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Outline

EW Gauge Boson Production

FEWZ 2.1 with new improvement

FEWZ 3.0/3.1 with NLO QED/EW corrections

Concluding Remarks



LHC: Up and Running
@ 7 TeV 2010〜～2011

@ 8 TeV 2012

Lint ⇠ 10fb�1



Z & W’s at Hadron 
Colliders

Z & W production still 
very interesting

playing an important 
role in LHC physics

σZ, σW

large production cross 
sections: 1〜～10’s of nbs

100m events !!!



Z & W’s at Hadron Colliders
Clean Signal from their leptonic decay

Detector calibration and performance

Luminosity monitoring

Look at new analysis tools

Low Z pT study: aT, etc. 

Beam thrust: systematic theoretical treatment of jet veto

Potential discovery of new physics beyond SM:

Bump search: new gauge bosons, extra dimensions, composite particles, etc.

Deviation in lepton forward-backward asymmetry AFB

Rich information on precision electroweak physics

Forward-backward asymmetry AFB helps determine weak mixing angle

Study of perturbative QCD

pT distribution starts at NLO

DY as a theoretical laboratory for QCD techniques

pQCD fails at low pT and PS threshold region

Resummation technique first worked out for DY

PDF measurement:

Distribution in Z rapidity measures/constraints PDFs

Low mass production sensitive to PDFs at small x value

Standard Candle



FEWZ: Precision Drell-Yan

Large amount of data → small statistical error

Percent level physics requires NNLO QCD

arXiv:hep-ex/
1107.4789

Inclusive 
Cross 

Section at 
CMS



FEWZ: Precision Drell-Yan
arXiv:hep-ex/1109.5141 22
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FIG. 19. Measured and predicted fiducial cross section ratios, �
W

+

/�
Z/�

⇤ (left) and �
W

�/�
Z/�

⇤ (right). The experimental
uncertainty (inner yellow band) includes the experimental systematic errors. The total uncertainty (outer green band) includes
the statistical uncertainty and the small contribution 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.

at the LHC in 2010 at a centre-of-mass energy of 7TeV.
With an integrated luminosity of about 35 pb�1, a total
of about 270, 000 W boson decays into an electron or
muon and the associated neutrino and a total of about
24, 000 Z/�⇤ decays into electron or muon pairs have been
observed.

The cross sections are measured in a well defined kine-
matic range within the detector acceptance, defined by
charged lepton pseudorapidity and charged lepton and
neutrino transverse momentum cuts. Integrated cross
sections are determined in these fiducial regions and are
also extrapolated to the full kinematic range to obtain
the total integrated W and Z/�

⇤ cross sections.
The W± cross sections are measured di↵erentially as a

function of the lepton pseudorapidity, extending to |⌘
`

| 
2.5. The Z/�

⇤ cross section is measured as a function of
the boson rapidity |y

Z

| up to a value of 2.4. An extension
to |y

Z

|  3.6 is obtained through the electron channel
measurements, which include the forward detector region
and |⌘

e

| as large as 4.9.
The electron and muon measurements are found to be

consistent in the three channels,W+,W� and Z/�

⇤. The
data sets are therefore combined using a method which
accounts for the di↵erent systematic error correlations.

This combination provides the most accurate inte-
grated inclusive W and Z/�

⇤ cross sections so far ob-
tained by the ATLAS Collaboration and the first mea-
surements of rapidity dependent cross sections. An up-
date is also presented of the W charge asymmetry as a
function of |⌘

`

|.
The precision of the integrated W and Z/�

⇤ cross sec-
tions in the fiducial region is ⇠ 1.2% with an additional
uncertainty of 3.4% resulting from the luminosity error.
The uncertainties on the total integrated cross sections
are about twice as large because of the extrapolation un-
certainties in the determination of the acceptance correc-
tion. The di↵erential cross sections are determined in the

fiducial region with a typical precision of 2%, apart from
the most forward part of y

Z

.
The results are compared with QCD predictions cal-

culated to NNLO in the fiducial regions of the measure-
ments which allows for maximum sensitivity to details of
the parton distributions used in these calculations.
The broad agreement of the theory predictions at the

few per cent level with the data supports the validity of
the QCD evolution equations, as the results rely on lower
scale parton distribution functions evolved to the W and
Z kinematic region, at the average value of Bjorken x of
about 0.01.
Interesting di↵erences between sets of parton distribu-

tions are observed, both in the integrated and the di↵er-
ential fiducial cross sections. The results presented in this
paper therefore provide a further basis for sensitive tests
of perturbative QCD and determinations of the partonic
content of the proton.
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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
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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

Measured in 
Fiducial Volume 
of the ATLAS 

detector

Results of 
different PDF 
sets as well as 
their 
uncertainties 
are calculated 
using FEWZ



FEWZ
Fortran based numerical code:
compute W/Z DY cross sections in hadron colliders:

two executables: FEWZw & FEWZz, for 
charged and neutral current DY production 
respectively

perturbative order in QCD, CM energy and 
collider type (Tevatron or LHC)

fully exclusive in final state particles kinematics

numerical integration parameters (Vegas)

PDF sets (CTEQ, MSTW, HERA, NNPDF etc.)



