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Introduction

Inclusive rapidity-differential measurements of W± and Z/γ∗

production probe different combinations of PDFs. They
provide constraints on the light flavour sea decomposition and
the valence PDFs

W charge asymmetry measurements provide constraints on
the u and d valence PDFs

The shape of the Z rapidity distribution, and the W /Z
cross-section ratio probe the strange PDF
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Measurement definition

Data collected in 2011: L = 4.7 fb−1,
√
s = 7 TeV

Electron and muon decay channels

Fiducial phase space definition:

Measured 12 distributions:

4: W+ and W− lepton pseudorapidity (e and µ)
6: Low-mass (46–66 GeV), peak (66–116 GeV), and high-mass
(116–150 GeV) Central Z rapidity (e and µ)
2: Peak (66–116 GeV), and high-mass (116–150 GeV) Forward
Z rapidity (only e)
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Measurement methodology
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Efficiencies evaluated with tag-and-probe method

Background estimated with MC simulation (Top, EW) and
with data-driven techniques (QCD multijet)

Electron and muon decay channels combined
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Measurement uncertainties

Typical uncertainties:

W : Total (0.6–1.0%), multijet background (0.3–0.7%)

Z Central: Total (0.4%), reconstruction efficiency (0.2–0.3%)

Z Forward: Total (2.3%), identification efficiency (1.5%)

1.8% luminosity uncertainty

Electron channel
δσW+ δσW− δσZ δσforwardZ

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

Trigger efficiency 0.03 0.03 0.05 0.05
Reconstruction efficiency 0.12 0.12 0.20 0.13
Identification efficiency 0.09 0.09 0.16 0.12
Forward identification efficiency − − − 1.51
Isolation efficiency 0.03 0.03 − 0.04
Charge misidentification 0.04 0.06 − −
Electron pT resolution 0.02 0.03 0.01 0.01
Electron pT scale 0.22 0.18 0.08 0.12
Forward electron pT 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 pT 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

Muon channel
δσW+ δσW− δσZ

[%] [%] [%]

Trigger efficiency 0.08 0.07 0.05
Reconstruction efficiency 0.19 0.17 0.30
Isolation efficiency 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
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Electron and muon channels combination

12 distributions and 105
measurement points combined to 7
distributions and 61 points: Total
χ2/dof= 47.4/44, (59.5/53 when
CC and CF Z are also combined)

Integrated cross sections are also
combined, yielding χ2/dof= 0.5/3

Channel χ2/n.d.f.
W+ → `+ν 4.4/10
W− → `−ν̄ 6.9/10
Z/γ∗ → `` (46 < m`` < 66 GeV) 3.2/6
Z/γ∗ → `` (66 < m`` < 116 GeV) 23.5/18
Z/γ∗ → `` (116 < m`` < 150 GeV) 3.4/9
Correlated 18.1
Total 59.5/53

|
l

η|
0 0.5 1 1.5 2 2.5

| [
pb

]
lη

/d
|

σd

400

600

800
ATLAS

-1 = 7 TeV, 4.6 fbs
µν+µ → +W
eν+ e→ +W

lν+ l→ +W

|
l

η|
0 0.5 1 1.5 2 2.5

P
ul

l

2−
0
20 0.5 1 1.5 2 2.5

/c
om

b.
µ

e,

0.98
1

1.02
|

Z
|y

0 0.5 1 1.5 2

| [
pb

]
ll

/d
|y

σd

50

100

150

200 ATLAS
-1 = 7 TeV, 4.6 fbs

 < 116 GeV
ll

66 < m

-µ+µ →Z 
-e+ e→Z -

l+ l→Z 

|
ll

|y
0 0.5 1 1.5 2

P
ul

l

2−
0
20 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

/c
om

b.
µ

e,

0.98
1

1.02

March 7, 2017 Stefano Camarda 7



Theory predictions

Start from APPLGRIDs of MCFM predictions at NLO QCD
and LO electroweak

Supplement the predictions with NNLO QCD and
NLO+leading-2-loop electroweak corrections, in the form of
bin-by-bin k-factors. Photon-induced processes are subtracted
as background

