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We describe a measurement of the W boson mass m W using 200 pb! 1 of
ffiffiffi
s

p
" 1:96 TeV p !p collision

data taken with the CDF II detector. With a sample of 63 964 W ! e! candidates and 51 128 W ! "!
candidates, we measure m W " # 80:413 $ 0:034%stat& $ 0:034%sys& " 80:413 $ 0:048' GeV=c2. This is

the single most precise m W measurement to date. When combined with other measured electroweak

parameters, this result further constrains the properties of new unobserved particles coupling to W and Z
bosons.

DOI: 10.1103/PhysRevD.77.112001 PACS numbers: 13.38.Be, 12.15.Ji, 13.85.Qk, 14.70.Fm

I. INTRODUCTION

The discovery of the W and Z bosons in 1983 [1]
confirmed a central prediction of the unified model of
electromagnetic and weak interactions [2]. Initial W and
Z boson mass measurements verified the tree-level predic-
tions of the theory, with subsequent measurements probing
the predicted O%3 GeV=c2&[3,4] radiative corrections to
the masses. The current knowledge of these masses and
other electroweak parameters constrains additional radia-
tive corrections from unobserved particles such as the
Higgs boson or supersymmetric particles. These con-
straints are however limited by the precision of the mea-
suredW boson mass m W , making improved measurements
of m W a high priority in probing the masses and electro-
weak couplings of new hypothetical particles. We describe
in this article the single most precise m W measurement [5]
to date.

The W boson mass can be written in terms of other
precisely measured parameters in the ‘‘on-shell’’ scheme
as [4]
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where $EM is the electromagnetic coupling at the renor-
malization energy scale Q " m Zc

2, GF is the Fermi weak
coupling extracted from the muon lifetime, m Z is the Z
boson mass, and " r includes all radiative corrections.
Fermionic loop corrections increase the W boson mass
by terms proportional to ln%m Z=m f& for m f ( m Z [4],
while the loop containing top and bottom quarks (Fig. 1)
increases m W according to [6]
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where the second and third terms can be neglected since
m t * m b. Higgs loops (Fig. 2) decrease m W with a con-
tribution proportional to the logarithm of the Higgs mass
(m H). Contributions from possible supersymmetric parti-
cles are dominated by squark loops (Fig. 3) and tend to
increase m W . Generally, the lighter the squark masses and
the larger the squark weak doublet mass splitting, the larger
the contribution to m W . The total radiative correction from
supersymmetric particles can be as large as several hun-
dred MeV=c2 [7].
Table I [8] shows the change in m W for ) 1% changes in

the measured standard model input parameters and the
effect of doubling m H from 100 GeV=c2 to 200 GeV=c2.
In addition to the listed parameters, a variation of
$ 1:7 MeV=c2 on the predicted m W arises from two-loop
sensitivity to $s, e.g. via gluon exchange in the quark loop
in Fig. 1. Theoretical corrections beyond second order,
which have yet to be calculated, are estimated to affect
the m W prediction by $ 4 MeV=c2 [8].
The uncertainties on the m W prediction can be compared

to the 29 MeV=c2 uncertainty on the world average from
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FIG. 1. The one-loop contribution to the W boson mass from
top and bottom quarks.

WW

H

WW

H

FIG. 2. Higgs one-loop contributions to the W boson mass.
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FIG. 3. One-loop squark contributions to the W boson mass.
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few ! 10! 27 cm3/s [44Ð47]. Fermi-LAT also gives similar constraints,O(10! 27 " 10! 26 cm3/s), on
annihilations of light dark matter into µ+ µ! [48]. Slightly tighter constraints are also possible
from AMS, but are subject to e! ects of solar modulation for dark-matter massesm! < O(15 GeV)
[46, 49, 50].

We note, however, that these constraints all give limits on the annihilation cross section of
light dark matter to leptons which are smaller than that of a thermal relic by a factor of order
unity. While we also include annihilations of dark matter to neutrinos (equal in magnitude to dark
matter annihilations to charged leptons), some mild tension remains between bounds from indirect
detection and the thermal cross section. Interestingly, some works have considered possible evidence
for dark matter annihilation to leptons from indirect detection with cross sections slightly below
those of a thermal relic [45, 48, 51Ð56]. We will brießy return to the subject of indirect-detection
constraints when we discuss the parameter scans in Section V.

