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Outline

W and Z production at LHC
Inclusive and differential cross sections

W+HF
Drell-Yan production
Inclusive jet production
Dijet production

3
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W/Z inclusive production in e/μ channel

4

pp      W + X

μν
eν

pp      Z + X

μμ
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Hadronic W Production

Additional valence u compared to d => W+ production favored over W- 

5

R =
⇤(W� ⇤ µ�⇥)
⇤(W+⇤ µ+⇥)

(1)

⇤(W� ⇤ µ�⇥) =
NW� · (1� f B

�)
�W� · AW� ·

�
L dt

, ⇤(W+⇤ µ+⇥) =
NW+ · (1� f B

+)
�W+ · AW+ ·

�
L dt

(2)

R =
⇤(W�)
⇤(W+)

=
NW� · (1� f B

�) · �W+ · AW+

NW+ · (1� f B
+) · �W� · AW�

(3)

⇤W = �q

⇥
dx1dx2 fq(x1) fq(x2)⇥ ⇤̂qq (4)

1

parton distribution functions parton x-sectotal x-sec

valence
(or sea)

sea

valence 
(or sea)

sea

A. Cooper-Sarkar

M

2
W = x1x2s
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W+ and W- Rapidity

6Verena I. Martinez Outschoorn May 19th, 2011
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Rapidity dependence of W+/W- production 
sensitive to differences in u and d
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A =
a� b

a+ b
(1)

�A

A
=

1�A2

2A

✓
�a

a
⇥ �b

b

◆
(2)

�A

A
=

1�A2

2A

✓
�a

a
± �b

b

◆
(3)

A(⇥) =
d⇤+

fid/d⇥ � d⇤�
fid/d⇥

d⇤+
fid/d⇥ + d⇤�

fid/d⇥
(4)

⇤±
fid =

N± �B±

C±
W · L

(5)

x1,2 =
mW⇤

s
· e±y (6)

1

W+
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Tevatron LHC

Flavor Decomposition

Dominant W production mode is ud 
quark annihilation

Valence u gives broader structure in y for W+

Significant contribution of sea quarks
Total about 30%, particularly at low y

7

J. Stirling
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W/Z cross section measurements
ATLAS, CMS and LHCb published precision measurements 
with 2010 data --> relatively recent publications

8

CMS

Much larger datasets are now available

JHEP 10 (2011) 132 Phys. Rev. D85 (2012) 072004

W ➔ μν 

Z ➔ ee 

√s = 7 TeV, 5 fb-1 { W ➔ e/μ ν : ~ 25 Million
Z ➔ ee/μμ : ~ 3 Million + √s = 8 TeV

~6 fb-1

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Fiducial phase space

9

W ! e⌫ : p

T,e

> 20 GeV , |⌘
e

| < 2.47 ,

excluding 1.37 < |⌘
e

| < 1.52 ,

p

T,⌫

> 25 GeV , m

T

> 40 GeV ;

W ! µ⌫ : p

T,µ

> 20 GeV , |⌘
µ

| < 2.4 ,

p

T,⌫

> 25 GeV , m

T

> 40 GeV ;

Z ! ee : p

T,e

> 20 GeV , both |⌘
e

| < 2.47 ,

excluding 1.37 < |⌘
e

| < 1.52 ,

66 < m

ee

< 116GeV ;

Forward Z ! ee : p

T,e

> 20 GeV , one |⌘
e

| < 2.47 ,

excluding 1.37 < |⌘
e

| < 1.52 ,

other 2.5 < |⌘
e

| < 4.9 ,

66 < m

ee

< 116GeV ;

Z ! µµ : p

T,µ

> 20 GeV , both |⌘
µ

| < 2.4 ,

66 < m

µµ

< 116GeV .
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Fiducial cross section

10

Generated
phase-space
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Reconstructed
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Uncertainties: Electron channel

11

��
W

± ��
W+

��
W� ��

Z

Trigger 0.4 0.4 0.4 <0.1

Electron reconstruction 0.8 0.8 0.8 1.6

Electron identification 0.9 0.8 1.1 1.8

Electron isolation 0.3 0.3 0.3 —

Electron energy scale and resolution 0.5 0.5 0.5 0.2

Non-operational LAr channels 0.4 0.4 0.4 0.8

Charge misidentification 0.0 0.1 0.1 0.6

QCD background 0.4 0.4 0.4 0.7

Electroweak+tt̄ background 0.2 0.2 0.2 <0.1

Emiss

T

scale and resolution 0.8 0.7 1.0 —

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

C
W/Z

theoretical uncertainty 0.6 0.6 0.6 0.3

Total experimental uncertainty 1.8 1.8 2.0 2.7

A
W/Z

theoretical uncertainty 1.5 1.7 2.0 2.0

Total excluding luminosity 2.3 2.4 2.8 3.3

Luminosity 3.4

Extrapolation

(1.8% in 2011)
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Uncertainties: Muon channel

12

��
W

± ��
W+

��
W� ��

Z

Trigger 0.5 0.5 0.5 0.1

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

Electroweak+tt̄ background 0.4 0.3 0.4 0.02

Emiss

T

resolution and scale 0.5 0.4 0.6 -

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

C
W/Z

theoretical uncertainty 0.8 0.8 0.7 0.3

Total experimental uncertainty 1.6 1.7 1.7 0.9

A
W/Z

theoretical uncertainty 1.5 1.6 2.1 2.0

Total excluding luminosity 2.1 2.3 2.6 2.2

Luminosity 3.4

Extrapolation

(1.8% in 2011)
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W inclusive cross section

13

LHC

Tevatron

SPS

RHIC

(First measurement in pp collisions)

FEWZ
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Z inclusive cross section

14

FEWZ
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Fiducial W and Z Cross Sections
ATLAS measures fiducial cross sections

No theoretical uncertainty from extrapolation outside experimental acceptance

15
Some differentiation between  PDF sets already observed now

JR09 seems to be the most discrepant

 Phys. Rev. D85 (2012) 072004

Luminosity 3.4%

σTotal: W+ versus W- σFiducial: W+ versus W-

FEWZ = DYNNLO ~ 0.5% FEWZ = DYNNLO ~ 1%

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Fiducial W and Z Cross Sections
ATLAS measures fiducial cross sections

No theoretical uncertainty from extrapolation outside experimental acceptance

16
Some differentiation between  PDF sets already observed now

JR09 seems to be the most discrepant

 Phys. Rev. D85 (2012) 072004

Luminosity 3.4%

σTotal: W± versus Z σFiducial: W± versus Z

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Lepton Universality 

Result already close to 
best measurement (RW)

PDG: 1.9%
This measurement: 2.4% 

17

Theory comparisons - lepton universality

• New measurements of the ratios of the e and µ branching fractions

RW = ⇤e
W

⇤µ
W

= Br(W � e⇥)
Br(W � µ⇥) = 1.006 ± 0.004 (sta) ± 0.006 (unc) ± 0.023 (cor) = 1.006 ± 0.024

RZ = ⇤e
Z

⇤µ
Z

= Br(Z � ee)
Br(Z � µµ) = 1.018 ± 0.014 (sta) ± 0.016 (unc) ± 0.028 (cor) = 1.018 ± 0.031

• Inserting RZ PDG value
into the present
measurement for a
combined cross section
analysis

� reduction of correlated RW

systematic uncertainty

� improved result of
RW = 0.999 ± 0.021.

)-µ+µ → BR(Z⋅ Zσ) / -e+ e→ BR(Z⋅ Zσ = ZR
0.8 0.9 1 1.1

)ν
µ 

→
±

 B
R

(W
⋅ ±

W
σ

) /
 

ν
 e

→
±

 B
R

(W
⋅ ±

W
σ

 =
 

W
R

0.9

1

1.1

 = 7 TeV)sdata 2010 (
 PDG world averageWR
 PDG world averageZR

Standard Model

-1 L dt = 33-36 pb∫

68.3% CL ellipse area

ATLAS Preliminary

)-µ+µ → BR(Z⋅ Zσ) / -e+ e→ BR(Z⋅ Zσ = ZR
0.8 0.9 1 1.1

)ν
µ 

→
±

 B
R

(W
⋅ ±

W
σ

) /
 

ν
 e

→
±

 B
R

(W
⋅ ±

W
σ

 =
 

W
R

0.9

1

1.1

M. Bellomo (CERN) W , Z inclusive cross sections Grenoble, July, 21-27 (2011) 11 / 17

 Phys. Rev. D85 (2012) 072004

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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 B ](Z)¥ s B ](W) / [ ¥ s = [ W/ZR
0 2 4 6 8 10 12 14

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction
 

 0.04  ±10.74 

 eeÆ,  Z n eÆW 
 syst. 0.19±  stat. 0.12±10.56 

µµ Æ,  Z nµ ÆW 
 syst. 0.20±  stat. 0.09±10.52 

(combined) ll   Æ,  Z n lÆW 
 syst. 0.18±  stat. 0.07±10.54 

) -  B ](W¥ s) / [  +  B ](W¥ s =  [ +/-R
0 0.5 1 1.5

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction
 

 0.01±1.43 

n eÆW 
 syst. 0.036±  stat. 0.008±1.418 

nµ ÆW 
 syst. 0.036±  stat. 0.008±1.423 

(combined)   n lÆW 
 syst. 0.032±  stat. 0.006±1.421 

) -  B ](W¥ s) / [  +  B ](W¥ s =  [ +/-R
0 0.5 1 1.5

Figure 27. Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statistical
uncertainties are represented as a black error bars, while the red error bars also include systematic
uncertainties. Luminosity uncertainties cancel in the ratios.

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

 = 7 TeVs at   -136 pbCMS

 B ( W )¥ s  th. 0.028±  exp. 0.009±0.987 

 )+ B ( W¥ s  th. 0.030±  exp. 0.009±0.982 

 )- B ( W¥ s  th. 0.029±  exp. 0.010±0.993 

 B ( Z )¥ s  th. 0.032±  exp. 0.010±1.002 

W/ZR  th. 0.015±  exp. 0.010±0.981 

+/-R  th. 0.023±  exp. 0.011±0.990 

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

lumi. uncertainty:  4%±

Figure 28. Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also include
the combining of theoretical uncertainties on the predictions and measured quantities. The yellow
band around the vertical yellow line at one represent the luminosity uncertainty (4%) that a↵ects
the cross-section measurements.

of experimental and theoretical uncertainties. For each channel the fiducial and kinematic
acceptance is defined as the fraction of events with lepton pT greater than 25 GeV
(20 GeV for Z! µ+µ�), including no final-state QED radiation, and with pseudorapidity
in the range |⌘| < 2.5 for electrons and |⌘| < 2.1 for muons. Table 20 reports the ratios of
cross sections for W and Z production and for W+ and W� production within the fiducial
and kinematic acceptances, separately for electron and muon channels.

– 49 –

Ratio W and Z Cross Sections

18

σtot×B W±/Z 

CMS

ATLAS

10.54 ± 0.07 (sta) ± 0.08 (sys) ± 0.16 (theo)

10.893 ± 0.079 (sta) ± 0.110 (sys) ± 0.116 (acc)

Benefits from experimental and theoretical systematics cancellation 21

*γZ/
fidσ / ±W

fidσ
9 9.5 10 10.5 11

 = 7 TeV)sData 2010 (
total uncertainty
exp. uncertainty

ABKM09
JR09
HERAPDF1.5
MSTW08

-1 L dt = 33-36 pb∫

ATLAS

-W
fidσ / +W

fidσ
1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

 = 7 TeV)sData 2010 (
total uncertainty
exp. uncertainty

ABKM09
JR09
HERAPDF1.5
MSTW08

-1 L dt = 33-36 pb∫

ATLAS

FIG. 18. Measured and predicted fiducial cross section ratios,
(�

W

+

+�
W

�)/�
Z/�

⇤ (top) and �
W

+

/�
W

� (bottom). The ex-
perimental uncertainty (inner yellow band) includes the exper-
imental systematic errors. The total uncertainty (outer green
band) includes the statistical uncertainty and the small con-
tribution from the acceptance correction. The uncertainties of
the ABKM, JR and MSTW predictions are given by the PDF
uncertainties considered to correspond to 68% CL and their
correlations are derived from the eigenvector sets. The results
for HERAPDF comprise all three sources of uncertainty of
that set.

bution. Compared to the fiducial cross section ratios, the
uncertainties are almost doubled, with a value of 1.8%
for the W

+

/W

� ratio and of 1.6% for the W

±
/Z ratio.

The cross section ratios, determined in the fiducial re-
gions of the W and Z measurements, are compared in
Figs. 18 and 19 with the theoretical predictions account-
ing for the correlations inherent in the PDF determina-
tions.

The mean boson rapidity for the data presented here
is about zero, and thus on average the Bjorken x values
of the incoming partons are equal, x

1

= x

2

' 0.01. In
a rough leading order calculation, neglecting the heavy
quark and Cabibbo disfavoured parts of the cross sections
and the �

⇤ contribution to the Z cross section, and also
assuming the light sea and anti-quark distributions to be
all the same, xs, the (W+ +W

�)/Z ratio is found to be
proportional to (u

v

+ d

v

+2s)/[(v2
u

+ a

2

u

)(u
v

+ s) + (v2
d

+

sta sys acc

W+/W� 1.542± 0.007± 0.012± 0.001

W+/Z 6.493± 0.049± 0.064± 0.005

W�/Z 4.210± 0.033± 0.049± 0.003

W±/Z 10.703± 0.078± 0.110± 0.008

TABLE XIV. Measured ratios of the cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W+ +W�)/Z, obtained in the fiducial regions and combin-
ing the electron and muon final states. The uncertainties de-
note the statistical (sta), the experimental systematic (sys),
and the acceptance (acc) uncertainties.

sta sys acc

W+/W� 1.454± 0.006± 0.012± 0.022

W+/Z 6.454± 0.048± 0.065± 0.072

W�/Z 4.439± 0.034± 0.050± 0.049

W±/Z 10.893± 0.079± 0.110± 0.116

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W++W�)/Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

a

2

d

)(d
v

+ s)]. Here xu

v

(xd
v

) is the up (down) valence-
quark momentum distribution and v

u,d

and a

u,d

are the
vector and axial-vector weak neutral current couplings
of the light quarks. As the numerical values for the Z
coupling to the up and down quarks, v2

u,d

+ a

2

u,d

, are of
similar size, the W

±
/Z ratio measures a rather PDF in-

sensitive quantity, provided that the sea is flavour sym-
metric. Since this symmetry assumption, with a small
deviation to account for some light sea quark asymme-
try near Bjorken x ' 0.1, is inherent in all major PDF
fit determinations, there is indeed not much di↵erence
observed between the various W

±
/Z ratio predictions,

see Fig. 18 (top). The agreement with the present mea-
surement therefore supports the assumption of a flavour
independent light quark sea at high scales, and Bjorken
x near to 0.01. The predictions for the charge dependent
W

+

/W

�, W+

/Z and W

�
/Z ratios, shown in Figs. 18

(bottom) and 19, exhibit more significant deviations as
they are more sensitive to up-down quark distribution
di↵erences.

