CMS, l+jets  23 pb± 23 ±  3 ±835 

CMS, all-jets *
-1 = 2.53 fbintCMS-PAS TOP-16-013,  L

CMS, all-jets *  23 pb± 118 ± 25 ±834 

ABM12
) = 0.113

Z
(msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJC 75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040
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W kinematics
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Precision comparison (lepton systematics)Systematic Uncertainties

I the di↵erential W ! `⌫ and Z ! `` cross sections were already measured in 2010 data
Phys.Rev. D85 (2012) 072004

I to improve on this measurement requires a better understanding of the detector performance

e

l

e

c

t

r

o

n

s

��
W

± ��
W+

��
W� ��

Z

Electron reconstruction 0.8 0.8 0.8 1.6

Electron identification 0.9 0.8 1.1 1.8

QCD background 0.4 0.4 0.4 0.7

Emiss

T

scale and resolution 0.8 0.7 1.0 —

Total excluding luminosity 2.3 2.4 2.8 3.3

Luminosity 3.4

2010 data, 36 pb�1 ��W+ ��W� ��Z ��forward Z

Reconstruction e�ciency 0.12 0.12 0.20 0.13
Identification e�ciency 0.09 0.09 0.16 0.12

Emiss
T soft term scale 0.14 0.13 � �

Emiss
T soft term resolution 0.06 0.04 � �

Multijet background 0.55 0.72 0.03 0.05

Total experimental uncertainty 0.94 1.08 0.35 2.29

Luminosity 1.8

Table 3: Relative uncertainties �� in the measured integrated fiducial cross sections times branching ratios of W+,
W�, central and forward Z/�⇤ (66 < mee < 116GeV) in the electron channels.

26

2011 data, 4.6 fb�1

m

u

o

n

s

14

for 1.6 < |y
Z

| < 2.0 and 4.4% for 2.0 < |y
Z

| < 2.4. The
available number of Z events dominates the total uncer-
tainty, with systematic sources below 1.5% in the whole
rapidity range.

N B C
W/Z

A
W/Z

W+ 84514 6600± 600 0.796± 0.016 0.495± 0.008

W� 55234 5700± 600 0.779± 0.015 0.470± 0.010

W± 139748 12300± 1100 0.789± 0.015 0.485± 0.007

Z 11709 86± 32 0.782± 0.007 0.487± 0.010

TABLE VII. Number of observed candidates N and expected
background events B, e�ciency and acceptance correction fac-
tors for the W and Z muon channels. E�ciency scale factors
used to correct the simulation for di↵erences between data and
MC are included in the C

W/Z

factors. The given uncertain-
ties are the quadratic sum of statistical and systematic com-
ponents. The statistical uncertainties on the C

W/Z

and A
W/Z

factors are negligible.

�fid

W

· BR(W ! µ⌫) [nb]

sta sys lum

W+ 3.002± 0.011± 0.050± 0.102

W� 1.948± 0.009± 0.034± 0.066

W± 4.949± 0.015± 0.081± 0.168

�tot

W

· BR(W ! µ⌫) [nb]

sta sys lum acc

W+ 6.062± 0.023± 0.101± 0.206± 0.099

W� 4.145± 0.020± 0.072± 0.141± 0.086

W± 10.210± 0.030± 0.166± 0.347± 0.153

�fid

Z/�

⇤ · BR(Z/�⇤ ! µµ) [nb]

sta sys lum

Z/�⇤ 0.456± 0.004± 0.004± 0.015

�tot

Z/�

⇤ · BR(Z/�⇤ ! µµ) [nb]

sta sys lum acc

Z/�⇤ 0.935± 0.009± 0.009± 0.032± 0.019

TABLE VIII. Fiducial and total cross sections times branch-
ing ratios for W+, W�, W± and Z/�⇤ production in the
muon decay channel. The muon fiducial regions are defined
in Sec. IID. The uncertainties denote the statistical (sta), the
experimental systematic (sys), the luminosity (lum), and the
extrapolation (acc) uncertainties.