D. High-Energy Colliders

As discussed above, the requirements from the muong " 2 and the relic density imply that the
preferred scale of LFDM is the electroweak scale, i.e.,O(100 GeV" 1 TeV), which is within the reach
of collider experiments. While the lepton-ßavor gauge bosons do not e! ectively couple to electrons
and quarks at tree level, they can contribute, however, to the processese+ e! # µ+ µ! , ! + ! ! and
qøq # µ+ µ! , ! + ! ! via the one-loop diagrams in Fig. 3. Potentially relevant measurements include
constraints on resonance searches, e! ective operators, and couplings of theZ boson to µ+ µ! and
! + ! ! at LEP, as well as resonance searches at LHC.
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FIG. 3: (a) and (b): The 1-loop correction to the Z -decay vertex due to ßavor gauge bosons,X and Y .
(c): The 1-loop diagram for kinetic mixing between X and the hypercharge gauge bosonB at hadron and
lepton colliders (wheref øf can beqq or e+e�), which can contribute to the Z -lepton couplings, resonantX
production, and effective four-fermion operators.
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The Fermilab Tevatron delivered >10 fb-1 of proton-
antiproton collisions at √s=1.96 TeV from 2001-2011 

Many discoveries and measurements made by the 
CDF and D0 experiments

CDF  
detector

CERN Courier, 15 Apr 2016
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Following Kennedy and Lynn, we define the running couplings e2 (q~) and s2 (q3) as
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It suScesto keep only the terms linear in the II s, since we are concerned with nonstandard corrections which are very
small. Equation (2.9) can then be recast intol, e'
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We have omitted terms that are quadratic and higher or-
der in the H's from the denominator of the Z propagator.

The 8' and Z masses are the poles of their respective
propagators. Therefore, from (2.11)we seethat

Define the wave-function renormalization constants Zz
and Zw as the coeScientsof the poles in the Z and W
propagators:
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It is useful to define running masses Mz, (q ) and
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FIG. 1. Definition of the basic electroweak vacuum-

polarization amplitudes. these running massessatisfy

Vector coupling of the Z boson to fermions has contributions from 
weak and hypercharge couplings (electroweak mixing)
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on ! þ! − pairs yields sin2 " lepteff ¼ 0.23221# 0.00046. This result, when interpreted within the
specified context of the standard model assuming sin2 "W ¼ 1 −M2

W=M
2
Z and that the W- and Z-boson

masses are on-shell, yields sin2 "W ¼ 0.22400# 0.00045, or equivalently a W-boson mass of
80.328# 0.024 GeV=c2.
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I. INTRODUCTION

In this paper, the angular distribution of charged leptons
(l #) from the Drell-Yan [1] process is used to measure the
electroweak-mixing parameter sin2 "W [2]. At the Fermilab
Tevatron collider, Drell-Yan pairs are produced by the
process pp̄ ! l þl − þX, where the l þl − pair is produced
through an intermediate #$=Z boson, andXis the final state
associated with the production of the boson. In the standard
model, the production of Drell-Yan lepton pairs at the Born
level proceeds through two parton-level processes,

qq̄ ! #$ ! l þl − and qq̄ ! Z ! l þl −;

where the q and q̄ are the quark and antiquark, respectively,
from the colliding hadrons. The virtual photon couples the
vector currents of the incoming and outgoing fermions (f),
and the spacetime structure of a photon-fermion interaction
vertex is hf̄jQf#! jfi , where Qf, the strength of the
coupling, is the fermion charge (in units of e), and jfi
is the spinor for fermion f. An interaction vertex of a
fermion with a Z boson contains both vector (V) and
axial-vector (A) current components, and its structure is
hf̄jgfV#! þ gfA#! #5jfi . The Born-level coupling strengths
are

gfV ¼ Tf
3 − 2Qfsin2"W and gfA ¼ Tf

3 ;

where Tf
3 is the third component of the fermion weak-

isospin, which is Tf
3 ¼ 1

2 ð−
1
2Þ for positively (negatively)

charged fermions. At the Born level, and in all orders of the
on-shell renormalization scheme [3], the sin2 "W parameter
is related to the W-boson mass MW and the Z-boson mass
MZ by the relationship sin2 "W ¼ 1 −M2