VII. SUMMARY

New measurements are presented of the inclusive cross
sections of Drell-Yan W

± and Z/�

⇤ production in the
electron and muon decay channels. They are based on
the full data sample collected by the ATLAS experiment

 Phys. Rev. D85 (2012) 072004JHEP 10 (2011) 132

1.6%

ATLAS
σfiducial

10.703 ± 0.078 (sta) ± 0.110 (sys) ± 0.008 (acc) 1.3%

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Cross Section Ratio W+/W-

19

σtot×B W+/W- 

CMS

ATLAS

1.421 ± 0.006 (sta) ± 0.014 (sys) ± 0.029 (the)

1.454 ± 0.006 (sta) ± 0.012 (sys) ± 0.022 (acc)

45

 B ](Z)× σ B ](W) / [ × σ = [ W/ZR
0 2 4 6 8 10 12 14

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.04  ±10.74 

 ee→,  Z ν e→W 
 syst. 0.192±  stat. 0.120±10.560 

µµ →,  Z νµ →W 
 syst. 0.197±  stat. 0.090±10.520 

(combined) ll   →,  Z ν l→W 
 syst. 0.179±  stat. 0.070±10.540 

) -  B ](W× σ) / [  +  B ](W× σ =  [ +/-R
0 0.5 1 1.5

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.01±1.43 

ν e→W 
 syst. 0.036±  stat. 0.008±1.418 

νµ →W 
 syst. 0.036±  stat. 0.008±1.423 

(combined)   ν l→W 
 syst. 0.032±  stat. 0.006±1.421 

Figure 27: Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statisti-
cal uncertainties are represented as a black error bars, while the red error bars also include
systematic uncertainties. Luminosity uncertainties cancel in the ratios.
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Figure 28: Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also
include the combining of theoretical uncertainties on the predictions and measured quantities.
The yellow band around the vertical yellow line at one represent the luminosity uncertainty
(4%) that affects the cross-section measurements.

Table 19: Summary of ratios of CMS measurements to the theoretical predictions.
Quantity Ratio (CMS/Theory)
� ⇥ B(W±) 0.986 ± 0.009 (exp)± 0.028 (th) [±0.029 (tot)]
� ⇥ B(W+) 0.982 ± 0.010 (exp)± 0.030 (th) [±0.031 (tot)]
� ⇥ B(W�) 0.992 ± 0.010 (exp)± 0.029 (th) [±0.031 (tot)]
� ⇥ B(Z) 1.002 ± 0.010 (exp)± 0.032 (th) [±0.034 (tot)]
� ⇥ B(W)/� ⇥ B(Z) 0.981 ± 0.010 (exp)± 0.015 (th) [±0.018 (tot)]
� ⇥ B(W+)/� ⇥ B(W�) 0.990 ± 0.011 (exp)± 0.023 (th) [±0.025 (tot)]

Benefits from experimental and theoretical systematics cancellation 
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FIG. 18. Measured and predicted fiducial cross section ratios,
(�

W

+

+�
W

�)/�
Z/�

⇤ (top) and �
W

+

/�
W

� (bottom). The ex-
perimental uncertainty (inner yellow band) includes the exper-
imental systematic errors. The total uncertainty (outer green
band) includes the statistical uncertainty and the small con-
tribution from the acceptance correction. The uncertainties of
the ABKM, JR and MSTW predictions are given by the PDF
uncertainties considered to correspond to 68% CL and their
correlations are derived from the eigenvector sets. The results
for HERAPDF comprise all three sources of uncertainty of
that set.

bution. Compared to the fiducial cross section ratios, the
uncertainties are almost doubled, with a value of 1.8%
for the W

+

/W

� ratio and of 1.6% for the W

±
/Z ratio.

The cross section ratios, determined in the fiducial re-
gions of the W and Z measurements, are compared in
Figs. 18 and 19 with the theoretical predictions account-
ing for the correlations inherent in the PDF determina-
tions.

The mean boson rapidity for the data presented here
is about zero, and thus on average the Bjorken x values
of the incoming partons are equal, x

1

= x

2

' 0.01. In
a rough leading order calculation, neglecting the heavy
quark and Cabibbo disfavoured parts of the cross sections
and the �

⇤ contribution to the Z cross section, and also
assuming the light sea and anti-quark distributions to be
all the same, xs, the (W+ +W

�)/Z ratio is found to be
proportional to (u

v

+ d

v

+2s)/[(v2
u

+ a

2

u

)(u
v

+ s) + (v2
d

+

sta sys acc

W+/W� 1.542± 0.007± 0.012± 0.001

W+/Z 6.493± 0.049± 0.064± 0.005

W�/Z 4.210± 0.033± 0.049± 0.003

W±/Z 10.703± 0.078± 0.110± 0.008

TABLE XIV. Measured ratios of the cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W+ +W�)/Z, obtained in the fiducial regions and combin-
ing the electron and muon final states. The uncertainties de-
note the statistical (sta), the experimental systematic (sys),
and the acceptance (acc) uncertainties.

sta sys acc

W+/W� 1.454± 0.006± 0.012± 0.022

W+/Z 6.454± 0.048± 0.065± 0.072

W�/Z 4.439± 0.034± 0.050± 0.049

W±/Z 10.893± 0.079± 0.110± 0.116

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W++W�)/Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

a

2

d

)(d
v

+ s)]. Here xu

v

(xd
v

) is the up (down) valence-
quark momentum distribution and v

u,d

and a

u,d

are the
vector and axial-vector weak neutral current couplings
of the light quarks. As the numerical values for the Z
coupling to the up and down quarks, v2

u,d

+ a

2

u,d

, are of
similar size, the W

±
/Z ratio measures a rather PDF in-

sensitive quantity, provided that the sea is flavour sym-
metric. Since this symmetry assumption, with a small
deviation to account for some light sea quark asymme-
try near Bjorken x ' 0.1, is inherent in all major PDF
fit determinations, there is indeed not much di↵erence
observed between the various W

±
/Z ratio predictions,

see Fig. 18 (top). The agreement with the present mea-
surement therefore supports the assumption of a flavour
independent light quark sea at high scales, and Bjorken
x near to 0.01. The predictions for the charge dependent
W

+

/W

�, W+

/Z and W

�
/Z ratios, shown in Figs. 18

(bottom) and 19, exhibit more significant deviations as
they are more sensitive to up-down quark distribution
di↵erences.

VII. SUMMARY

New measurements are presented of the inclusive cross
sections of Drell-Yan W

± and Z/�

⇤ production in the
electron and muon decay channels. They are based on
the full data sample collected by the ATLAS experiment

JHEP 10 (2011) 132  Phys. Rev. D85 (2012) 072004

ATLAS
σfiducial

1.542 ± 0.007 (sta) ± 0.012 (sys) ± 0.001 (acc) 0.9%

1.8%

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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is shown after scaling the normalisation to the 2012 integrated luminosity. A slight harder production is45

observed going from 7 to 8 TeV center of mass energy, as expected. The pseudo-rapidity distribution of46

selected muons is shown in Figure 4.47
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Figure 1: Invariant mass distribution of selected muon pairs. The simulation (based on Powheg-
Pythia8 [1, 2] MC with CT10 PDFs [3]) is normalised to the data and has been corrected in order to
remove residual di↵erences between the data and MC resolutions. Only statistical errors are shown.
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Figure 2: Rapidity distribution of selected muon pairs in 66, 116 GeV invariant-mass range. Only sta-
tistical errors are shown. The simulation (based on Powheg-Pythia8 [1, 2] MC with CT10 PDFs [3]) is
normalised to the data. Note that the slight asymmetry between positive and negative rapidity sides is
due to the asymmetric coverage of the muon-spectrometer as installed in the 2012 data-taking setup.
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Figure 3: Transverse momentum distribution of muon pairs selected in 66, 116 GeV invariant-mass range
in
p

s = 8 TeV collisions (full points) compared to the spectrum measured in
p

s = 7 TeV data (open
points). The latter is normalised to the number of events selected in

p
s = 8 TeV collisions. Only

statistical errors are shown.
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Figure 27. Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statistical
uncertainties are represented as a black error bars, while the red error bars also include systematic
uncertainties. Luminosity uncertainties cancel in the ratios.
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Figure 28. Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also include
the combining of theoretical uncertainties on the predictions and measured quantities. The yellow
band around the vertical yellow line at one represent the luminosity uncertainty (4%) that a↵ects
the cross-section measurements.

of experimental and theoretical uncertainties. For each channel the fiducial and kinematic
acceptance is defined as the fraction of events with lepton pT greater than 25 GeV
(20 GeV for Z! µ+µ�), including no final-state QED radiation, and with pseudorapidity
in the range |⌘| < 2.5 for electrons and |⌘| < 2.1 for muons. Table 20 reports the ratios of
cross sections for W and Z production and for W+ and W� production within the fiducial
and kinematic acceptances, separately for electron and muon channels.

– 49 –
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9

The NNLO prediction for this ratio is 11.04± 0.04, in good agreement with the measured value.189

The ratio of cross sections for W+ and W� production is given by

sW+

sW�
=

NW+

NW�

eW�

eW+

AW�

AW+
,

where AW+ and AW� are the acceptances for W+ and W�, respectively. The two different decay190

channels are combined by assuming fully correlated uncertainties for the acceptance factors,191

with other uncertainties assumed uncorrelated. This results in the measurements192

s(pp ! W+X)⇥ BR(W+ ! e+n)
s(pp ! W�X)⇥ BR(W� ! e�n)

= 1.44 ± 0.01(stat)± 0.05(syst),

s(pp ! W+X)⇥ BR(W+ ! µ+n)
s(pp ! W�X)⇥ BR(W� ! µ�n)

= 1.38 ± 0.01(stat)± 0.03(syst),

s(pp ! W+X)⇥ BR(W+ ! l+n)
s(pp ! W�X)⇥ BR(W� ! l�n)

= 1.39 ± 0.01(stat)± 0.02(syst).

The NNLO prediction for this ratio is 1.41 ± 0.01, which agrees with the presented measure-193

ment.194

Summaries of the measurements are given in Figs. 6, 7, and 8, illustrating the consistency of195

the measurements in the electron and muon channels, as well as confirming the theoretical196

predictions. The statistical error is represented in black and the total experimental uncertainty,197

obtained by adding in quadrature the statistical and systematic uncertainties, is in red. For198

the cross section measurements, the luminosity uncertainty is added to the experimental un-199

certainty, and is represented in green. The yellow vertical line represents the theoretical pre-200

diction, and the light-yellow vertical band is the theoretical uncertainty, interpreted as a 68%201

confidence interval, as described earlier.202

Figure 6: Summary of the W and Z production cross section times branching ratio measure-
ments. Measurements in the electron and muon channels, and combined, are compared to
the theoretical predictions (yellow band) computed at the NNLO in QCD with FEWZ and the
MSTW2008 PDF set. Statistical uncertainties are represented as a black error bars, while the red
error bars also include systematic uncertainties, and the green error bars also include luminos-
ity uncertainties.

Figure 9 shows the measured and predicted W versus Z and W+ versus W� cross sections.203

10 7 Results

Figure 7: Summary of the W+ and W� production cross section times branching ratio measure-
ments. Measurements in the electron and muon channels, and combined, are compared to the
theoretical predictions computed at the NNLO in QCD with FEWZ and the MSTW2008 PDF
set. Statistical uncertainties are negligible in this plot; the red error bars represent systematic
uncertainties, and the green error bars also include luminosity uncertainties.

Figure 8: Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with FEWZ and the MSTW2008
PDF set. Statistical uncertainties are represented as a black error bars, while the red error bars
also include systematic uncertainties. Luminosity uncertainties cancel in the ratios.

√s = 7 TeV √s = 8 TeV

W/Z W/Z

CMS-PAS-12-011New

√s = 8 TeV√s = 8 TeV



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

W and Z Inclusive Cross Sections

22

11

Figure 9: Measured and predicted W versus Z production and W+ versus W� cross sections.
The ellipses illustrate the 68% coverage for total uncertainties (open black) and excluding the
luminosity uncertainty (purple filled). The uncertainties of the theoretical predictions corre-
spond to the PDF uncertainties only.
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Figure 10: Measurements of inclusive W and Z production cross sections times branching ra-
tios as a function of center-of-mass energy for CMS and experiments at lower-energy colliders.
The lines are the NNLO theory predictions.

Figure 10 shows the W and Z boson production cross section measurements at
p

s=8 TeV to-204

gether with the earlier CMS measurements at
p

s =7 TeV and with measurements at lower205

center-of-mass energy hadron colliders. The predicted increase of the cross sections with cen-206

ter of mass energy is confirmed by our measurements.207

8 Summary208

We performed measurements of inclusive W and Z cross sections in pp collisions at
p

s =209

8 TeV using 18.7 ± 0.9 pb�1 of data recorded with the CMS detector. The W and Z bosons210

are observed via their decays to electrons and muons. The measured inclusive cross sections211

ATLAS points
same as CMS

New
CMS-PAS-12-011
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Figure 6: Measurements of the Z, W+ and W

� cross-section and ratios, data are shown as
bands which the statistical (dark shaded/orange) and total (light hatched/yellow) errors.
The measurements are compared to NNLO and NLO predictions with di↵erent PDF sets
for the proton, shown as points with error bars. The PDF uncertainty, evaluated at the
68% confidence level, and the theoretical uncertainties are added in quadrature to obtain
the uncertainties of the predictions.

�

W

+!µ

+
⌫

/�

Z!µµ

= 10.8± 0.3± 0.5
�

W

�!µ

�
⌫̄

/�

Z!µµ

= 8.5± 0.2± 0.4 .

A summary of the measurements of the inclusive cross-sections �

W

+!µ

+
⌫

, �
W

�!µ

�
⌫̄

and �

Z!µµ

, and the ratios is shown in Fig. 6. The measurements are shown as a band
which represents the total and statistical uncertainties.

The results are compared to theoretical predictions calculated at NNLO with the
programDynnlo [21] for the NNLO PDF sets of MSTW08 [28], ABKM09 [29], JR09 [30],
HERA15 [12] and NNPDF21 [31] and at NLO for the NLO PDF set CTEQ6m [16].4 The
scale uncertainties are estimated by varying the renormalisation and factorisation scales by

4
Dynnlo sets ↵

s

to the value of ↵
s

at the mass of the Z boson as given by the di↵erent PDF sets.