FEWZ 2.1: New Features
PDF error propagation & LHAPDF support 

input file for run configuration

simultaneous generation of predefined histograms

various bin sizes

smoothing parameters

cumulative histograms

reduced run time for NNLO calculations



FEWZ at WorkLHC @ 7 TeV
W production

arXiv:hep-ph/1201.5896

Histogram 
with various 

bin sizes

ATLAS data 
points are 

shown



QED Corrections
With percent level physics - EW corrections 
needed:  αEW ~ αS

2

Full NLO QED to Z implemented as our first step

Negative QED corr. tends to cancel positive QCD 
correction (arXiv:0907.0276,  arXiv:hep-ph/0611241)

Can shift Z pole in the resonance region

QED FSR can cause difference depending on 
how we reconstruct leptons in the calorimeter



FEWZ 3.0 
QED corrections included for percent level 
precision and FSR effect: Combined QED and QCD 
correction in a single run → no more unfolding

Electroweak input coupling schemes

Massive and massless lepton final states

Input parameters and histograms for photon 
radiation

For completeness, tree level photon initiated 
channel is also included for PDF set with photon 
distribution function



FEWZ at Work
Comparison with Dittmaier and Huber’s results 
for LHC @ 7 TeV using MRST2004QED

And the following photon recombination procedure is applied for leptons:

• Photons with a rapidity |⌘�| > 3 are considered part of the photon remnant and are

not recombined with the (anti-)lepton;

• If the photon survived the first step and the resolution Rl±� =
q

(⌘l± � ⌘�)2 + �2
l±� is

smaller than 0.1, it is recombined with the (anti-)lepton;

• All events are discarded if the standard cuts mentioned above are not met.

A. Numerical Results

Mll/GeV > 50 > 100 > 200 > 500 > 1000 > 2000

LO(D.) 738.733(6) 32.7236(3) 1.48479(1) 0.0809420(6) 0.00679953(3) 0.000303744(1)

LO0 738.789(9) 32.723(4) 1.483(1) 0.0809449(8) 0.0067993(6) 0.0003038(1)

LOµ 738.769(9) 32.728(4) 1.483(1) 0.0809451(8) 0.0067993(6) 0.0003037(1)

���,LO(D.) 0.17 1.15 4.30 4.92 5.21 6.17

���,LO 0.17 1.15 4.30 4.92 5.21 6.18

�QED,rec(D.) -1.81 -4.71 -2.92 -3.36 -4.24 -5.66

�QED,rec
0 -1.80(1) -4.83(4) -2.84(8) -3.46(1) -4.33(4) -5.66(18)

�QED,rec
µ -1.78(1) -4.74(9) -2.90(10) -3.45(1) -4.44(7) -5.21(31)

�QED
µ (D.) -3.34 -8.85 -5.72 -7.05 -9.02 -12.08

�QED
µ -3.39(1) -9.05(8) -5.78(7) -7.28(1) -9.29(7) -12.50(31)

TABLE I: Cross sections of dilepton production at Tevatron@1.96TeV

Mll/GeV > 50 > 100 > 150 > 200 > 400 > 600

LO(D.) 142.7878(7) 6.62280(3) 0.824114(3) 0.294199(1) 0.01775063(5) 0.001778465(5)

LO0 142.783(1) 6.6215(8) 0.8241(3) 0.294195(2) 0.017750(2) 0.0017789(6)

LOµ 142.783(1) 6.6225(8) 0.8246(3) 0.294197(2) 0.017749(2) 0.017785 (6)

���,LO(D.) 0.15 0.72 1.54 1.44 0.83 0.57

���,LO(D.) 0.15 0.72 1.54 1.44 0.83 0.57

�QED,rec(D.) -1.85 -4.87 -3.65 -3.83 -5.16 -6.56

�QED,rec
0 -1.84(1) -4.99(4) -3.74(4) -3.95(1) -5.25(4) -6.36(15)

�QED,rec
µ -1.84(1) -4.90(9) -3.78(4) -3.93(1) -5.29(7) -6.70(25)

�QED
µ (D.) -3.44 -8.93 -6.46 -6.86 -9.56 -12.42

�QED
µ -3.49(1) -9.14(9) -6.68(4) -7.08(1) -9.87(7) -12.79(23)

TABLE II: Cross sections of dilepton production at Tevatron@1.96TeV

Table (I) and (II) summarize the comparisons between the results of Ref. [7] and our

results. The leading-order result is in pb and the NLO QED correction is given in percentage

5

Preliminary

- “D.” represents 
the results of 
Dittmaier etc.
- “0” means the 
result with 
massless lepton
- “μ” denotes the 
result with muon 
mass

photon-initiated
channel

Percentage Corrections



FEWZ at WorkLHC @ 7 TeV
Z production

Preliminary

NLO QED 
correction is 
enhanced 
when photon 
lepton 
recombination 
is off due to 
log(Ml/Mz)

Z pole is 
shifted to 
slightly lower 
value



FEWZ at WorkLHC @ 7 TeV
Z production

Preliminary



FEWZ at Work
Can also use FEWZ to study pp→Z+ɣ

The photon pT distribution has a sudden drop 
at Mz/2-25GeV due to the Jacobian peak in 

Preliminary



EW Corrections
Implementation of full EW corrections is 
currently under debugging

Can Cause more negative shift of Z pole

Relative large correction in higher mass region 
due to EW Sudakov logarithms: -10% for LHC @ 
14 TeV

Expect FEWZ 3.1 with EW correction coming up 
very soon



Further developments
EW correction for W is also important for 
better determining W mass, which will be added 
in the future

Small pT resummation for W and Z is also 
considered to be added for more accurate pT 
distribution 

EW⊗QCD (αEW⋅αS) corrections level physics

effects only estimated (arXiv:0907.0276)

true calculation would be helpful



EW gauge boson production is still a very important 
process at the LHC

standard candles

key processes for EW precision physics & PDFs

implications for BSM physics

New version of FEWZ will provide NNLO QCD and NLO 
EW accuracy

true percent level physics

accurate differential distributions

Conclusions