W=M
2
Z. Radiative

corrections alter the strength of the Born-level couplings
into effective couplings. These effective couplings have
been investigated at the Tevatron [4Ð7], at the LHC [8Ð10],
and at LEP-1 and SLC [11,12]. The on-shell sin2 "W
coupling has been investigated with neutrino-nucleon
collisions at the Tevatron [13] and with electron-proton
collisions at HERA [14].
The effective sin2 "W coupling at the lepton vertex,

denoted as sin2 " lepteff , has been accurately measured at the
LEP-1 and SLC eþe− colliders [11,12]. The combined
average of six individual measurements yields a value of
0.23149# 0.00016. However, there is tension between the

two most precise individual measurements: the combined
LEP-1 and SLD b-quark forward-backward asymmetry
(A0;b

FB) yields sin
2 " lepteff ¼ 0.23221# 0.00029, and the SLD

left-right polarization asymmetry of Z-boson production
(A l ) yields sin2 " lepteff ¼ 0.23098# 0.00026. They differ by
3.2 standard deviations.
The Drell-Yan process at hadron-hadron colliders is also

sensitive to the sin2 " lepteff coupling. Measurements of the
forward-backward asymmetry in the l − polar-angle dis-
tribution as a function of the lepton-pair invariant mass are
used to extract the coupling. This paper presents a new
measurement of the sin2 " lepteff coupling and an inference of
the sin2 "W parameter using a sample of eþe− pairs
corresponding to an integrated pp̄ luminosity of 9.4 fb−1

collected at the Tevatron pp̄ collider. Innovative methods
for the calibration of the electron energy and the measure-
ment of the forward-backward asymmetry are used.
Electroweak radiative corrections used for the extraction
of sin2 " lepteff and sin2 "W are derived from an approach used
by LEP-1 and SLD.
An outline of the paper follows. Section II provides

an overview of the lepton angular distributions and the
extraction of sin2 " lepteff . Section III discusses quantum
chromodynamics (QCD) calculations for the forward-
backward asymmetry and the inclusion of electroweak
radiative-correction form factors used in the analysis of
high-energy eþe− collisions. The form factors are
required for the determination of sin2 "W from the
measurement of sin2 " lepteff . Section IV describes the
experimental apparatus. Section V reports on the selec-
tion of data. Section VI describes the simulation of
the reconstructed data. Sections VII and VIII present
the experimental calibrations and the measurement of the
asymmetry, respectively, along with corresponding cor-
rections to data and simulation. Section IX describes the
method used to extract sin2 " lepteff . Section X describes the
systematic uncertainties. Section XI presents the results
of this measurement using eþe− pairs, and Sec. XII
describes the combination of results from this measure-
ment and a previous CDF measurement using ! þ! − pairs
[6]. Finally, Sec. XIII presents the summary. Standard
units are used for numerical values of particle masses and
momenta, e.g., 40 GeV=c2 and 20 GeV=c, respectively,
where c denotes the speed of light. Otherwise, natural
units (! ¼ c ¼ 1) are used.

T. AALTONEN et al. PHYSICAL REVIEW D 93, 112016 (2016)

112016-4

Loop corrections modify the vector coupling relative to axial

Couplings can be affected by e.g. dark 
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few ! 10! 27 cm3/s [44Ð47]. Fermi-LAT also gives similar constraints,O(10! 27 " 10! 26 cm3/s), on
annihilations of light dark matter into µ+ µ! [48]. Slightly tighter constraints are also possible
from AMS, but are subject to e! ects of solar modulation for dark-matter massesm! < O(15 GeV)
[46, 49, 50].

We note, however, that these constraints all give limits on the annihilation cross section of
light dark matter to leptons which are smaller than that of a thermal relic by a factor of order
unity. While we also include annihilations of dark matter to neutrinos (equal in magnitude to dark
matter annihilations to charged leptons), some mild tension remains between bounds from indirect
detection and the thermal cross section. Interestingly, some works have considered possible evidence
for dark matter annihilation to leptons from indirect detection with cross sections slightly below
those of a thermal relic [45, 48, 51Ð56]. We will brießy return to the subject of indirect-detection
constraints when we discuss the parameter scans in Section V.