16

JHEP 06 (2012) 058
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dσZ/dyZ versus NNLO PDF predictions

Broadly well described by predictions
Can impact PDF central values and uncertainties

Full covariance matrix available from all experiments
Information on d, u and s decomposition at x ∼ 0.01 25
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Figure 7: Di↵erential cross-section for Z ! µµ as a function of yZ . The dark shaded
(orange) bands correspond to the statistical uncertainties, the light hatched (yellow) band
to the statistical and systematic uncertainties added in quadrature. Superimposed are
NNLO (NLO) predictions with di↵erent parametrisations for the PDF as points with
error bars; they are displaced horizontally for presentation.
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Figure 8: Di↵erential W cross-section in bins of muon pseudorapidity. The dark shaded
(orange) bands correspond to the statistical uncertainties, the light hatched (yellow) band
to the statistical and systematic uncertainties added in quadrature. Superimposed are
NNLO (NLO) predictions as described in Fig 7.

17

17

are compared in Figs. 12 and 13 with the calculated
NNLO predictions using the JR09, ABKM09, HERA-
PDF1.5 and MSTW08 NNLO PDF sets. The uncertain-
ties of the bin-wise predictions are a convolution of the
PDF uncertainties, considered by the authors of the vari-
ous PDF sets 2 to correspond to 68% C.L., and a residual
numerical uncertainty of below 0.5%. One observes that
the measured y

Z

and ⌘

`

dependencies are broadly de-
scribed by the predictions of the PDF sets considered.
Some deviations, however, are visible, for example the
lower Z cross section at central rapidities in the case of
the JR09 PDF set, or the tendency of the ABKM09 pre-
diction to overshoot the Z and the W cross sections at
larger y

Z

and ⌘

`

, respectively. It thus can be expected
that the di↵erential cross sections presented here will re-
duce the uncertainties of PDF determinations and also
influence the central values.

The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry

A

`

(⌘
`

) =
d�

W

+

/d⌘
`

� d�
W

�
/d⌘

`

d�
W

+

/d⌘
`

+ d�
W

�
/d⌘

`

, (5)

which was previously published [26] by ATLAS based
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FIG. 12. Di↵erential d�/d|y
Z

| cross section measurement for
Z ! `` compared to NNLO theory predictions using vari-
ous PDF sets. The kinematic requirements are 66 < m

``

<
116 GeV and p

T,`

> 20 GeV. The ratio of theoretical predic-
tions to data is also shown. Theoretical points are displaced
for clarity within each bin.

2 The HERAPDF analysis considers explicitly uncertainties due to
parameterisation and fit parameter choices. This leads to some-
what enlarged and asymmetric errors as compared to the genuine
experimental uncertainties, which in the HERAPDF analysis cor-
respond to a change of �2 by one unit.

on initial muon measurements alone. The asymmetry
values, obtained in the W fiducial region of this analy-
sis, and their uncertainties are listed in Tab. XXVI. The
measurement accuracy ranges between 4 and 8%. The
previous and the new measurements are consistent. Since
the present measurement is more precise and relies on the
same data taking period, it supersedes the previous re-
sult.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the
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FIG. 13. Di↵erential d�/d|⌘
`

+

| (top) and d�/d|⌘
`

� | (bot-
tom) cross section measurements for W ! `⌫ compared to
the NNLO theory predictions using various PDF sets. The
kinematic requirements are p

T,`

> 20 GeV, p
T,⌫

> 25 GeV
and m

T

> 40 GeV. The ratio of theoretical predictions to
data is also shown. Theoretical points are displaced for clar-
ity within each bin.

Z ZLHCb

JHEP 06 (2012) 058 Phys. Rev. D85 (2012) 072004

CMS Z rapidity measurement: 
Phys. Rev. D 85 (2012) 032002

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://dx.doi.org/10.1103/PhysRevD.85.032002
http://dx.doi.org/10.1103/PhysRevD.85.032002
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dσW/dηl versus NNLO PDF predictions

Broadly well described by predictions
Can impact PDF central values and 
uncertainties

Information on uv and dv PDFs

26

17

are compared in Figs. 12 and 13 with the calculated
NNLO predictions using the JR09, ABKM09, HERA-
PDF1.5 and MSTW08 NNLO PDF sets. The uncertain-
ties of the bin-wise predictions are a convolution of the
PDF uncertainties, considered by the authors of the vari-
ous PDF sets 2 to correspond to 68% C.L., and a residual
numerical uncertainty of below 0.5%. One observes that
the measured y

Z

and ⌘

`

dependencies are broadly de-
scribed by the predictions of the PDF sets considered.
Some deviations, however, are visible, for example the
lower Z cross section at central rapidities in the case of
the JR09 PDF set, or the tendency of the ABKM09 pre-
diction to overshoot the Z and the W cross sections at
larger y

Z

and ⌘

`

, respectively. It thus can be expected
that the di↵erential cross sections presented here will re-
duce the uncertainties of PDF determinations and also
influence the central values.

The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry
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FIG. 12. Di↵erential d�/d|y
Z

| cross section measurement for
Z ! `` compared to NNLO theory predictions using vari-
ous PDF sets. The kinematic requirements are 66 < m

``

<
116 GeV and p

T,`

> 20 GeV. The ratio of theoretical predic-
tions to data is also shown. Theoretical points are displaced
for clarity within each bin.

2 The HERAPDF analysis considers explicitly uncertainties due to
parameterisation and fit parameter choices. This leads to some-
what enlarged and asymmetric errors as compared to the genuine
experimental uncertainties, which in the HERAPDF analysis cor-
respond to a change of �2 by one unit.

on initial muon measurements alone. The asymmetry
values, obtained in the W fiducial region of this analy-
sis, and their uncertainties are listed in Tab. XXVI. The
measurement accuracy ranges between 4 and 8%. The
previous and the new measurements are consistent. Since
the present measurement is more precise and relies on the
same data taking period, it supersedes the previous re-
sult.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the
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FIG. 13. Di↵erential d�/d|⌘
`

+

| (top) and d�/d|⌘
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� | (bot-
tom) cross section measurements for W ! `⌫ compared to
the NNLO theory predictions using various PDF sets. The
kinematic requirements are p

T,`

> 20 GeV, p
T,⌫

> 25 GeV
and m

T

> 40 GeV. The ratio of theoretical predictions to
data is also shown. Theoretical points are displaced for clar-
ity within each bin.
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NNLO (NLO) predictions with di↵erent parametrisations for the PDF as points with
error bars; they are displaced horizontally for presentation.
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W-Lepton Charge Asymmetry

27

detector  
acceptance 

Karsten Köneke 
June 2nd 2012 

Measurement of W/Z production with the ATLAS detector 19/31 

W charge asymmetry  
Definition: 

•  Sensitive to valence quark  

•  Usable to constrain uv/dv at low x 

Combined results: 
•  More constrained in central region 

(ATLAS+CMS) 

•  Extended up to |η| ≈ 3.7 (LHCb) 

Phys. Rev. D85, 072004 (2012) 

ATLAS-CONF-2011-129 
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W-Lepton Charge Asymmetry
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Karsten Köneke 
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Measurement of W/Z production with the ATLAS detector 19/31 

W charge asymmetry  
Definition: 

•  Sensitive to valence quark  

•  Usable to constrain uv/dv at low x 

Combined results: 
•  More constrained in central region 

(ATLAS+CMS) 

•  Extended up to |η| ≈ 3.7 (LHCb) 

Phys. Rev. D85, 072004 (2012) 

ATLAS-CONF-2011-129 
Karsten Köneke 
June 2nd 2012 

Measurement of W/Z production with the ATLAS detector 19/31 

W charge asymmetry  
Definition: 

•  Sensitive to valence quark  

•  Usable to constrain uv/dv at low x 

Combined results: 
•  More constrained in central region 

(ATLAS+CMS) 

•  Extended up to |η| ≈ 3.7 (LHCb) 

Phys. Rev. D85, 072004 (2012) 

ATLAS-CONF-2011-129 

ATLAS-CONF-2011-129 

First LHC combined plot (LHC EWK WG)
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W charge asymmetry: update
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Figure 2: Comparison of the measured electron asymmetry to the predictions of different PDF
models for electron pT > 35 GeV. The error bars include both statistical and systematic uncer-
tainties. The data points are placed in the center of the |h| bins. The PDF uncertainty bands are
estimated using the PDF reweighting technique and correspond to 68% confidence level.

arXiv:1206.2598 

Discrimination between PDF at low |η| 

http://arxiv.org/abs/1206.2598
http://arxiv.org/abs/1206.2598
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Strangeness in the Proton (from W and Z data)

QCD fit of ATLAS differential distributions for W+, W- 
and Z with HERA e±p DIS data

NNLO pQCD analysis
HERAFitter framework with MCFM+APPLGRID NLO QCD
Corrected to NNLO QCD using k factors

30

rs =
0.5(s+ s̄)

d̄

Phys.Rev.Lett. 109 (2012) 012001

rs = 0.5 fixed: χ2/ndf = 44.5/30
rs free: χ2/ndf = 33.9/30

     

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton (from W and Z data)

31

Phys.Rev.Lett. 109 (2012) 012001

18 R. Plačakytė, PDF4LHC meeting, 08.10.2012 

Proton-Proton Collisions: W/Z production

- all flavours contribute to Z

- for W u and d quarks    
  dominate 

Precise parton distributions
are needed for LHC analyses

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton
No strange sea suppresion observed

32

rs =
0.5(s+ s̄)

d̄

rs = 1.0+0.25
�0.28

Phys.Rev.Lett. 109 (2012) 012001

Fit results:
- Light quark sea at low x is flavor    
  symmetric (x ~0.023, Q2 = 1.9 GeV2)

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton (from W and Z data)

33

Phys.Rev.Lett. 109 (2012) 012001

Fit results:
- Light quark sea at low x is flavor    
  symmetric (x ~0.023, Q2 = 1.9 GeV2)
- Total sea enhancement of 8%

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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W + Charm Production at LHC
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 W + charm measurement in CMS

W+charm data  → direct probe of the strange PDF

→ s can be disentangled 
tagging W+ and W- events

> 10% of the W + jets events 
at the LHC contain c jets

There are discrepancies in s density between different PDF sets which 
are not understood

Ongoing: differential distributions with 2011 data (reduced uncertainties)

EWK-11-013

7 R. Plačakytė, PDF4LHC meeting, 08.10.2012 

 W + charm measurement in CMS

W+charm data  → direct probe of the strange PDF

→ s can be disentangled 
tagging W+ and W- events

> 10% of the W + jets events 
at the LHC contain c jets

There are discrepancies in s density between different PDF sets which 
are not understood

Ongoing: differential distributions with 2011 data (reduced uncertainties)

EWK-11-013

Direct probe of  the strange PDF
~10% of W+jets events have charm
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W + b Production at LHC

35

Important background for Higgs and top

Agreement with theoretical 
expectations at 1.5 σ level

PDF uncertainties: ~ 7%
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Drell-Yan Production
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Drell-Yan Production at LHC

37

1.4 Million
events

Normalized

Needs NNLO

CMS-PAS-EWK-11-007

Low-mass DY
constraints
low-x region
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DY double-differential cross section (CMS)

38

Significant differences between data, POWHEG 
NLO and FEWZ NNLO calculations at low mass
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Figure 8: Di↵erential cross-section for �? ! µµ as a function of Mµµ. The dark shaded
(orange) bands correspond to the statistical uncertainties, the light shaded (yellow) band
to the statistical and systematic uncertainties added in quadrature. Superimposed are
the PYTHIA predictions and the NLO predictions from FEWZ and DYNNLO; they are
displaced horizontally for presentation. The shaded vertical band corresponds to the mass
region of the ⌥ which is not included in the measurement. The uncertainties of the NLO
predictions contain the PDF uncertainties evaluated at the 68% confidence level and the
theoretical errors added in quadrature. The two bins with Mµµ > 40GeV/c have a cut
of pµT > 15GeV/c for the data and the predictions. The lower plot shows the ratio of the
predictions or the uncertainties to the data.

16

Υ

Low mass DY

LHCb-CONF-2012-013
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Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 4

ATLAS jet measurements: Introduction

● Jet algorithm: anti-kt with distance parameter R=0.4, R=0.6
→ defined at parton / particle / detector level

● Measurement:

- Same procedure for all measurements here (next slides)

- Unfolding of data from detector effects (→particle level)
● Predictions:

- NLO pQCD with non-perturbative corrections (→particle level)

- Compare to different generators, tunes and PDFs

parton level particle level detector level

Jet algorithm: 
anti-kt with distance parameter R=0.4 and R=0.6

Defined at parton, particle and detector lever
Measurement

Unfolding data from detector effect (--> particle level)
Predictions:

NLO pQQCD with non-perturbative corrections
Compare different generators, tunes and PDFs
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Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 10

Inclusive Jet and Dijet Cross Section

Inclusive jet cross section Dijet cross section

● Kinematic range:
|y| < 4.4, 20 < p

T
 < 1500 GeV

● Very good agreement over
9 orders of magnitude

● y* = |y
1
 - y

2
| / 2 < 4.4

60GeV < m
12 

< 4.1TeV

● Very good agreement
Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 10

Inclusive Jet and Dijet Cross Section

Inclusive jet cross section Dijet cross section

● Kinematic range:
|y| < 4.4, 20 < p

T
 < 1500 GeV

● Very good agreement over
9 orders of magnitude

● y* = |y
1
 - y

2
| / 2 < 4.4

60GeV < m
12 

< 4.1TeV

● Very good agreement
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Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 11

Impact of different PDFs

Inclusive jet cross section

● Good agreement in general, slight deviations in forward region

● Comparison to MSTW 2008, NNPDF 2.1, HERAPDF 1.5

→ MSTW 2008 follows trend best

Good general agreement
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ATLAS-CONF-2012-128

Luminosity uncertainty: 2.8%

Measurement made in the kinematic regions: 
20 ≤ pT <430 GeV and  |y| < 4.4 

R=0.4 R=0.6



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

Inclusive jet cross section at 2.76 TeV

45

ATLAS-CONF-2012-128
Systematic uncertainties

PDF4LHC Workshop  8th October 2012 -  CERN

M.Sutton - PDF constraints from the ATLAS Collaboration

Systematic uncertainties

• Calorimeter and Jet reconstruction, common to both analyses at 7 TeV and 2.76 TeV
• Jet energy scale (JES) systematics are largely correlated between the two analyses
• Same kinematic binning - y, pT etc, uncertainties are largely dependent on the pT and the y of the 

jets so JES uncertainty will largely cancel between corresponding bins
6

Table 2: Description of the bin-to-bin uncertainty correlation in the measurement of the inclusive jet cross

section at
√
s= 2.76 TeV. Each number corresponds to a nuisance parameter for which the corresponding

uncertainty is fully correlated in jet pT. Bins with the same nuisance parameter are treated as fully

correlated, while bins with different nuisance parameters are uncorrelated. Numbers are assigned to be

the same as in the previous publication [30]. The sources indicated by ui are sources uncorrelated in the

jet pT and y. The correlation to the previous cross section measurement at
√
s= 7 TeV [30] is indicated

in the last column, where full correlation is indicated by a Y and no correlation by a N. The description

of the JES uncertainty sources can be found in Refs. [75,76]. JES14 is a source due to pile-up correction

and is not considered in this measurement. The sources JES6 and JES15 were merged together in the

previous measurement and the sum of the two uncertainties added in quadrature is fully correlated to the

JES6 in the previous measurement, indicated by the symbol ”*” in the table. The nuisance parameter

label 31 is skipped in order to be able to keep the same numbers for corresponding nuisance parameters

in the two jet cross section measurements.