The NNLO QCD corrections are evaluated with DYNNLO
(nominal prediction) and FEWZ (alternative)

The electroweak and photon-induced corrections are evaluated
with SANC

The Gµ scheme is used in all the predictions (inputs: mW ,
mZ , and GF )
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Theory predictions - NNLO QCD corrections U. Klein, M. Lisovyi

FEWZ and DYNNLO agree better than 0.2% for total cross
sections, but in the presence of fiducial cuts on the leptons
they give significantly different predictions
FEWZ-DYNNLO: 1.2%(W+) 0.7%(W−) 0.2%(Z )
FEWZ shows a discontinuity of the total cross section as a
function of the pT cut of one of the leptons, when the pT
cuts approach a symmetric configuration, as expected in a
fixed order calculation
DYNNLO is effectively smooth
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Theory predictions - FEWZ vs DYNNLO

FEWZ and DYNNLO differ for the subtraction scheme, sector
decomposition in FEWZ and qt-subtraction in DYNNLO

In DYNNLO, for values of the dilepton pT below the qtcut
(set to 0.008 ·mll ∼ 0.6-0.7 GeV) the fixed order prediction is
approximated by NNLL resummation of logs of pT/m

The difference between DYNNLO and FEWZ may be an
indication that these large log corrections are significant for
fiducial cross sections, and should be accounted for either
with parton showers or with analytic resummation
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Comparison to PDF sets - Integrated cross sections
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Measurements compared to ABM12, CT14, HERAPDF2.0,
JR14, MMHT2014, and NNPDF3.0 PDF sets
Good agreement between data and all the PDF sets for the
W+/W− ratio, some tension for the W /Z ratio
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Comparison to PDF sets - Differential cross sections
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Data set n.d.f. ABM12 CT14 MMHT14 NNPDF3.0 ATLAS-epWZ12

W+ → `+ν 11 11|21 10|26 11|37 11|18 12|15

W− → `−ν̄ 11 12|20 8.9|27 8.1|31 12|19 7.8|17
Z/γ∗ → `` (m`` = 46− 66 GeV) 6 17|21 11|30 18|24 21|22 28|36
Z/γ∗ → `` (m`` = 66− 116 GeV) 12 24|51 16|66 20|116 14|109 18|26
Forward Z/γ∗ → `` (m`` = 66− 116 GeV) 9 7.3|9.3 10|12 12|13 14|18 6.8|7.5
Z/γ∗ → `` (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/γ∗ → `` (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 χ2 57|90 39|123 43|167 69|157 31|48

Total χ2 61 136|222 103|290 118|396 147|351 113|159

NNPDF3.0, which includes CMS W asymmetry data, is in
good agreement with the W charge asymmetry
Predictions tend to undershoot the Z data at central rapidity
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Hessian profiling

PDF uncertainties are introduced in the χ2 definition:

χ2(βexp,βPDF) = χ2
exp + χ2

PDF =

Ndata∑
i=1

(
σexpi +

∑
j Γexp

ij βj ,exp − σthi −
∑

k ΓPDF
ik βk,PDF

)2
∆2

i

+
∑
j

β2j ,exp +
∑
k

β2k,PDF

The χ2 minimisation yields the optimal values of the βk,PDF

shifts and the relative reduction of the PDF uncertainties

The shifts and the reduced uncertainties can be interpreted as
an optimization (“profiling”) of PDF sets

Using the xFitter implementation, which allows asymmetric
PDF uncertainties to be included
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Hessian profiling - Strange PDF
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The strange PDF is enhanced by profiling in the region of
sensitivity x ∼ 0.01–0.1
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Hessian profiling - uv PDF
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Comparison with ATLASepWZ12
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Very good compatibility with the previous QCD analysis based
on 2010 data

The new 2011 data shows about a factor of 3 improvement on
the experimental uncertainty for the strange PDF
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QCD analysis - Settings

The W and Z rapidity cross section measurements are
included in a NNLO PDF fit together with the HERA I+II
data, using xFitter

RT variable-flavour-number scheme

Starting scale Q0 = 1.9

αs = 0.118

mc = 1.43

mb = 4.5

Qmin = 7.5 GeV for the HERA data

Parametrisation form:

xf (x) = AxB(1− x)C ; f = dv , ū, d̄ , s̄

xf (x) = AxB(1− x)C (1 + Ex2); f = uv

xf (x) = AxB(1− x)C − A′xB
′
(1− x)25; f = g

Impose momentum and valence sum rules, constraint ū = d̄ at
low-x: Total of 15 free parameters in the fit

March 7, 2017 Stefano Camarda 17



QCD analysis - Results

Reasonable overall compatibility, some tension for the
low-mass Z rapidity (partial χ2/dof = 26/6)

Data set ATLAS-epWZ16
χ2/n.d.f.