��
W

± ��
W+

��
W� ��

Z

Muon reconstruction 0.3 0.3 0.3 0.6

Muon isolation 0.2 0.2 0.2 0.3

Muon p
T

resolution 0.04 0.03 0.05 0.02

Muon p
T

scale 0.4 0.6 0.6 0.2

QCD background 0.6 0.5 0.8 0.3

Total excluding luminosity 2.1 2.3 2.6 2.2

Luminosity 3.4

TABLE IX. Summary of relative systematic uncertainties on
the measured integrated cross sections in the muon channels
in per cent. The e�ciency systematic uncertainties are par-
tially correlated between the trigger, reconstruction and iso-
lation terms. This is taken into account in the computation
of the total uncertainty quoted in the table. The theoretical
uncertainty on A

W/Z

applies only to the total cross section.

2010 data, 36 pb�1 ��W+ ��W� ��Z

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
Multijet background 0.33 0.27 0.07

Total experimental uncertainty 0.61 0.59 0.43

Luminosity 1.8

Table 6: Relative uncertainties �� in the measured integrated fiducial cross sections times branching ratios in the
muon channels. The e�ciency uncertainties are partially correlated between the trigger, reconstruction and isolation
terms. This is taken into account in the computation of the total uncertainty quoted in the table.
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2011 data, 4.6 fb�1

I dramatic reduction of
uncertainties related to lepton
and E

miss
T reconstruction

I uncertainty on luminosity
determination reduced to ±1.8%

 of the probeη
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Lepton universality comparison

-µ+µ →* γZ/
fidσ / -e+ e→* γZ/

fidσ = ZR
0.8 0.9 1 1.1

ν±
µ 

→ ±
Wfid
σ

 / ν±
 e

→ ±
Wfid
σ

 =
 

WR

0.8

0.9

1

1.1
ATLAS

Data
-W+ W→ -e+ LEP eWR
 Z→ -e+ LEP+SLD eZR

Standard Model
 = 7 TeV s, -1ATLAS 35 pb
 = 13 TeV s, -1ATLAS 81 pb

-1 = 7 TeV, 4.6 fbs



Comparison with theory

 [nb]ν
- l→ -W

fidσ

1.8 1.9 2 2.1

 [n
b]

ν+  l
→ +

Wfid
σ

2.6

2.8

3

3.2
ATLAS

 syst uncertainty⊕stat 

 lumi uncertainty⊕ syst ⊕stat 

68% CL ellipse area

Data

ABM12
CT14

HERAPDF2.0
JR14

MMHT2014

NNPDF3.0

-1 = 7 TeV, 4.6 fbs

 [nb]-l+ l→* γZ/
fidσ

0.46 0.48 0.5 0.52

 [n
b]

ν±  l
→ ±

Wfid
σ

4.6

4.8

5

5.2
ATLAS

 syst uncertainty⊕stat 

 lumi uncertainty⊕ syst ⊕stat 

68% CL ellipse area

Data

ABM12
CT14

HERAPDF2.0
JR14

MMHT2014

NNPDF3.0

-1 = 7 TeV, 4.6 fbs

‣ 2-d presentation conveys both values and correlations of measurement and predictions 
‣ Spread of predictions is larger than uncert. of data 
‣The measurements are seen to discriminate between different PDF sets and to provide info to 

reduce PDF uncertainties
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Differential cross sections
Low mass
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PDF profiling

‣ s-quark distribution significantly increased and the uncertainties are reduced 
‣ Reduction of light sea at low x
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QCD analysis
ATLAS-epWZ16QCD fit
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Theoretical predictions
Cross-section predictions

‣ 13 TeV fiducial phase space is used as common 
‣Az factor is computed for extrapolation from fiducial to total phase space 
‣ Ez factors are estimated for extrapolation to 13TeV fiducial phase space