Uncertainty source |y| bins Correlation
0-0.3 0.3-0.8 0.8-1.2 1.2-2.1 2.1-2.8 2.8-3.6 3.6-4.4 to 7 TeV

Trigger efficiency u1 u1 u1 u1 u1 u1 u1 N
Jet reconstruction eff. 83 83 83 83 84 85 86 Y
Jet selection eff. u2 u2 u2 u2 u2 u2 u2 N
JES1: Noise thresholds 1 1 2 3 4 5 6 Y
JES2: Theory UE 7 7 8 9 10 11 12 Y
JES3: Theory showering 13 13 14 15 16 17 18 Y
JES4: Non-closure 19 19 20 21 22 23 24 Y
JES5: Dead material 25 25 26 27 28 29 30 Y
JES6: Forward JES generators 88 88 88 88 88 88 88 *
JES7: E/p response 32 32 33 34 35 36 37 Y
JES8: E/p selection 38 38 39 40 41 42 43 Y
JES9: EM + neutrals 44 44 45 46 47 48 49 Y
JES10: HAD E-scale 50 50 51 52 53 54 55 Y
JES11: High pT 56 56 57 58 59 60 61 Y
JES12: E/p bias 62 62 63 64 65 66 67 Y
JES13: Test-beam bias 68 68 69 70 71 72 73 Y
JES15: Forward JES detector 89 89 89 89 89 89 89 *
Jet energy resolution 76 76 77 78 79 80 81 Y
Jet angle resolution 82 82 82 82 82 82 82 Y
Unfolding: Closure test 74 74 74 74 74 74 74 N
Unfolding: Jet matching 75 75 75 75 75 75 75 N
Luminosity 87 87 87 87 87 87 87 N

14

Calorimeter and jet reconstruction common to 
both analyses at 7 TeV and 2.76 TeV

Jet energy scale (JES) systematics are largely correlated 
between the two analyses



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

Inclusive jet cross section at 2.76 TeV

46

Uncertainties on 2.76TeV jet cross section

Uncertainties on the ratio 2.76 TeV to 7 TeV jet cross sections
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Systematic uncertainties are large ==> not easy to assess PDF impact
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Cross section ratio 2.76 TeV/7 TeV
Ratio of experimental uncertainties is reduced and 
generally smaller than the theory uncertainty 

48



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

Assessment of effect on PDFs

49

Fit HERA data together with ATLAS 7 TeV and 2.76 TeV data
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4 7 Measurement-Theory Comparison
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Figure 1: Inclusive jet (left) and dijet (right) cross sections compared to the theory prediction
using the central value of the NNPDF PDF set.

NLO calculation is performed using five different PDF sets: CT10 [17], MSTW2008NLO [18],
NNPDF2.1 [19], HERAPDF1.5 [20], and ABKM09 [21] at the corresponding default values of
the strong coupling constant aS(MZ) = 0.1180, 0.120, 0.119, 0.1176, and 0.1179 respectively. The
non-perturbative effects are estimated from the simulation, using the event generators PYTHIA6
(tune Z2 1) and HERWIG++ 2.4.2 [23]. The chosen Monte Carlo models are representative of the
possible values of the non-perturbative corrections, due to their different physics description
(PYTHIA6 vs HERWIG++). The non-perturbative correction is defined as the ratio of the cross
section predicted with the nominal generator settings divided by the cross section predicted
with the MPI and hadronisation switched off. The central value of the non-perturbative cor-
rection is calculated from the average of the two models considered, and ranges from 1% to
20%. The PDF variation introduces uncertainties on the theoretical prediction up to 30%, while
the variation of aS(MZ) by 0.001 introduces an additional 1–2% uncertainty. The renormal-
ization and factorization scale uncertainty is estimated as the maximum deviation at the six
points (µF/µ, µR/µ) = (0.5, 0.5), (2, 2), (1, 0.5), (1, 2), (0.5, 1), (2, 1), where µ = pT (inclusive)
or µ = pave

T (dijet). An additional uncertainty of at most 10% is caused by the non-perturbative
correction. Scale uncertainty ranges from 5% to 10% for |y| < 1.5 but increases to 40% for the
outer |y| bins and for high dijet masses and jet pTs. Overall, the PDF uncertainty is dominant.

7 Measurement-Theory Comparison

In order to reveal the details of the agreement between the CMS data and the theory prediction,
the ratio of the two is taken. Figures 2 - 3 shows the ratio to the prediction using the central
value of the NNPDF PDF set. The additional curves represent the ratio of the other PDF sets’
central values. An overall good agreement is observed in all rapidity bins, with the various
theory predictions showing differences of ⇡ 10%.

Figures 4- 12 show the comparison of the measurement with the central value of all PDF sets,

1The PYTHIA6 Z2 tune is identical to the Z1 tune described in [22] except that Z2 uses the CTEQ6L PDF while z1
uses CTEQ5L

Double differential cross sections

Inclusive Dijets

Using full dataset at 7 TeV
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Inclusive Dijets
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Figure 2: Ratio of inclusive jet (left) and dijet (right) cross sections to the theory prediction using
the central value of the NNPDF PDF set. The solid histograms show the ratio of the various
PDF sets to NNPDF.
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Figure 4: Ratio of inclusive jet (left) and dijet (right) cross sections in |y| < 0.5 to the theory
prediction of different PDF sets. The blue and red histograms indicate the total experimental
and theoretical uncertainties, respectively.
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Figure 2: Ratio of inclusive jet (left) and dijet (right) cross sections to the theory prediction using
the central value of the NNPDF PDF set. The solid histograms show the ratio of the various
PDF sets to NNPDF.
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Figure 2: Ratio of inclusive jet (left) and dijet (right) cross sections to the theory prediction using
the central value of the NNPDF PDF set. The solid histograms show the ratio of the various
PDF sets to NNPDF.
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Figure 9: Ratio of inclusive jet (left) and dijet (right) cross sections in 1.0 < |y| < 1.5 to the
theory prediction of different PDF sets. The blue and red histograms indicate the total experi-
mental and theoretical uncertainties, respectively.
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Conclusions
Large Hadron Collider program well underway towards 
precision physics

PDF uncertainties are still a major systematic uncertainty for 
many physics analysis

ATLAS, CMS and LHCb are already providing interesting constraint 
to PDFs

W and Z production
W+heavy flavor
Drell-Yan production
Inclusive jet production
Dijet production
Photon inclusive production

Much more data available
Expect significant improvements in the near future
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Extra Slides
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The LHCb Experiment
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CMS: W and Z cross sections at √s =8 TeV
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Monte Carlo Samples

57

Physics process Generator �· BR [nb]

W+ ! `+⌫ (` = e, µ) Mc@Nlo 6.16±0.31 NNLO

W� ! `�⌫̄ (` = e, µ) Mc@Nlo 4.30±0.21 NNLO

Z/�⇤ ! `` (m
``

> 60 GeV, ` = e, µ) Mc@Nlo 0.99±0.05 NNLO

W ! ⌧⌫ Pythia 10.46±0.52 NNLO

Z/�⇤ ! ⌧⌧ (m
⌧⌧

> 60 GeV) Pythia 0.99±0.05 NNLO

tt̄ Mc@Nlo 0.165+0.011

�0.016

⇡NNLO

WW Herwig 0.045±0.003 NLO

WZ Herwig 0.0185±0.0009 NLO

ZZ Herwig 0.0060±0.0003 NLO

Dijet (e channel, p̂
T

> 15 GeV) Pythia 1.2 ⇥106 LO

Dijet (µ channel, p̂
T

> 8 GeV) Pythia 10.6 ⇥106 LO

bb (µ channel, p̂
T

> 18 GeV, p
T

(µ) > 15 GeV) Pythia 73.9 LO

cc (µ channel, p̂
T

> 18 GeV, p
T

(µ) > 15 GeV) Pythia 28.4 LO

QCD normalized with data-driven techniques
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Details on MC Simulation
Signal and background models:

LO MC:
PYTHIA 6.4 with MRST LO* PDF
HERWIG with MRST LO* PDF

NLO MC:
MC@NLO with CTEQ 6.6  (+ HERWIG for hadronization and parton shower)
POWHEG with CTEQ 6.6  (+ HERWIG)

Final state QED radiation
PHOTOS

Minimum bias and underlying event
ATLAS tunes from first data

Pile-up simulation:
Overlay of simulated minimum bias events over hard-scattering

Transverse momentum of W and Z reweighted to match data

ATLAS detector response
GEANT4

58



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

W/Z Inclusive: ATLAS Systematics
Detailed systematic uncertainties

Luminosity: 3.4%

59

Electron and muon systematics uncertainties

• �⇥W�e⇥ of 1.8 � 2.1%, dominated
by electron reconstruction,
identification and Emiss

T

• �⇥Z�ee of 2.7%, dominated by el.
reconstruction and identification

• �⇥W�µ⇥ of 1.6 � 1.7%, dominated
by muon e⇥ciencies, QCD
background and Emiss

T

• �⇥Z�µµ of 0.9%, dominated by
muon e⇥ciencies

Electron channels (%) W± W+ W� Z

Trigger 0.4 0.4 0.4 <0.1
Reconstruction 0.8 0.8 0.8 1.6

Identification 0.9 0.8 1.1 1.8

Isolation 0.3 0.3 0.3 —

Energy scale and resolution 0.5 0.5 0.5 0.2

Defective LAr channels 0.4 0.4 0.4 0.8

Charge misidentification <0.1 0.1 0.1 0.6

Emiss
T 0.8 0.7 1.0 —

Pile-up 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

QCD Background 0.4 0.4 0.4 0.7

EWK+tt̄ Background 0.2 0.2 0.2 <0.1
CW �Z Theor. uncertainty 0.6 0.6 0.6 0.3

Total Exp. uncertainty 1.8 1.8 2.0 2.7

AW �Z Theor. uncertainty 1.4 1.6 1.9 1.9

Total excluding Luminosity 2.3 2.4 2.8 3.3

Muon channels (%) W± W+ W� Z

Trigger 0.5 0.5 0.5 0.1

Reconstruction 0.4 0.3 0.3 0.6

Isolation 0.2 0.1 0.2 0.3

pT Resolution 0.04 0.03 0.05 0.02

pT Scale 0.4 0.6 0.6 0.2

Emiss
T 0.5 0.4 0.6 -

Pile-up 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

QCD Background 0.6 0.5 0.8 0.3

EWK+tt̄ Background 0.4 0.3 0.4 0.02

CW �Z Theor. uncertainty 0.8 0.8 0.7 0.3

Total Exp. uncertainty 1.6 1.7 1.7 0.9

AW �Z Theor. uncertainty 1.4 1.6 2.0 2.0

Total excluding Luminosity 2.1 2.3 2.6 2.2

M. Bellomo (CERN) W , Z inclusive cross sections Grenoble, July, 21-27 (2011) 6 / 17
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CMS Cross Section Measurements 

60

45

 B ](Z)× σ B ](W) / [ × σ = [ W/ZR
0 2 4 6 8 10 12 14

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.04  ±10.74 

 ee→,  Z ν e→W 
 syst. 0.192±  stat. 0.120±10.560 

µµ →,  Z νµ →W 
 syst. 0.197±  stat. 0.090±10.520 

(combined) ll   →,  Z ν l→W 
 syst. 0.179±  stat. 0.070±10.540 

) -  B ](W× σ) / [  +  B ](W× σ =  [ +/-R
0 0.5 1 1.5

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.01±1.43 

ν e→W 
 syst. 0.036±  stat. 0.008±1.418 

νµ →W 
 syst. 0.036±  stat. 0.008±1.423 

(combined)   ν l→W 
 syst. 0.032±  stat. 0.006±1.421 

Figure 27: Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statisti-
cal uncertainties are represented as a black error bars, while the red error bars also include
systematic uncertainties. Luminosity uncertainties cancel in the ratios.

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

 = 7 TeVs at   -136 pbCMS

 B ( W )× σ  th. 0.028±  exp. 0.009±0.986 

 )+ B ( W× σ  th. 0.030±  exp. 0.010±0.982 

 )- B ( W× σ  th. 0.029±  exp. 0.010±0.992 

 B ( Z )× σ  th. 0.032±  exp. 0.010±1.002 

W/ZR  th. 0.015±  exp. 0.010±0.981 

+/-R  th. 0.023±  exp. 0.011±0.990 

lumi. uncertainty:  4%±

Figure 28: Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also
include the combining of theoretical uncertainties on the predictions and measured quantities.
The yellow band around the vertical yellow line at one represent the luminosity uncertainty
(4%) that affects the cross-section measurements.