ATLAS W+ → `+ν 8.4 / 11
ATLAS W− → `−ν̄ 12.3 / 11
ATLAS Z/γ∗ → `` (m`` = 46–66 GeV) 25.9 / 6
ATLAS Z/γ∗ → `` (m`` = 66–116 GeV) 15.8 / 12
ATLAS forward Z/γ∗ → `` (m`` = 66–116 GeV) 7.4 / 9
ATLAS Z/γ∗ → `` (m`` = 116–150 GeV) 7.1 / 6
ATLAS forward Z/γ∗ → `` (m`` = 116–150 GeV) 4.0 / 6
ATLAS Correlated + Log penalty 27.2
ATLAS Total 108 / 61
HERA I+II CC e+p 44.3 / 39
HERA I+II CC e−p 62.7 / 42
HERA I+II NC e−p 222 / 159
HERA I+II NC e+p 838 / 816
HERA Correlated + Log penalty 45.5
HERA Total 1213 / 1056
Total 1321 / 1102
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QCD analysis - Results

Good agreement for W± and Z peak, different shape for the
low-mass Z rapidity
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QCD analysis - Strange PDF
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ATLAS, x=0.0232 = 1.9 GeV2Q

rs =
s+s̄
2d̄

Rs =
s+s̄
ū+d̄

Central value 1.19 1.13

Experimental data ±0.07 ±0.05

Model (mb, Q
2
min, Q

2
0 &mc) ±0.02 ±0.02

Parameterization
+0.02
−0.10

+0.01
−0.06

αS
+0.00
−0.01 ±0.01

Beam energy Ep ±0.03
+0.01
−0.02

EW corrections ±0.01 ±0.00

QCD scales
+0.08
−0.10

+0.06
−0.07

FEWZ 3.1b2 +0.10 +0.08

Total uncertainty
+0.15
−0.16 ±0.11

Improved determination of Rs with
respect to the analysis of 2010 data

Dominant uncertainties are
theoretical (QCD scales,
FEWZ-DYNNLO)

Large parametrisation uncertainties

March 7, 2017 Stefano Camarda 20



QCD analysis - Scale variations

µr µf χ2/n.d.f. rs =
s+s̄
2d̄

Rs =
s+s̄
ū+d̄

Total ATLAS
1 1 1321 / 1102 108 / 61 1.193 1.131
1/2 1/2 1297 / 1102 85 / 61 1.093 1.066
2 2 1329 / 1102 115 / 61 1.270 1.186
1 1/2 1307 / 1102 94 / 61 1.166 1.115
1 2 1312 / 1102 100 / 61 1.201 1.130
1/2 1 1304 / 1102 94 / 61 1.128 1.088
2 1 1321 / 1102 107 / 61 1.241 1.165

Large variations of the χ2 associated to variations of the
factorisation and renormalisation scales

Factorisation and renormalisation scales set to µ = mV /2 are
significantly preferred by the data (∆χ2 = 23)
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Determination of |Vcs |

|
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|V
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Central value 0.969
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2
0 &mc)
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−0.003

Parameterization
+0.003
−0.027
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Beam energy Ep ±0.001

EW corrections ±0.004

QCD scales
+0.000
−0.003

FEWZ 3.1b2 +0.011

Total uncertainty
+0.018
−0.031

The CKM matrix element |Vcs | is determined from the fit,
with a precision competitive with other measurements from D
meson decays
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tt̄/Z ratio at various centre-of-mass energies