Fiducial definition Extrapolation factors

‣       NNLO calculations with 
DYTURBO  (fast ver. of DYNNLO) 
‣NLO EW corrections with FEWZ 3.1

�Z�fid

Z

�tot

tt̄p
s [TeV ] 13 8 7 13 8 7

Central value [pb] 744 486 432 842 259 182

Total Unc. [%]

+3.0
�3.7

+2.8
�3.3

+2.9
�3.2

+5
�6

+6
�6

+6
�6

�tt̄‣        NNLO+NNLL calculations with Top++ ‣CT14 PDF set is used as a baseline
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Uncertainties of the grouped systematic sources 

JHEP 02 (2017)117

The correlation coefficients 
With luminosity and bee energy uncertainties Without luminosity and bee energy uncertainties
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Measured and predicts cross-sections

JHEP 02 (2017)117

Measured cross-sections (Z - combined channels) Predicted cross-sections (Z - combined channels)

Z-boson measured cross-sections (electron end muon channels separate)
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PDF Constraint

12

Light-quark sea distributions 

‣     and Z cross-section data impose visible constraints on the light-quark sea distribution at x < 0.02 
and on the gluon distribution at x ~ 0.1
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All single and double ratiosDRAFT

� tot /� tot � tot /� f id � f id/� f id

value ± stat ± syst ± lumi value ± stat ± syst ± lumi value ± stat ± syst ± lumi

�13 TeV

t t̄

/�13 TeV

Z

0.414 ± 0.004( 0.92%) ± 0.016( 3.84%) ± 0.001( 0.21%) 1.053 ± 0.010( 0.92%) ± 0.036( 3.40%) ± 0.002( 0.21%) 0.01281 ± 0.00012( 0.92%) ± 0.00044( 3.40%) ± 0.00003( 0.21%)

�8 TeV

t t̄

/�8 TeV

Z

0.211 ± 0.001( 0.71%) ± 0.006( 2.73%) ± 0.000( 0.20%) 0.480 ± 0.003( 0.71%) ± 0.012( 2.57%) ± 0.001( 0.20%) 0.00602 ± 0.00004( 0.72%) ± 0.00014( 2.35%) ± 0.00001( 0.20%)

�7 TeV

t t̄

/�7 TeV

Z

0.184 ± 0.003( 1.69%) ± 0.005( 2.71%) ± 0.000( 0.18%) 0.406 ± 0.007( 1.69%) ± 0.011( 2.59%)± 0.001( 0.18%) 0.00511 ± 0.00009( 1.68%) ± 0.00013( 2.46%) ± 0.00001( 0.18%)

�13 TeV

Z

/�8 TeV

Z

1.714 ± 0.001( 0.06%) ± 0.013( 0.77%) ± 0.049( 2.83%) - 1.537 ± 0.001( 0.06%) ± 0.010( 0.67%) ± 0.044( 2.83%)

�13 TeV

Z

/�7 TeV

Z

1.988 ± 0.002( 0.09%) ± 0.014( 0.71%) ± 0.055( 2.77%) - 1.724 ± 0.001( 0.09%) ± 0.009( 0.52%) ± 0.048( 2.77%)

�8 TeV

Z

/�7 TeV

Z

1.160 ± 0.001( 0.07%) ± 0.007( 0.63%) ± 0.030( 2.62%) - 1.122 ± 0.001( 0.07%) ± 0.007( 0.61%) ± 0.029( 2.62%)

�13 TeV

t t̄

/�8 TeV

t t̄

3.365 ± 0.039( 1.16%) ± 0.113( 3.35%) ± 0.105( 3.12%) - 3.270 ± 0.038( 1.17%) ± 0.107( 3.28%) ± 0.102( 3.12%)

�13 TeV

t t̄

/�7 TeV

t t̄

4.470 ± 0.086( 1.92%) ± 0.149( 3.33%) ± 0.136( 3.04%) - 4.322 ± 0.083( 1.92%) ± 0.143( 3.31%) ± 0.131( 3.04%)