Table 19: Summary of ratios of CMS measurements to the theoretical predictions.
Quantity Ratio (CMS/Theory)
� ⇥ B(W±) 0.986 ± 0.009 (exp)± 0.028 (th) [±0.029 (tot)]
� ⇥ B(W+) 0.982 ± 0.010 (exp)± 0.030 (th) [±0.031 (tot)]
� ⇥ B(W�) 0.992 ± 0.010 (exp)± 0.029 (th) [±0.031 (tot)]
� ⇥ B(Z) 1.002 ± 0.010 (exp)± 0.032 (th) [±0.034 (tot)]
� ⇥ B(W)/� ⇥ B(Z) 0.981 ± 0.010 (exp)± 0.015 (th) [±0.018 (tot)]
� ⇥ B(W+)/� ⇥ B(W�) 0.990 ± 0.011 (exp)± 0.023 (th) [±0.025 (tot)]
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W/Z Inclusive: CMS Systematics

Detailed systematic uncertainties
Luminosity: 4%

61

to all channels.
Source W ⇤ e⇥ W ⇤ µ⇥ Z ⇤ e+e� Z ⇤ µ+µ�

Lepton reconstruction & identification 1.4 0.9 1.8 n/a
Trigger prefiring n/a 0.5 n/a 0.5
Energy/momentum scale & resolution 0.5 0.22 0.12 0.35
E/T scale & resolution 0.3 0.2 n/a n/a
Background subtraction / modeling 0.35 0.4 0.14 0.28
Trigger changes throughout 2010 n/a n/a n/a 0.1
Total experimental 1.6 1.1 1.8 0.7
PDF uncertainty for acceptance 0.6 0.8 0.9 1.1
Other theoretical uncertainties 0.7 0.8 1.4 1.6
Total theoretical 0.9 1.1 1.6 1.9
Total (excluding luminosity) 1.8 1.6 2.4 2.0
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W charge asymmetry: Comparison with first 
publication

Change in systematic 
uncertainties and correction 
factors

efficiency scale-factor
MET
momentum scale corrections
boson pT reweighting
theoretical CW
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Transverse momentum distribution of Z/γ* bosons

63
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Figure 3: The combined normalized di↵erential cross section at Z/�

⇤ propagator level as a function of pZ
T

for (a) the range p

Z
T

< 30 GeV
and (b) the full range compared to the predictions of Resbos, Pythia, and Fewz at O(↵2

S

). The error bars shown include statistical and
systematic uncertainties. For the combination, the ee (µµ) channel contributes with an integrated luminosity of 35 pb�1 (40 pb�1). At low
p

Z
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the Fewz prediction diverges and is omitted.
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a function of pZ

T

: (a) Fewz predictions at O(↵
S

) and O(↵2

S

); (b) predictions from the generators Pythia, Mc@nlo, Powheg, Alpgen and
Sherpa. The Fewz predictions are shown with combined scale, ↵

S

, and PDF uncertainties. The data points are shown with combined
statistical and systematic uncertainty. At low p
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) predictions of Fewz diverge and are omitted.
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Transverse momentum distribution of Z/γ* bosons
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T
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); (b) predictions from the generators Pythia, Mc@nlo, Powheg, Alpgen and
Sherpa. The Fewz predictions are shown with combined scale, ↵
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In both channels, the Monte Carlo statistical precision is
0.5% at low pW

T and rises to 4% towards pW
T ! 300 GeV.

The generator dependence of the efficiency is estimated by
comparing the central values found for PYTHIA and
MC@NLO, and found to be smaller than 0.2%, apart from
the last bin where it reaches 1%. Finally, following
Ref. [2], the PDF induced uncertainty on the efficiency
correction is at the level of 0.1% and neglected in this
analysis.

IX. RESULTS

A. Electron and muon channel results

The efficiency-corrected distributions resulting from the
two unfolding steps are normalized to unity, and the bin
contents are divided by the bin width. In the normalization
step, uncertainties that are completely correlated across all
of the bins, such as the uncertainty on the integrated
luminosity, cancel. The resulting normalized differential
fiducial cross section, ð1=!fidÞðd!fid=dp

W
T Þ is given in

Table I for both the electron and muon channels, together
with the statistical and systematic uncertainties. The dif-
ferential cross section is calculated with respect to three
definitions of pW

T and the fiducial volume, corresponding to
different definitions of the true lepton kinematics: the first
uses the Born-level kinematics, the second uses the dressed
lepton kinematics calculated from the sum of the post-FSR
lepton momentum and the momenta of all photons radiated
within a cone of !R ¼ 0:2, and the third (bare) uses the
lepton kinematics after all QED radiation.
Instead of normalizing the efficiency-corrected distribu-

tions to unit integral, they can also be divided by the
integrated luminosity of the corresponding data to yield
the differential fiducial cross section d!fid=dp

W
T . The re-

sulting differential fiducial cross sections, with the fiducial
volume defined by the Born-level kinematics, are shown in
Fig. 5. Error bars include both statistical and systematic
uncertainties, but not the uncertainty on the integrated
luminosity, which is common to both measurements.

B. Combination procedure

After correcting the electron and muon pW
T distributions

to the common fiducial volume using the efficiency cor-
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FIG. 5 (color online). Electron and muon fiducial differential
cross sections as a function of pW

T . The error bars include all
statistical and systematic uncertainties except the 3.4% uncer-
tainty on the integrated luminosity, which is common to the two
measurements and cancels in the ratio.

TABLE I. The normalized, differential cross section ð1=!fidÞðd!fid=dp
W
T Þ, measured in W ! e" and W ! #" events, for different

definitions of pW
T . The Born-level definition (‘‘propag.’’), the analysis baseline, ignores the leptons and takes the W momentum from

the propagator. The dressed and bare definitions of pW
T are calculated using the momenta of the leptons from the W decay. In the

dressed case, the charged lepton momentum includes the momenta of photons radiated within a cone of !R ¼ 0:2 centered around the
lepton. In the bare case, the charged lepton momentum after all QED radiation is used. The factor p is the power of 10 to be multiplied
by each of the three cross section numbers for each channel. It has been factorized out for legibility.

pW
T Bin ð1=!fidÞðd!fid=dp

W
T ÞðGeV%1Þ

[GeV] W ! e" uncert. (%) W ! #" uncert. (%)

propag. dressed bare p stat. syst. propag. dressed bare p stat. syst.

0–8 5.60 5.55 5.42 10%2 0.4 2.8 5.44 5.39 5.35 10%2 0.4 2.6
8–23 2.50 2.52 2.56 10%2 0.4 2.9 2.52 2.54 2.55 10%2 0.3 2.6
23–38 6.66 6.76 6.96 10%3 0.9 4.7 6.96 7.06 7.11 10%3 0.8 4.7
38–55 2.46 2.46 2.46 10%3 1.3 4.8 2.55 2.55 2.55 10%3 1.3 4.0
55–75 9.39 9.35 9.19 10%4 2.0 7.4 1.04 1.04 1.03 10%3 2.0 3.9
75–95 3.75 3.73 3.64 10%4 3.4 9.5 4.40 4.37 4.34 10%4 3.3 4.1
95–120 1.82 1.80 1.75 10%4 4.1 10.8 1.92 1.90 1.88 10%4 4.4 4.9
120–145 9.56 9.49 9.19 10%5 6.0 10.1 7.35 7.29 7.21 10%5 7.5 6.4
145–175 3.57 3.54 3.43 10%5 7.9 10.4 3.99 3.96 3.91 10%5 11.0 5.8
175–210 1.59 1.58 1.52 10%5 10.0 8.9 1.88 1.86 1.84 10%5 14.7 7.4
210–300 4.71 4.67 4.49 10%6 12.2 15.5 4.68 4.66 4.55 10%6 17.9 13.1
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In Fig. 7, the combined result ð1=!fidÞðd!fid=dp
W
T Þ is

compared to a selection of predictions from both pQCD
and event generators. The DYNNLO predictions are from
version 1.1 of the program [9,10]. The prediction from the
MCFM program is produced as a calculation of d!fid=dp

W
T

for W þ 1 parton events and uses MCFM version 5.8 [11].
The leading-order calculation forW þ 1 parton production
is Oð"sÞ and the NLO calculation is Oð"2

sÞ, so the pre-
dictions are comparable to other Oð"sÞ and Oð"2

sÞ predic-
tions of pW

T for pW
T > 5 GeV, the minimum jet pT

threshold in the calculation. Both of the pQCD calculations
are normalized by dividing the prediction in each bin by
the inclusive cross section prediction calculated in the
same configuration as the differential cross section, and
both have the renormalization and factorization scales set

to mW . The Oð"sÞ predictions use the MSTW2008 NLO
PDF sets, and the Oð"2

sÞ predictions use the NNLO
MSTW2008 PDF set [46]. The uncertainty on the pQCD
predictions comes mostly from the renormalization and
factorization scale dependence, and studies indicate that
it is comparable in magnitude to the 10% and 8% observed
for pZ

T predictions at Oð"sÞ and Oð"2
sÞ in Ref. [2].

The DYNNLO and MCFM predictions do not include re-
summation effects and are not expected to predict the data
well at low pW

T because of the diverging prediction for
vanishing pW

T . Therefore, the lowest bin (pW
T < 8 GeV) is

omitted from Fig. 7. The two programs predict similar
distributions at the same order of "s. TheOð"sÞ prediction
from both calculations for the fraction of the distribution
above pW

T $ 23 GeV is about 30% too low on average,
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FIG. 7 (color online). Ratio of the combined measurement and various predictions to the RESBOS prediction for ð1=!fidÞðd!fid=dp
W
T ),

using (a) the Oð"sÞ and Oð"2
s Þ predictions from DYNNLO and MCFM, and using (b) the predictions from ALPGEN + HERWIG, MC@NLO,

POWHEG + PYTHIA, PYTHIA, and SHERPA. The statistical uncertainties on the generator distributions are negligible compared to the
uncertainty on the measurement and are not shown.

TABLE II. Measured pW
T using combined electron and muon data, with all uncertainties shown by source.

pW
T Bin ð1=!fidÞðd!fid=dp

W
T Þ Response matrix Backgrounds Efficiency Statistical Total

[GeV] (GeV%1) uncert. (%) uncert. (%) uncert. (%) uncert. (%) uncert. (%)

0–8 5:510& 10%2 1.91 0.26 0.76 0.22 2.48
8–23 2:512& 10%2 1.69 0.28 0.87 0.24 2.42
23–38 6:766& 10%3 3.20 0.57 1.28 0.57 4.31
38–55 2:523& 10%3 2.34 0.65 1.44 0.84 3.78
55–75 1:025& 10%3 1.78 0.74 1.74 1.19 4.09
75–95 4:263& 10%4 1.61 1.15 2.13 1.91 4.94
95–120 1:896& 10%4 1.98 1.94 2.67 2.68 5.99
120–145 7:985& 10%5 2.84 3.30 3.16 4.78 7.91
145–175 3:710& 10%5 1.98 2.66 3.66 5.72 9.31
175–210 1:692& 10%5 2.00 3.72 3.84 7.75 10.56
210–300 4:803& 10%6 2.69 7.81 4.26 9.28 14.40
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In Fig. 7, the combined result ð1=!fidÞðd!fid=dp
W
T Þ is

compared to a selection of predictions from both pQCD
and event generators. The DYNNLO predictions are from
version 1.1 of the program [9,10]. The prediction from the
MCFM program is produced as a calculation of d!fid=dp

W
T

for W þ 1 parton events and uses MCFM version 5.8 [11].
The leading-order calculation forW þ 1 parton production
is Oð"sÞ and the NLO calculation is Oð"2

sÞ, so the pre-
dictions are comparable to other Oð"sÞ and Oð"2

sÞ predic-
tions of pW

T for pW
T > 5 GeV, the minimum jet pT

threshold in the calculation. Both of the pQCD calculations
are normalized by dividing the prediction in each bin by
the inclusive cross section prediction calculated in the
same configuration as the differential cross section, and
both have the renormalization and factorization scales set

to mW . The Oð"sÞ predictions use the MSTW2008 NLO
PDF sets, and the Oð"2

sÞ predictions use the NNLO
MSTW2008 PDF set [46]. The uncertainty on the pQCD
predictions comes mostly from the renormalization and
factorization scale dependence, and studies indicate that
it is comparable in magnitude to the 10% and 8% observed
for pZ

T predictions at Oð"sÞ and Oð"2
sÞ in Ref. [2].

The DYNNLO and MCFM predictions do not include re-
summation effects and are not expected to predict the data
well at low pW

T because of the diverging prediction for
vanishing pW

T . Therefore, the lowest bin (pW
T < 8 GeV) is

omitted from Fig. 7. The two programs predict similar
distributions at the same order of "s. TheOð"sÞ prediction
from both calculations for the fraction of the distribution
above pW

T $ 23 GeV is about 30% too low on average,
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FIG. 7 (color online). Ratio of the combined measurement and various predictions to the RESBOS prediction for ð1=!fidÞðd!fid=dp
W
T ),

using (a) the Oð"sÞ and Oð"2
s Þ predictions from DYNNLO and MCFM, and using (b) the predictions from ALPGEN + HERWIG, MC@NLO,

POWHEG + PYTHIA, PYTHIA, and SHERPA. The statistical uncertainties on the generator distributions are negligible compared to the
uncertainty on the measurement and are not shown.

TABLE II. Measured pW
T using combined electron and muon data, with all uncertainties shown by source.

pW
T Bin ð1=!fidÞðd!fid=dp

W
T Þ Response matrix Backgrounds Efficiency Statistical Total

[GeV] (GeV%1) uncert. (%) uncert. (%) uncert. (%) uncert. (%) uncert. (%)

0–8 5:510& 10%2 1.91 0.26 0.76 0.22 2.48
8–23 2:512& 10%2 1.69 0.28 0.87 0.24 2.42
23–38 6:766& 10%3 3.20 0.57 1.28 0.57 4.31
38–55 2:523& 10%3 2.34 0.65 1.44 0.84 3.78
55–75 1:025& 10%3 1.78 0.74 1.74 1.19 4.09
75–95 4:263& 10%4 1.61 1.15 2.13 1.91 4.94
95–120 1:896& 10%4 1.98 1.94 2.67 2.68 5.99
120–145 7:985& 10%5 2.84 3.30 3.16 4.78 7.91
145–175 3:710& 10%5 1.98 2.66 3.66 5.72 9.31
175–210 1:692& 10%5 2.00 3.72 3.84 7.75 10.56
210–300 4:803& 10%6 2.69 7.81 4.26 9.28 14.40
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Figure 5: Di�erential cross-section for Z boson production, shown as a function of boson
pT . The points are the measured data, the error bars the statistical and systematic
error combined in quadrature, and are superimposed on NNLO predictions given by the
DYNNLO generator. The shaded areas denotes the uncertainty due to the MSTW08 PDF
set tested combined with theory uncertainties arising from the choice of renormalisation
and factorisation scales.

7 Conclusions

The cross-sections and ratios of W and Z bosons have been measured using 37.1 pb�1

of data. The luminosity uncertainty cancels in the cross-section ratios, which provide a
more precise test of Standard Model predictions and probe of parton density functions.
All results are consistent with NNLO predictions.
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S). The error bars shown include statistical and systematic uncertainties.

For the combination, the ee (µµ) channel contributes with an integrated luminosity of 35 pb�1 (40 pb�1). At low pZT the Fewz prediction
diverges and is omitted.
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a function of pZT : (a) Fewz predictions at O(�S) and O(�2

S); (b) predictions from the generators Pythia, Mc@nlo, Powheg, Alpgen and
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S) predictions of Fewz diverge and are omitted.
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similar to the NLO event generators. TheOð!sÞ prediction
from FEWZ [7,8] is not shown in Fig. 7 but is in agreement
with those from DYNNLO and MCFM. The discrepancy
between the predictions and the measurement appears
when normalizing to the inclusive cross section and would
be compensated by a large but unphysical contribution in
the first bin. The ratio moves closer to unity in the high pW

T
range. The Oð!2

sÞ predictions agree better with the data
than those at Oð!sÞ. They are within 15% of the data for
all pW

T .
The predictions of the event generators PYTHIA,

POWHEG, ALPGEN, SHERPA, and MC@NLO are based on the
simulated samples described in Sec. IV. Since POWHEG and
ALPGEN can be interfaced with more than one parton
shower implementation, the notations POWHEG + PYTHIA

and ALPGEN + HERWIG are used to make the choice explicit.
The PYTHIA, RESBOS, SHERPA, and ALPGEN + HERWIG pre-
dictions describe the measurement within 20% over the
entire range. For pW

T < 38 GeV, the data indicate a softer
spectrum than these predictions. For 38< pW

T < 120 GeV,
the data distribution exceeds the RESBOS prediction and
undershoots the SHERPA prediction, but agrees with the
ALPGEN + HERWIG and, to a lesser extent, pure PYTHIA

predictions. For pW
T > 120 GeV, PYTHIA and RESBOS agree

in predicting a softer spectrum than ALPGEN + HERWIG and
SHERPA, but the data provide no significant discrimination
among these predictions.