6 measurements of tt̄ and Z
cross sections at

√
s = 7, 8,

and 13 TeV

The measurements are used to
compute tt̄/Z ratios, ratios of
Z and tt̄ cross sections at
different energies, and double
ratios, accounting for the
correlation of experimental
systematic uncertainties

Most ratio measurements are
not affected by luminosity
uncertainties
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tt̄/Z ratio at various centre-of-mass energies
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The HERAPDF2.0 and ATLAS-epWZ12 are in best overall
agreement with the data
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tt̄/Z ratio at various centre-of-mass energies

The tt̄ meausurements provide significant constraints on the
gluon PDF at high x , and the constraints is enhanced by the
inclusion of the Z data, thanks to uncertainties correlation

The Z measurements provide constraints on the total sea
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Summary

New precise measurements of W and Z inclusive cross
sections at

√
s = 7 TeV has reached a subpercent uncertainty,

and the provide significant constraints on the PDFs. The data
tables are available for the PDF groups, and will be soon in
HEPDATA

A QCD analysis of the W and Z cross sections, together with
the HERA I+II data, yields an unsuppressed strangeness
corresponding to Rs = 1.13± 0.11 at Q2 = 1.9 GeV2 and
x = 0.023, with the dominant uncertainties due to QCD
theory. The ATLAS-epWZ16 PDF grids are available on
LHAPDF

The precision of the data challenges the accuracy of fixed
order NNLO QCD predictions. Significant χ2 variations
associated with scale variations and differences between
FEWZ and DYNNLO may indicate the need for higher order
QCD corrections
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BACKUP
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Theory predictions - NLO electroweak corrections

QED FSR is the dominant correction. Simulated with
PHOTOS and unfolded from the data

QED ISR, electroweak loop corrections and QED ISR-FSR
interference are evaluated with MCSANC

Corrections are approximately −0.4% (W+), −0.3% (W−),
+6% (Z low-mass), −0.3% (Z peak), −0.5% (Z high-mass)

Additional two-loop corrections are found to be small
(< 0.1%), except for Z low-mass (−0.62± 0.15%)

Corrections are applied with the multiplicative ansatz
(KEW = σNLO

EW /σLOEW ). The additive ansatz
(KEW = σNLO

EW − σLOEW ) is considered as an uncertainty

Photon-induced contributions are evaluated with the
MRST2004qed PDF set
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Hessian profiling - Isospin asymmetry
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Moderate sensitivity to the low-x isospin asymmetry
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QCD analysis - Model and parameterisation uncertainties

Variation Total χ2/n.d.f. rs = s+s̄
2d̄

Rs = s+s̄
ū+d̄

Nominal fit 1321 / 1102 1.193 1.131
Model variations

mb = 4.25GeV 1319 / 1102 1.172 1.111
mb = 4.75GeV 1322 / 1102 1.211 1.149
Q2

min = 5GeV 2 1389 / 1149 1.202 1.128
Q2

min = 10GeV 2 1263 / 1062 1.188 1.129
Q2

0 = 1.6GeV 2 and mc = 1.37GeV 1322 / 1101 1.198 1.148
Q2

0 = 2.2GeV 2 and mc = 1.49GeV 1323 / 1101 1.197 1.119
Parameterization variations

Bs̄ 1319 / 1101 1.094 1.067
Ds̄ 1321 / 1101 1.192 1.130
Dū 1318 / 1101 1.184 1.128
Dd̄ 1321 / 1101 1.194 1.132
Ddv

1320 / 1101 1.195 1.132
Duv

1320 / 1101 1.161 1.107
Dg 1319 / 1101 1.209 1.141
Fuv 1321 / 1101 1.206 1.143
Fdv

1323 / 1101 1.203 1.141
Theoretical uncertainties

αS(mZ) = 0.116 1320 / 1102 1.185 1.121
αS(mZ) = 0.120 1323 / 1102 1.194 1.136
LHC beam energy uncert. Ep −0.6% 1322 / 1102 1.168 1.116
LHC beam energy uncert. Ep +0.6% 1319 / 1102 1.218 1.145
NLO EW down 1323 / 1102 1.199 1.132
NLO EW up 1319 / 1102 1.187 1.130
FEWZ 3.1b2 1314 / 1102 1.294 1.211
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