�8 TeV

t t̄

/�7 TeV

t t̄

1.328 ± 0.024( 1.83%) ± 0.015( 1.11%) ± 0.038( 2.89%) - 1.322 ± 0.024( 1.83%) ± 0.015( 1.12%) ± 0.038( 2.89%)

Table 37: Summary of the Z-boson and tt̄ production cross-section ratios at 7,8 and 13 TeV

Rtot /Rtot Rtot /R f id R f id/R f id

value ± stat ± syst value ± stat ± syst value ± stat ± syst

�13 TeV

t t̄

�13 TeV

Z

/
�8 TeV

t t̄

�8 TeV

Z

1.966 ± 0.023( 1.16%) ± 0.067( 3.40%) 2.193 ± 0.026( 1.16%) ± 0.074( 3.39%) 2.131 ± 0.025( 1.17%) ± 0.071( 3.34%)

�13 TeV

t t̄

�13 TeV

Z

/
�7 TeV

t t̄

�7 TeV

Z

2.250 ± 0.043( 1.93%) ± 0.076( 3.38%) 2.594 ± 0.050( 1.93%) ± 0.086( 3.32%) 2.508 ± 0.048( 1.92%) ± 0.082( 3.27%)

�8 TeV

t t̄

�8 TeV

Z

/
�7 TeV

t t̄

�7 TeV

Z

1.145 ± 0.021( 1.83%) ± 0.015( 1.31%) 1.184 ± 0.022( 1.83%) ± 0.015( 1.29%) 1.178 ± 0.022( 1.83%) ± 0.015( 1.31%)

Table 38: Summary of the double ratios

11. Results on ratios776

In the following sections, ratio results for a given
p

s but di�erent channels, for di�erent
p

s and the same777

channels as well as for the double ratios are presented. The results are summarised in Table 37 for the778

single ratios and in Table38 for the double ratios.779

Three types of ratios are computed for the total and fiducial cross sections as well as a “mixed” ratio of780

the total cross section for tt̄ and fiducial for Z-boson production. The ratios of fiducial cross sections have781

the smallest experimental uncertainty, however they are more di�cult to predict accurately, especially for782

tt̄ production where only the total cross section is availiable at NNLO+NNLL. The ratio of total cross783

sections has the smallest theoretical uncertainty. The mixed ratio has good experimental uncertainties and784

can be predicted at the same formal accuracy as the ratio of the total cross sections. The evaluation of the785

ratios is described below for the total cross sections since it is very similar for fiducial and mixed case but786

has an additional component related to the A

Z

factor.787
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DRAFT

� tot /� tot � tot /� f id � f id/� f id

value ± stat ± syst ± lumi value ± stat ± syst ± lumi value ± stat ± syst ± lumi

�13 TeV

t t̄

/�13 TeV

Z

0.414 ± 0.004( 0.92%) ± 0.016( 3.84%) ± 0.001( 0.21%) 1.053 ± 0.010( 0.92%) ± 0.036( 3.40%) ± 0.002( 0.21%) 0.01281 ± 0.00012( 0.92%) ± 0.00044( 3.40%) ± 0.00003( 0.21%)
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/�8 TeV

Z

0.211 ± 0.001( 0.71%) ± 0.006( 2.73%) ± 0.000( 0.20%) 0.480 ± 0.003( 0.71%) ± 0.012( 2.57%) ± 0.001( 0.20%) 0.00602 ± 0.00004( 0.72%) ± 0.00014( 2.35%) ± 0.00001( 0.20%)

�7 TeV

t t̄

/�7 TeV

Z

0.184 ± 0.003( 1.69%) ± 0.005( 2.71%) ± 0.000( 0.18%) 0.406 ± 0.007( 1.69%) ± 0.011( 2.59%)± 0.001( 0.18%) 0.00511 ± 0.00009( 1.68%) ± 0.00013( 2.46%) ± 0.00001( 0.18%)