POWHEG + PYTHIA and MC@NLO, the NLO event gener-
ators interfaced with parton shower algorithms, provide a
reasonable description of the data for pW

T < 38 GeV, but
both underestimate the data starting at pW

T # 38 GeV, with
a deficit gradually increasing to nearly 40% at high pW

T .
Finally, we compare the combined result to the mea-

surement of ð1="fidÞðd"fid=dp
Z
TÞ described in Ref. [2]. The

W and Z have different masses and couple differently to

quarks, so the results cannot be directly compared, but the
ratios of the measured to predicted distributions for a
common model can be used to qualitatively assess the
agreement between the two measurements. The ratios of
theW and Z distributions in data to their respective RESBOS

predictions are overlaid in Fig. 8. In spite of the different
techniques and uncertainties characterizing both measure-
ments, the ratios display similar trends as a function of pV

T ,
the true boson pT .

X. CONCLUSIONS

The W transverse momentum differential cross section
has been measured for pW

T < 300 GeV in W ! ‘# events
reconstructed in the electron and muon channels using the
ATLAS detector. The W ! ‘# candidate events are se-
lected from pp collision data produced at

ffiffiffi
s

p ¼ 7 TeV,
corresponding to approximately 31 pb%1 from the 2010
run of the LHC.
The measurement is compared to a selection of predic-

tions. The ALPGEN + HERWIG, PYTHIA, RESBOS, and SHERPA

predictions match the data within 20% over the entire pW
T

range. MC@NLO provides the closest description of the data
for pW

T < 38 GeV, but MC@NLO and POWHEG + PYTHIA

both underestimate the data at higher pW
T . Fixed-order

pQCD predictions from the DYNNLO and MCFM programs
agree very well with each other. They predict fewer events
at high pW

T at Oð!sÞ but the agreement with the measured
distribution is significantly improved by the Oð!2

sÞ
calculations.
A comparison of the W and Z data relative to the

prediction from a given theoretical framework displays
similar features across the measured transverse momentum
range, supporting the expected universality of strong inter-
action effects in W and Z production.
Although the measurement is limited by systematic un-

certainties over most of the spectrum, the dominant uncer-
tainty sources can be constrained with more integrated
luminosity. With the integrated luminosity available from
the 2011 run now in progress, future measurements should
be able to measure d"fid=dp

W
T to at least double the current

range in pW
T . With improved statistical and systematic

uncertainties, it should also be possible to measure the
ratios of the W to Z and Wþ to W% differential cross
sections as functions of the boson pT , which will further
test the predictions of QCD.
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where the prediction is denoted with a (p) superscript. An interpretation of the last term, ((ρ-1)ng + ρni), is that it is the scaling
correction prediction, and it only predicts no. Fluctuations of ng and ni away from their expectation values introduce a prediction
uncertainty on no. The simulation event counts of ng and ni, when normalized to the data, are used to estimate this prediction uncertainty
on no. The method to estimate the overall bin uncertainty combines the expected uncertainty on the events produced in the bin (Ng) with
the prediction uncertainty of no. Denote the statistical variance of a quantity as δ2 followed by the variable. For no

(p), δ2 represents the
propagation of uncertainties from its element variances:

    δ2no
(p) = (ρ-1)2δ2ng + ρ2δ2ni.

The method treats the uncertainty of Ng and the propagation uncertainty on no
(p) as unrelated and the two are added in quadature: 

    δ2Ng' = δ2Ng + ((ρ-1)2δ2ng + ρ2δ2ni),

where δ2Ng' is the estimate of the overall bin uncertainty of the method. With Poisson statistics (δ2n = n)

    δ2Ng' = Ng + ((ρ-1)2ng + ρ2ni).

This overall bin uncertainty is specific to the estimation method just described. Work on evaluating and using different methods is
ongoing.

The measured cross section of the bin is combined with δ2Ng' in its fractional form, √[δ2Ng']/Ng , for the estimate of the cross section
"statistical" uncertainty of a bin used in the cross section plots and tables. The ratio of the data to the ResBos prediction is shown below:

 
Due to the large inter-bin smearing at low PT, interpreting the significance of the data-to-prediction comparison there is difficult. At
large PT (above 40 GeV/c), the smearing is predominantly among nearest neighbor PT bins so the data-to-prediction comparison shown
has much less correlations from smearing. The 40 < PT < 90 GeV/c region is where the the ResBos resummed, asymptotic, and
perturbative cross sections are matched. 

Phys.Rev. D85 (2012) 012005

LHC Tevatron

RESBOS tuned to Tevatron data (but not to LHC yet)

http://www-cdf.fnal.gov/physics/ewk/2011/zpt21/cdf10699/

CMS Z PT measurement: 
Phys. Rev. D 85 (2012) 032002

W, Z
Z ➔ ee

http://www-cdf.fnal.gov/physics/ewk/2011/zpt21/cdf10699/
http://www-cdf.fnal.gov/physics/ewk/2011/zpt21/cdf10699/
http://dx.doi.org/10.1103/PhysRevD.85.032002
http://dx.doi.org/10.1103/PhysRevD.85.032002
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Figure 2: Ratio of the normalized di↵erential cross section for
Z/�

⇤ ! e

+

e

� and Z/�

⇤ ! µ

+

µ

� production as a function of pZ
T

at
Z/�

⇤ propagator level using an integrated luminosity of 35 pb�1 and
40 pb�1, respectively. The error bars shown include statistical and
systematic uncertainties. The systematic uncertainties due to the
unfolding procedure and QED FSR, which are correlated between
the electron and muon decay channel, are omitted.

Table 2. In addition, the acceptance corrections A
c

needed
to extrapolate the measurement to full lepton acceptance,
but keeping the mass range 66 GeV < m

``

< 116 GeV,
are reported. They are determined using Pythia and the
MRST2007LO⇤ PDF set. The acceptance for the inclusive
fiducial cross section is 0.48. However, the acceptance cor-
rections A

c

for the normalized di↵erential cross section are
within 10% of 1.0 for the bins with p

Z

T < 80 GeV. The un-
certainty on A

c

is estimated by: reweighting the Pythia
prediction using the HERAPDF1.0 [49] and CTEQ6.6 [31]
parton distribution functions; propagating the CTEQ6.6
PDF error eigenvector sets; and by taking into account
the di↵erence to the predictions obtained with Mc@nlo,
Resbos, and Fewz.

In Figure 4, the measurement within the fiducial ac-
ceptance is compared with predictions of pQCD calcula-
tions and of various event generators introduced above.
The O(↵S) and O(↵2

S) pQCD predictions of the pZT depen-
dent cross section are obtained with Fewz v2.0 [7] and
the MSTW2008 PDF sets [50]. The inclusive cross sec-
tion, which is used to normalize the prediction, is calcu-
lated in the same way. The uncertainties on the normal-
ized predictions are evaluated by variation of the renormal-
ization and factorization scales by factors of two around
the nominal scale µ

R

= µ

F

= M

Z

with the constraint
0.5  µ

R

/µ

F

 2, by variation of ↵S within a range corre-
sponding to 90% confidence-level limits [51], and by using
the PDF error eigenvector sets at 90% confidence-level.

Table 2: The combined normalized di↵erential cross section at Z/�⇤

propagator level, 1/�fidd�fid

/dpZ
T

, as a function of the average Z/�

⇤

transverse momentum hpZ
T

i with relative statistical and total system-
atic uncertainties. The multiplication with the inverse acceptance
correction A

�1

c (given with uncertainties, “unc.”) yields the nor-
malized di↵erential cross section 1/�totd�tot

/dpZ
T

extrapolated to
the full lepton acceptance. The data can be obtained electronically
through the HepData repository [43].

hpZTi 1
�

fid
d�fid

dpZ
T

stat. syst. A

�1
c

unc.

(GeV) (GeV�1) (%) (%) (%)

1.3 0.0366 2.0 4.7 1.047 3.7
4.8 0.0586 1.5 3.6 1.029 1.8
7.5 0.0466 1.7 1.5 1.014 1.5
10 0.0348 1.9 1.6 0.999 1.5
13 0.0277 2.2 1.7 0.999 1.4
16 0.0210 2.5 1.7 0.990 1.5
19 0.0167 2.8 1.8 0.989 1.5
22 0.0133 3.1 1.9 0.990 1.5
25 0.0112 3.4 2.0 0.994 2.3
28 0.0092 4.0 2.1 0.988 2.3
33 0.0067 3.2 2.1 0.987 3.2
39 0.0047 3.8 2.3 0.979 3.9
45 0.0038 4.2 2.4 0.965 4.3
51 0.0030 4.9 2.5 0.950 4.4
57 0.0021 5.7 2.7 0.938 5.3
69 0.0013 4.0 2.8 0.910 5.3
89 5.5 · 10�4 6.1 3.1 0.894 5.3
132 1.6 · 10�4 5.9 3.7 0.826 5.4
245 9.8 · 10�6 15.6 5.4 0.672 5.6

They amount to ⇠ 10% and ⇠ 8% for the O(↵S) and
O(↵2

S) prediction, respectively, with a dominant contribu-
tion of 9% and 6.5% from the scale variations. In contrast
to the Z/�

⇤ inclusive cross section, the prediction of the
p

Z

T distribution su↵ers from substantial scale uncertainties
indicating non-negligible missing higher order corrections.
For pZT > 18 GeV, the pQCD prediction receives an O(↵2

S)
correction of 26� 36%. Despite this correction, the O(↵2

S)
prediction undershoots the data by about 10%, which is
comparable to the size of the scale uncertainty. This deficit
is smaller compared to the 15�25% di↵erence observed at
the Tevatron [25, 26]. At low boson transverse momenta,
where fixed order pQCD calculations are not expected to
give an adequate description of the cross section, the dis-
agreement increases rapidly towards vanishing p

Z

T.
In addition, the measurement is compared to the pre-

dictions of Resbos and various event generators. The con-
sistency with the data is verified with a �

2 test which uses
the �

2 definition also used for the combination of the ee

and µµ decay channels.
The Resbos [13] prediction, which combines re-

summed and fixed order pQCD calculations, is based on
the CTEQ6.6 [31] PDF set and a resummation scale of
m

Z

. It is verified that the di↵erent PDF sets used for the

7

Comparison of electron- and muon- channel result



 Proton Structure in the LH
C

 Era -- D
ESY 2012 --  Joao G

uim
araes          

W Boson Polarization

71

Eur. Phys. J. C72 (2012) 2001

Title Suppressed Due to Excessive Length 3

The di↵erential cross-section in the helicity frame2

is expressed by using ✓3D and �3D in Equation 1. In-
tegrated over yW and �3D, Equation 1 then takes the
form:

1

�

d�

d cos ✓3D
=

3

8
[(1 + cos2 ✓3D) + A0

1

2
(1� 3 cos2 ✓3D)

+ A4 cos ✓3D]. (2)

Comparing Equation 2 to the standard form [16]
using helicity fractions:

1

�

d�

d cos ✓3D
=

3

8
fL(1⌥ cos ✓3D)

2 +
3

8
fR(1± cos ✓3D)

2

+
3

4
f0 sin

2 ✓3D (3)

yields the relations between the Ai coe�cients and the
helicity fractions:

fL(yW , pWT ) =
1

4
(2�A0(yW , pWT )⌥A4(yW , pWT ))

fR(yW , pWT ) =
1

4
(2�A0(yW , pWT )±A4(yW , pWT ))

f0(yW , pWT ) =
1

2
A0(yW , pWT ) (4)

where the upper (lower) sign corresponds to W+ (W�)
boson production respectively. It is interesting to notice
that the di↵erence between the left- and right-handed
fraction is proportional to A4 only, as:

fL � fR = ⌥A4

2
. (5)

From general considerations, the longitudinal helic-
ity fraction f0 is expected to vanish for pWT ! 0 as well
as for pWT ! 1, with a maximum expected around 45
GeV [7].

2.3 Analysis principle and variable definitions

When analysing data, a major di�culty arises from
the incomplete knowledge of the neutrino momentum.
The large angular coverage of the ATLAS detector en-
ables measurement of the missing transverse momen-
tum, which can be identified with the transverse mo-
mentum of the neutrino. The longitudinal momentum
can be obtained through the W mass constraint. How-
ever, solving the corresponding equation leads to two
solutions, between which it is not possible to choose in
an e�cient way. The approach taken in this analysis is

2 The helicity frame is the W rest frame with the z-axis
along the W laboratory direction of flight and the x-axis in
the event plane, in the hemisphere opposite to the recoil sys-
tem.

to work in the transverse plane only, using the “trans-
verse helicity” angle ✓2D defined by:

cos ✓2D =
�!p `⇤

T ·�!p W
T

|�!p `⇤
T | |�!p W

T |
, (6)

where �!p `⇤
T is the transverse momentum of the lepton in

the transverse W rest frame and �!p W
T is the transverse

momentum of the W boson in the laboratory frame.
The angle ✓2D is a two dimensional projection of the he-
licity angle ✓3D. Its determination uses only fully mea-
surable quantities, defined in the transverse plane. Its
use is limited to sizeable values of pWT , which corre-
sponds to the physics addressed in this work.

The correlations between cos ✓2D and cos ✓3D for
events where pWT > 50 GeV are represented in Figs. 2(a)
and 2(b) for positive and negative leptons respectively.
This information is obtained using a sample of events
simulated with mc

@

nlo after applying acceptance and
mW

T cuts.
The enhancement near �1 for positive leptons re-

flects that the maximum of the left-handed part of the
decay distribution (first term in Equation 3) falls within
detector acceptance, as opposed to the case of negative
leptons where the maximum (near +1) falls largely be-
yond the ⌘` acceptance, resulting in a more “symmet-
ric” distribution between forward and backward hemi-
spheres. This e↵ect is also seen in Fig. 1 when compar-
ing cos ✓3D distributions at generator-level, before and
after the lepton pseudorapidity cut.
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Fig. 2 Representation of cos ✓2D as a function of cos ✓3D
in events where the W transverse momentum is greater than
50 GeV, for (a) positive and (b) negative leptons. Events are
simulated with mc

@

nlo after applying the acceptance and
m

W
T cuts, as defined in Section 3.4.

The measurement of helicity fractions is made by fit-
ting cos ✓2D distributions with a weighted sum of tem-
plates obtained from Monte Carlo simulations, which

Angle between: 
PT lepton in W rest frame 

AND 
PT(W) in lab rest frame

Signal:
- MC@NLO 3.4.2 + HERWIG
- POWHEG 1.0 + PYTHIA

(CTEQ 6.6) Uncertainties:
MSTW08 and HERAPDF 1.0
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Karsten Köneke 
June 2nd 2012 

Measurement of W/Z production with the ATLAS detector 27/31 

W-boson polarization http://arxiv.org/abs/1203.2165 

Motivation: 
•  W in three states: fL, f0, and fR: 

•  LO: predominantly left-handed 
•  NLO: all states possible 

•  Compare to LO and NLO predictions 

•  Good understanding needed for 
precision measurement 

Measurement principle: 
•  No neutrino pz: use transverse quantity: 

 

•  Two bins in W pT: 
•  35 < pT(W) < 50 GeV  
•  pT(W) > 50 GeV 

•  Template fits give access to f0 and fL-fR  

LH LHRH

RH

Eur. Phys. J. C72 (2012) 2001

Templates from MC@NLO after 
background subtraction
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Karsten Köneke 
June 2nd 2012 

Measurement of W/Z production with the ATLAS detector 28/31 

W-boson polarization 
Measurements and results: 

•  Get uncertainty for unfolding procedure from two generators: MC@NLO and POWHEG 

•  Very sensitive to energy scale uncertainty (lepton, missing ET) 

•  Scale uncertainty on fL-fR drastically reduced when averaged over charge 

•  Agreement with predictions within uncertainties: 
•  fL-fR = 0.252 ± 0.017(stat.) ± 0.030(sys.) 
•  f0 = 0.127 ± 0.030(stat.) ± 0.108(sys.) 

http://arxiv.org/abs/1203.2165 

fL � fR (%)

35 < p

W
T < 50 GeV p

W
T > 50 GeV

Data 23.8 ± 2.0 ± 3.4 25.2 ± 1.7 ± 3.0
mc

@

nlo 27.1 ± 0.7 26.2 ± 0.5
powheg 19.9 ± 1.0 21.2 ± 0.8
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Figure 3: The muon fit result (black dot) in the (( fL � fR), f0) plane for negatively charged (left)
and positively charged (right) leptons. The 68% confidence level contours for the statistical and
total uncertainties are shown by the green shaded region and the black contour respectively.
The disallowed region is hatched.

The muon fit result, having the smallest total uncertainty, is shown in the (( fL � fR), f0) plane
for each W charge in Fig. 3. The 68% confidence level contours for both the statistical and total
uncertainties are also shown. With the current sensitivity, the values of ( fL � fR) and f0 do not
differ significantly for W+ and W�. When compared to recent standard model calculations [14],
the results agree well.

In conclusion, the first measurement of the polarization of W bosons with large transverse mo-
menta at a pp collider has been presented. Using a sample of collision data corresponding
to an integrated luminosity of 36 pb�1, the measurement is performed for both charges of the
W boson, in the electron and muon final states. The results from both of these channels are con-
sistent, as are the combined fit results. The muon fit result yields the most precise measurement,
( fL � fR)� = 0.240 ± 0.036 (stat.) ± 0.031 (syst.) and f�0 = 0.183 ± 0.087 (stat.) ± 0.123 (syst.)
for negatively charged W bosons, and ( fL � fR)+ = 0.310 ± 0.036 (stat.) ± 0.017 (syst.) and
f+0 = 0.171 ± 0.085 (stat.) ± 0.099 (syst.) for positively charged W bosons. This measure-
ment establishes a difference between the left-handed and right-handed polarization param-
eters with a significance of 7.8 standard deviations for W+ bosons and 5.1 standard deviations
for W� bosons. This is the first observation that high-pT W bosons produced in pp collisions
are predominantly left-handed, as expected in the standard model.

We wish to congratulate our colleagues in the CERN accelerator departments for the excellent
performance of the LHC machine. We thank the technical and administrative staff at CERN and
other CMS institutes, and acknowledge support from: FMSR (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and
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DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Korea); LAS
(Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mexico); PAEC (Pakistan); SCSR
(Poland); FCT (Portugal); JINR (Armenia, Belarus, Georgia, Ukraine, Uzbekistan); MST and
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Figure 3: The muon fit result (black dot) in the (( fL � fR), f0) plane for negatively charged (left)
and positively charged (right) leptons. The 68% confidence level contours for the statistical and
total uncertainties are shown by the green shaded region and the black contour respectively.
The disallowed region is hatched.

The muon fit result, having the smallest total uncertainty, is shown in the (( fL � fR), f0) plane
for each W charge in Fig. 3. The 68% confidence level contours for both the statistical and total
uncertainties are also shown. With the current sensitivity, the values of ( fL � fR) and f0 do not
differ significantly for W+ and W�. When compared to recent standard model calculations [14],
the results agree well.

In conclusion, the first measurement of the polarization of W bosons with large transverse mo-
menta at a pp collider has been presented. Using a sample of collision data corresponding
to an integrated luminosity of 36 pb�1, the measurement is performed for both charges of the
W boson, in the electron and muon final states. The results from both of these channels are con-
sistent, as are the combined fit results. The muon fit result yields the most precise measurement,
( fL � fR)� = 0.240 ± 0.036 (stat.) ± 0.031 (syst.) and f�0 = 0.183 ± 0.087 (stat.) ± 0.123 (syst.)
for negatively charged W bosons, and ( fL � fR)+ = 0.310 ± 0.036 (stat.) ± 0.017 (syst.) and
f+0 = 0.171 ± 0.085 (stat.) ± 0.099 (syst.) for positively charged W bosons. This measure-
ment establishes a difference between the left-handed and right-handed polarization param-
eters with a significance of 7.8 standard deviations for W+ bosons and 5.1 standard deviations
for W� bosons. This is the first observation that high-pT W bosons produced in pp collisions
are predominantly left-handed, as expected in the standard model.
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Event Selec2on 
τ+ 

ν 

First measurement of  

tau polariza2on at a  

hadron collider 

Understand Sensi2vity 

W decays: 

the measurement 

has not been made at high Q2 

•  24 pb‐1 from 2010 data with tau (16 GeV) + Missing ET (22 GeV) trigger 

•  Offline: single‐track tau  with pT > 20 GeV and Missing ET greater than 30 GeV 

•  Reject events with jet ac2vity in region between the central and endcap detectors 

•  Reject events with electron or muon greater than 15 GeV ET 

•  Reject events with jet ac2vity along direc2on of event Missing ET 

•  Require Missing ET significance  > 6 

Based on ATLAS W‐> τν cross sec1on measurement:  Phys. LeB. B 706, 276 (2012) 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Z → ττ cross section results
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(combined)   ττ →Z 

luminosity uncertainty not shown

CMS  = 7 TeVs  at  -136 pb
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We now have a substantial control sample of hadronic tau
decays.

More data-driven efforts in taus to come.

[13] ATL-COM-PHYS-2011-842

Ryan Reece | Penn | ryan.reece@cern.ch | ATLAS W and Z cross sections | EPS-HEP 2011 30 / 31
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Table 3 Sensitivity of the charged asymmetry observable at various stages in the simulation process. P⌧ denotes the assumed
polarization.

Stage of Simulation P⌧ = –1 P⌧ = 0 P⌧ = +1

Generator Level, No Selection 0.32 0.25 0.26
Generator Level, p⌧,visT > 20 GeV, |⌘⌧,vis| < 2.5, (

P
p

⌫)T > 30 GeV 0.57 0.45 0.53
Reconstruction and Full Event Selection 0.46 0.37 0.40

The assignment of the linear combination of the con-
tributions per template for each bin, T

i

, is given by

T

i

(NMC, P⌧
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+NMJ · q0

i

.

(7)

The left-handed and right-handed W ! ⌧⌫ signal com-
ponents are weighted with the parameter P

⌧

, which is
used to extract the value of the ⌧ polarization. The sig-
nal and electroweak background Monte Carlo contribu-
tions are normalized relative to each other according
to their SM cross-sections with the factors µ

s

L , µ
s

R ,
and µ

b

j . The overall normalization of the contributions
from the W ! ⌧⌫ signals and electroweak background
processes is fitted with a single parameter, NMC, com-
mon across bins i, which accounts for the potential dis-
agreement between the number of events predicted in
Monte Carlo and that observed in data. The multijet
background estimation is similarly normalized with a
separate fitted parameter, NMJ, common across bins i.
Furthermore, the multijet contribution is explicitly cor-
rected for the contamination of signal and electroweak
background events as follows:

q

0
i

= q

i

�

NMC

h
n

EW
i,MJ �

⇣1� P

⌧

2

⌘
s

L

i,MJ �
⇣1 + P

⌧

2

⌘
s

R

i,MJ

i
,

(8)

where s

L
i,MJ (sR

i,MJ) and n

EW
i,MJ are the number of left-

handed (right-handed) signal and electroweak
background events per bin i in the multijet-rich control
sample, scaled to the integrated luminosity in data.

The fit is performed over the range �1  ⌥  3 with
bins of width �⌥ = 0.1. Figure 4 shows the left-handed
and right-handed templates plotted together with the
observed charged asymmetry distribution in data along
with the resulting fit. The fitted value of the ⌧ po-
larization and its associated statistical uncertainty is
P

⌧

= �1.06± 0.04(stat). As an assessment of the qual-
ity of the fit, the �

2 per degree of freedom is calcu-
lated using only the statistical uncertainties on the data
sample and with the bins in the range 1.5 < ⌥ < 3.0

ϒ
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Fit
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 = 7 TeVs
-1 L dt = 24 pb∫

Fig. 4 Simulated signal and background templates for left-
handed and right-handed ⌧ decays along with the observed
charged asymmetry distribution in data. The best fit resulting
from maximizing the likelihood is plotted in bold.

merged due to the low number of events in this region.
With 22 degrees of freedom (ndf) the resulting value is
�

2
/ndf = 1.1. The value of the Monte Carlo normal-

ization parameter is given by NMC = 0.98± 0.04(stat).

9 Systematic Uncertainties

This analysis relies on the prediction of the shapes of
the left-handed and the right-handed templates, which
include the simulated signal and backgrounds. System-
atic uncertainties are evaluated for their e↵ect on the
shape of the ⌥ distribution, as well as for any changes
in the relative acceptance of the signal and background
events.

For each source of systematic uncertainty, new tem-
plates are constructed and fit to the data. The corre-
sponding uncertainty on P

⌧

is taken as the di↵erence
between the fit values obtained with the nominal and
the new templates. The total systematic uncertainty is
calculated as the sum in quadrature of the individual
uncertainties. The results are presented in Table 4 and
the various sources of systematic uncertainty are dis-
cussed below.

Energy Scale and Resolution: The dominant source of
systematic uncertainty arises from the calibration of en-

P⌧ = �1.06± 0.04 (stat)+0.05
�0.07 (syst)

BR = 25.94 ± 0.09%
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Tau Polariza2on 
rela2ve cross‐sec2on 

of leI‐ and right‐ 

handed taus  

Process  Pτ Predic+on 

W± ‐> τν  ‐1 

H± ‐> τν  +1 

Z ‐> ττ  ≈ ‐0.15 

H ‐> ττ  0 

Access to Pτ allows for 

   tests of the SM 

   searches for new physics 

   discrimina2on between processes 

Transversely
polarized ρ 

Longitudinally
polarized ρ 

Eur.Phys.J. C72 (2012) 2062

http://www.springerlink.com/content/3h24r0j573181876/
http://www.springerlink.com/content/3h24r0j573181876/
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we calculate θ∗ in the Collins-Soper reference frame [2]
as

cos θ∗ =
2

|Q|
√

Q2 + Q2
T

(P+
l P−

l̄
− P−

l P+
l̄

), (2)

where Q (QT ) is the four momentum (transverse momen-
tum) of the lepton pair, and Pl and Pl̄ are the four mo-
menta of the lepton and anti-lepton, respectively. They
are measured in the lab frame, and the momenta P±

l are
defined as

P±

l =
1√
2
(P 0

l ± P 3
l ), (3)

where P 0
l and P 3

l are the energy and the longitudinal
component of the lepton momentum, respectively. In
the Collins-Soper frame, the polar axis is defined as the
bisector of the proton beam momentum P1 and the nega-
tive of the anti-proton beam momentum, −P2, when the
proton and anti-proton are boosted into the rest frame
of the lepton pair, as shown in Fig. 1 [3].

P1P2

θ∗
φ∗

z

y x

e–

FIG. 1: The Collins-Soper reference frame. The bisector of
the proton beam momentum P1 and the negative of the anti-
proton beam momentum −P2 are used to measure the angle
θ∗. The momenta P1 and P2 are measured in the e+e− rest
frame.

Events with electron cos θ∗ > 0 are classified as forward
(F ), and those with electron cos θ∗ < 0 are classified as
backward (B). The forward-backward charge asymme-
try, AFB , is defined by

AFB =
σF − σB

σF + σB
, (4)

where σF and σB are the cross sections for forward and
backward processes, respectively.

The SM leading order (LO) prediction [4] for AFB as a
function of the dielectron invariant mass (Mee) is shown
in Fig. 2 for uū → Z/γ∗ → e+e−, dd̄ → Z/γ∗ → e+e−,
and pp̄ → Z/γ∗ → e+e− with the CTEQ6L1 parton
distribution functions (PDFs) [5]. Around the Z pole,
the asymmetry is proportional to both the vector and
axial-vector couplings of the Z boson to the fermions
and is numerically close to 0. At large invariant mass,
the asymmetry is dominated by Z/γ∗ interference and is
almost constant (≈ 0.6). In the high mass region, the

AFB measurement can be used to investigate possible
new phenomena that may alter AFB , such as new neutral
gauge bosons or large extra dimensions [6–14].

 (GeV)eeM210

FB
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0.6

-e+ e→uu
-e+ e→dd
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FIG. 2: [color online] The SM LO AF B prediction as a
function of the dielectron invariant mass for uū → e+e−,
dd̄ → e+e−, and pp̄ → e+e− [4].

In the vicinity of the Z pole, AFB is sensitive to the
effective weak mixing angle (sin2 θf

eff) for each fermion
species, f , involved in a particular measurement. To all
orders in perturbation theory [1, 15], sin2 θf

eff is related to
the vector and axial-vector couplings by the expression

gf
V /gf

A = 1 − 4|qf | sin2 θf
eff. (5)

This charged lepton effective mixing angle sin2 θ!

eff
varies as a function of the momentum transfer at which
it is measured. Conventionally, it is quoted at the Z pole
[

sin2 θ!

eff(MZ)
]

, and it is identical for e, µ, and τ leptons,
due to lepton universality.