�13 TeV

Z

/�8 TeV

Z

1.714 ± 0.001( 0.06%) ± 0.013( 0.77%) ± 0.049( 2.83%) - 1.537 ± 0.001( 0.06%) ± 0.010( 0.67%) ± 0.044( 2.83%)

�13 TeV

Z

/�7 TeV

Z

1.988 ± 0.002( 0.09%) ± 0.014( 0.71%) ± 0.055( 2.77%) - 1.724 ± 0.001( 0.09%) ± 0.009( 0.52%) ± 0.048( 2.77%)

�8 TeV

Z

/�7 TeV

Z

1.160 ± 0.001( 0.07%) ± 0.007( 0.63%) ± 0.030( 2.62%) - 1.122 ± 0.001( 0.07%) ± 0.007( 0.61%) ± 0.029( 2.62%)

�13 TeV

t t̄

/�8 TeV

t t̄

3.365 ± 0.039( 1.16%) ± 0.113( 3.35%) ± 0.105( 3.12%) - 3.270 ± 0.038( 1.17%) ± 0.107( 3.28%) ± 0.102( 3.12%)

�13 TeV

t t̄

/�7 TeV

t t̄

4.470 ± 0.086( 1.92%) ± 0.149( 3.33%) ± 0.136( 3.04%) - 4.322 ± 0.083( 1.92%) ± 0.143( 3.31%) ± 0.131( 3.04%)

�8 TeV

t t̄

/�7 TeV

t t̄

1.328 ± 0.024( 1.83%) ± 0.015( 1.11%) ± 0.038( 2.89%) - 1.322 ± 0.024( 1.83%) ± 0.015( 1.12%) ± 0.038( 2.89%)

Table 37: Summary of the Z-boson and tt̄ production cross-section ratios at 7,8 and 13 TeV

Rtot /Rtot Rtot /R f id R f id/R f id

value ± stat ± syst value ± stat ± syst value ± stat ± syst

�13 TeV

t t̄

�13 TeV

Z

/
�8 TeV

t t̄

�8 TeV

Z

1.966 ± 0.023( 1.16%) ± 0.067( 3.40%) 2.193 ± 0.026( 1.16%) ± 0.074( 3.39%) 2.131 ± 0.025( 1.17%) ± 0.071( 3.34%)

�13 TeV

t t̄

�13 TeV

Z

/
�7 TeV

t t̄

�7 TeV

Z

2.250 ± 0.043( 1.93%) ± 0.076( 3.38%) 2.594 ± 0.050( 1.93%) ± 0.086( 3.32%) 2.508 ± 0.048( 1.92%) ± 0.082( 3.27%)

�8 TeV

t t̄

�8 TeV

Z

/
�7 TeV

t t̄

�7 TeV

Z

1.145 ± 0.021( 1.83%) ± 0.015( 1.31%) 1.184 ± 0.022( 1.83%) ± 0.015( 1.29%) 1.178 ± 0.022( 1.83%) ± 0.015( 1.31%)

Table 38: Summary of the double ratios

11. Results on ratios776

In the following sections, ratio results for a given
p

s but di�erent channels, for di�erent
p

s and the same777

channels as well as for the double ratios are presented. The results are summarised in Table 37 for the778

single ratios and in Table38 for the double ratios.779

Three types of ratios are computed for the total and fiducial cross sections as well as a “mixed” ratio of780

the total cross section for tt̄ and fiducial for Z-boson production. The ratios of fiducial cross sections have781

the smallest experimental uncertainty, however they are more di�cult to predict accurately, especially for782

tt̄ production where only the total cross section is availiable at NNLO+NNLL. The ratio of total cross783

sections has the smallest theoretical uncertainty. The mixed ratio has good experimental uncertainties and784

can be predicted at the same formal accuracy as the ratio of the total cross sections. The evaluation of the785

ratios is described below for the total cross sections since it is very similar for fiducial and mixed case but786

has an additional component related to the A

Z

factor.787
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