In the SM, asymmetries measured at the Z pole [15]
depend only on the value of sin2 θf

eff for the fermions be-
ing considered. Because of the small ratio of vector and
axial-vector couplings for leptons, the sensitivity of lep-
tonic asymmetries to the changes in effective mixing an-
gle arises predominantly through the variation of the lep-
tonic couplings and not those of the quarks. Therefore,
it is customary to express AFB measurements in terms
of sin2 θ!

eff. In order to extract sin2 θ!

eff from AFB under
a consistent SM definition and compare results with pre-
vious measurements, we take into account the difference
between the electroweak radiative corrections for elec-
trons and u/d quarks using the relations [15–17]

sin2 θu
eff = sin2 θ!

eff − 0.0001,
sin2 θd

eff = sin2 θ!

eff − 0.0002.
(6)

Precise determinations of sin2 θ!

eff have been made in
many processes at different Q2 scales. They include
atomic parity violation (|Q2| ≈ 10−18 GeV2) [18], Møller
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orders in perturbation theory [1, 15], sin2 θf

eff is related to
the vector and axial-vector couplings by the expression

gf
V /gf

A = 1 − 4|qf | sin2 θf
eff. (5)

This charged lepton effective mixing angle sin2 θ!

eff
varies as a function of the momentum transfer at which
it is measured. Conventionally, it is quoted at the Z pole
[

sin2 θ!

eff(MZ)
]

, and it is identical for e, µ, and τ leptons,
due to lepton universality.

In the SM, asymmetries measured at the Z pole [15]
depend only on the value of sin2 θf

eff for the fermions be-
ing considered. Because of the small ratio of vector and
axial-vector couplings for leptons, the sensitivity of lep-
tonic asymmetries to the changes in effective mixing an-
gle arises predominantly through the variation of the lep-
tonic couplings and not those of the quarks. Therefore,
it is customary to express AFB measurements in terms
of sin2 θ!

eff. In order to extract sin2 θ!

eff from AFB under
a consistent SM definition and compare results with pre-
vious measurements, we take into account the difference
between the electroweak radiative corrections for elec-
trons and u/d quarks using the relations [15–17]

sin2 θu
eff = sin2 θ!

eff − 0.0001,
sin2 θd

eff = sin2 θ!

eff − 0.0002.
(6)

Precise determinations of sin2 θ!

eff have been made in
many processes at different Q2 scales. They include
atomic parity violation (|Q2| ≈ 10−18 GeV2) [18], Møller

Sensitive to 
new physics

(new neutral bosons, LED)

Sensitive to 
sin2θeff 

at Hadron Colliders

Drell-Yan: forward-backward asymmetry (7 TeV) 
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FIG. 6: Comparison of measured sin2 θ!

eff with results from
other experiments. The average is a combination of A0,!

F B,
Al(Pτ ), Alr(SLD), A0,b

F B, A0,c
F B, and Qhad

F B measurements from
the LEP and SLD Collaborations.

for zgrad2.
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FIG. 7: Comparison between the unfolded AF B (points) and
the pythia (solid curve) and zgrad2 (dashed line) predic-
tions. The boxes and vertical lines show the statistical and
total uncertainties, respectively.

MEASUREMENT OF gu(d)
V

AND gu(d)
A

FROM THE

UNFOLDED DISTRIBUTION

We extract the individual quark couplings by compar-
ing the unfolded AFB distribution to templates generated
with resbos for different values of the Z-light quark cou-

plings. To determine gu(d)
V and gu(d)

A , the couplings of
electrons to Z bosons are fixed to their SM values and
sin2 θ!

eff is fixed to the global fit value 0.23153 [15]. A two-
dimensional χ2 fit [38] is used to constraint the couplings,
and a four-dimensional fit is presented as reference. The
two-dimensional fit is performed by fixing the u quark
(d quark) couplings to their SM values when fitting d
quark (u quark) couplings, while the four-dimensional fit
is performed by letting the u quark and d quark cou-
plings vary simultaneously. The best fit values, together
with results from other experiments, are shown in Ta-
ble VIII. Figure 8 depicts the 68% C.L. contours of the
χ2 fit and the contours of the theoretical uncertainty from
the PDF uncertainties determined using the CTEQ pre-
scription [5]. The correlation coefficients between gu

V , gu
A,

gd
V , and gd

A are shown in Table IX, without the PDF un-
certainty included. The comparisons between different
measurements from LEP [15], H1 [37], CDF [21], and
D0 are shown in Fig. 9. Because of the high statistics
of our data sample, and the reduced ambiguity in the
quark content of the initial state, these are the world’s
most precise direct measurements of gu

V , gu
A, gd

V , and gd
A

to date.

CONCLUSIONS

We have measured the forward-backward charge asym-
metry in pp̄ → Z/γ∗ → e+e− events and extracted

sin2 θ!

eff, gu(d)
V and gu(d)

A using 5.0 fb−1 of integrated lumi-
nosity collected by the D0 experiment at

√
s = 1.96 TeV.

The measured forward-backward charge asymmetry in
the range 50 < Mee < 1000 GeV agrees with the theo-
retical predictions. The measured sin2 θ!

eff value can be
directly compared with the LEP and SLD results, and the
overall sin2 θ!

eff uncertainty for light quarks obtained is
smaller than the combined uncertainty in the LEP mea-
surements of the inclusive hadronic charge asymmetry.
We also present the most precise direct measurement to
date of gu

V , gu
A, gd

V , and gd
A.

Although the uncertainty of our sin2 θ!

eff measurement
is still larger than that of the current world average, with
about 10 fb−1 of integrated luminosity expected by the
end of Tevatron Run II, a combined result of CDF and
D0 AFB measurements in both dielectron and dimuon

Z forward-backward asymmetry
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Figure 3: The combined (µ+µ� + e+e�) measurement of AFB at the Born level in four Y bins
with the acceptance cuts of pT(`) > 20 GeV and |h(`)| <2.4 (In the di-electron channel, un-
folding also corrects for the gap in ECAL in the pseudo-rapidity range of |h| = 1.444 � 1.566.).
Data points are shown with the statistical error bars and the MC points with the total systematic
error bars. The extent of the M error bars indicate the bin width.

Unfolded AFB agrees well with theoretical predictions

No evidence for new physics at high-mass

Phys. Rev. D 84, 012007 (2011) CMS PAS EWK-11-004
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FIG. 6: Comparison of measured sin2 θ!

eff with results from
other experiments. The average is a combination of A0,!

F B,
Al(Pτ ), Alr(SLD), A0,b

F B, A0,c
F B, and Qhad

F B measurements from
the LEP and SLD Collaborations.

for zgrad2.
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FIG. 7: Comparison between the unfolded AF B (points) and
the pythia (solid curve) and zgrad2 (dashed line) predic-
tions. The boxes and vertical lines show the statistical and
total uncertainties, respectively.

MEASUREMENT OF gu(d)
V

AND gu(d)
A

FROM THE

UNFOLDED DISTRIBUTION

We extract the individual quark couplings by compar-
ing the unfolded AFB distribution to templates generated
with resbos for different values of the Z-light quark cou-

plings. To determine gu(d)
V and gu(d)

A , the couplings of
electrons to Z bosons are fixed to their SM values and
sin2 θ!

eff is fixed to the global fit value 0.23153 [15]. A two-
dimensional χ2 fit [38] is used to constraint the couplings,
and a four-dimensional fit is presented as reference. The
two-dimensional fit is performed by fixing the u quark
(d quark) couplings to their SM values when fitting d
quark (u quark) couplings, while the four-dimensional fit
is performed by letting the u quark and d quark cou-
plings vary simultaneously. The best fit values, together
with results from other experiments, are shown in Ta-
ble VIII. Figure 8 depicts the 68% C.L. contours of the
χ2 fit and the contours of the theoretical uncertainty from
the PDF uncertainties determined using the CTEQ pre-
scription [5]. The correlation coefficients between gu

V , gu
A,

gd
V , and gd

A are shown in Table IX, without the PDF un-
certainty included. The comparisons between different
measurements from LEP [15], H1 [37], CDF [21], and
D0 are shown in Fig. 9. Because of the high statistics
of our data sample, and the reduced ambiguity in the
quark content of the initial state, these are the world’s
most precise direct measurements of gu

V , gu
A, gd

V , and gd
A

to date.

CONCLUSIONS

We have measured the forward-backward charge asym-
metry in pp̄ → Z/γ∗ → e+e− events and extracted

sin2 θ!

eff, gu(d)
V and gu(d)

A using 5.0 fb−1 of integrated lumi-
nosity collected by the D0 experiment at

√
s = 1.96 TeV.

The measured forward-backward charge asymmetry in
the range 50 < Mee < 1000 GeV agrees with the theo-
retical predictions. The measured sin2 θ!

eff value can be
directly compared with the LEP and SLD results, and the
overall sin2 θ!

eff uncertainty for light quarks obtained is
smaller than the combined uncertainty in the LEP mea-
surements of the inclusive hadronic charge asymmetry.
We also present the most precise direct measurement to
date of gu

V , gu
A, gd

V , and gd
A.

Although the uncertainty of our sin2 θ!

eff measurement
is still larger than that of the current world average, with
about 10 fb−1 of integrated luminosity expected by the
end of Tevatron Run II, a combined result of CDF and
D0 AFB measurements in both dielectron and dimuon

Statistical uncertainty 
still dominant

Most precise 
measurement from 

Z to light-quark coupling

Dominant systematic 
uncertainty 

PDF uncertainty
(0.00048)0.2309 ± 0.0008 (stat) ± 0.0006 (syst)

D0
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CMS: First measurement at the LHC
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sin2 θeff = 0.2287 ± 0.0020 (stat) ± 0.0025 (syst)

Extracted from Z/γ* ➔ μμ data using 
unbinned maximum likelihood fit:

di-lepton rapidity, invariant mass and cos θ*
CS

 

Major systematics: PDF, FSR and detector alignment
Phys. Rev. D 84 (2011) 112002 
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W: May 2010
Z: Jun 2010

Top: Jul 2010

WW: Dec 2010

ZZ: Jul 2011

W: 1988
Z: 1988

Top: 1994
WW: 2005

ZZ: 2008

Tevatron
timeline

LHC 
timeline

WZ: Mar 2011

WZ: 2007 H: Last week?

W.J. Stirling, private communication
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Performance measurements
SM tests at TeV scale
Proton PDFs
Backgrounds for searches
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σ(NNLO)
(pb)

(mtop = 172.5 GeV)

s-channel t-channel Wt-channel

Tevatron 
@ 1.96 TeV

LHC
@ 7 TeV

1.04 ± 0.4     2.26 ± 0.12 0.28 ± 0.06

4.6 ± 0.2       +2.7     64.6               -2.0 15.7 ± 1.1

Electroweak Top Production at Hadron Colliders

84

Not possible at 
Tevatron

Very difficult 
at LHC
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Production cross sections in ATLAS
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W Z tt t WW WZ Wt ZZ
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New W Boson Mass at the Tevatron

86

06/02/2012 Yu Zeng, CIPANP, St. Petersburg, FL 2

z W boson mass is an important parameter of the SM.

z Precise knowledge of W boson mass, together with top quark mass,
constrains the mass of the unobserved Higgs boson, and possibly 
new particles beyond the SM.

- For the same constraining power on Higgs mass:

- World-average of W mass (Feb. 2012)

- Progress on               has the biggest 
impact on Higgs constraint!

Motivation for Precision Measurements

(before Feb. 2012)

�mt = 0.9 GeV � �mW � 5 MeV

�mW

mH < 161 GeV at 95% C.L.

mW = 80399± 23 MeV

Constraints Higgs mass:

Monte Carlo (MC) Simulation

peT

electron

/ET

pWT

p�T

Hard Recoil

O
oC

F
S
R

Energy under the electron cone

Soft Recoil

Min Bias
Zero Bias

In-cone FSR
Underlying event

I RESBOS
I NLO generator with

resummation at low boson pT

I PHOTOS
I Simulation of photon

emmission
I Fast parametric MC simulation.

I Electron Model
I Recoil Model

W Mass at D0 D. Boline Stony Brook University / DØ 8 / 19

Need excellent 
understanding of detector 

and MC simulation

O(10 GeV)
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New W Boson Mass at the Tevatron
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Mass Measurement Strategy

I Measurement on two samples:
I Data sample
I Full GEANT MC sample

I Validate procedure

I Fast MC tuned for Data, Full MC.
I Binned Likelihood Fit for MW

using pe
T , 6ET , mT

Variable MW (GeV)
mT 80.371 ± 0.013
pe

T 80.343 ± 0.014
6ET 80.355 ± 0.015
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W Mass at D0 D. Boline Stony Brook University / DØ 11 / 19

06/02/2012 Yu Zeng, CIPANP, St. Petersburg, FL 13

W Mass Fits

muon electron

electronmuon

PRL 108, 151803 (2012) Phys. Rev. Lett. 108, 151804 (2011)

Fits transverse mass, lepton pT and neutrino pT

Uses both e and μ 
2.2 fb-1

1.1 M W events
ΔmW(sys) = 18 MeV (e)
ΔmW(sys) = 16 MeV (μ)

Uses only e
4 + 1 fb-1

1.7 M W events
ΔmW(sys) = 22 MeV (e)
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06/02/2012 Yu Zeng, CIPANP, St. Petersburg, FL 15

Result
z Combined electron channel and muon channel fits:

- Most precise measurement of W boson mass to date
- Exceed the precision of all previous measurements combined
- Reduces uncertainty of world average by ~30%

z Combined with D0 W mass result:
- New SM Higgs constraint:

mH < 152 GeV/c
2@ 95% C.L.

mCDF
W = 80387± 12stat ± 15syst = 80387± 19 MeV/c2

mD0
W = 80376± 23 MeV/c2

06/02/2012 Yu Zeng, CIPANP, St. Petersburg, FL 16

Conclusion

z CDF has achieved the most precise 
measurement of the W boson mass

z Significantly more precise than all 
previous measurements

�mW < 15 MeV/c2

mCDF
W = 80387± 19 MeV/c2

z Expect CDF                               with 
full CDF dataset already recorded

z The W mass will continue to play an 
important role as a stress test of SM.

PRL 108, 151803 (2012)
Dominant uncertainties:

Parton distribution functions: 10-14 MeV
Lepton calibration: 16 MeV (D0) / 5 MeV (CDF)

Improvements still to come

More than double statistics with full run II dataset
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Precision Electroweak Constraints
Disentangle if “observed” Higgs boson is SM or SUSY-like

89
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Precision Electroweak Constraints
Disentangle if “observed” Higgs boson is SM or SUSY-like

89

Challenges for LHC
to reach Δ MW =5 MeV

• Theoretical understanding of PT(W)
• Improved PDFs (strangeness)
• Large pileup affecting 
measurement of soft recoil