D. High-Energy Colliders

As discussed above, the requirements from the muong " 2 and the relic density imply that the
preferred scale of LFDM is the electroweak scale, i.e.,O(100 GeV" 1 TeV), which is within the reach
of collider experiments. While the lepton-ßavor gauge bosons do not e! ectively couple to electrons
and quarks at tree level, they can contribute, however, to the processese+ e! # µ+ µ! , ! + ! ! and
qøq # µ+ µ! , ! + ! ! via the one-loop diagrams in Fig. 3. Potentially relevant measurements include
constraints on resonance searches, e! ective operators, and couplings of theZ boson to µ+ µ! and
! + ! ! at LEP, as well as resonance searches at LHC.
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FIG. 3: (a) and (b): The 1-loop correction to the Z -decay vertex due to ßavor gauge bosons,X and Y .
(c): The 1-loop diagram for kinetic mixing between X and the hypercharge gauge bosonB at hadron and
lepton colliders (wheref øf can beqq or e+e�), which can contribute to the Z -lepton couplings, resonantX
production, and effective four-fermion operators.
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is

AL =
2(! 1/ 2 + 2 sin2 ! W ) " 1/ 2

1/ 4 ! 2 sin2 ! W + 4 sin4 ! W + 1/ 4

=
! 1/ 2 + 2 sin2 ! W

1/ 2 ! 2 sin2 ! W + 4 sin4 ! W

. (10.29)

This can be rewritten as a quadratic in sW # sin2 ! W :

4ALs2
W

! (2AL ! 2)sw + (AL/ 2 ! 1/ 2) = 0 (10.30)

with solution

sW =
2AL ! 2 ± [(2AL ! 2)2 ! 16AL(AL/ 2 ! 1/ 2)]1/2

8AL

(10.31)

The term under the square root is

(4A2
L

! 8AL + 4 ! 8A2
L

+ 8AL)1/2 = 2(1 ! A2
L
)1/2

$ 2 ! A2
L

. (10.32)

We can take other measurements (e.g. mW and mZ) to select the positive sign in front of
the square root. Then

sW =
AL ! 1 + (1 ! A2

L
)1/2

4AL

$
1
4

!
AL

8
. (10.33)

Substituting AL = 0.1516 gives sin2 ! W = 0.23105 in the approximation and sin2 ! W =
0.23094 from the analytic equation. The approximation can be used to calculate the relative
uncertainty on sW :

" (sW ) =
" (AL)

8
= 0.00026. (10.34)

Using mZ = 91.1876 GeV and m2
W

= m2
Z

cos2 ! W , this translates into a tree-level W
boson mass of

mW = 79.968 GeV. (10.35)

10.0.1.3 Forward-backward asymmetry The measurement of the weak charge of
fermions, and the corresponding extraction of sin2 ! W , is greatly simplified by integrating
cos ! above and below zero and taking the difference divided by the sum. At

%
s = mZ

the interference term does not contribute and the symmetric cos ! distribution in the photon
term also removes its contribution. Then one has the simple relation

! 1
0 dcos ! d!

d cos " !
! 0

! 1 dcos ! d!
d cos "! 1

0 dcos ! d!
d cos " +

! 0
! 1 dcos ! d!

d cos "

=
3g#

A
g#

V
gq

V
gq

A

[(g#
V

)2 + (g#
A
)2][(gq

V
)2 + (gq

A
)2]

. (10.36)

Many pieces of the calculation have cancelled, and experimentally many of the uncertain-
ties cancel in this ratio measurement. The determinations of sin2 ! W through forward-
backward asymmetry measurements at LEP are among the most precise measurements
of this parameter. The measurements are consistent with the predictions, with a moder-
ate deviation in the case of the forward-backward asymmetry measured using decays to b
quarks. The measurement Ab,LEP

FB
= 0.0992 ± 0.0016 is 2.5" lower than the prediction,

Ab,SM

FB
= 0.1034 ± 0.0004.

Forward-backward asymmetry of Z-pole leptons probes relative vector and axial couplings

Capture leading loop effects with the replacements

sin2 ! W ! 1 ! M2
W=M2

Z "3#

holds to all orders of perturbation theory by definition.
Since the Z-boson mass is accurately known (to
$ 0.0021GeV=c2 [11,12]), the inference of sin2 ! W is
equivalent to an indirectW-boson mass measurement.

Form factors calculated byZFITTER are tabulated for later
use in QCD calculations. The specific standard-model
assumptions and parameters used in the form-factor calcu-
lation are presented in the Appendix, as well as their usage in
the scattering amplitudeAq. The calculated form factors are
" eq, #e, #q, and#eq, where the labele denotes an electron and
q denotes a quark. As the calculations use the massless-
fermion approximation, the form factors only depend on the
charge and weak isospin of the fermions. Consequently, the
tabulated form factors are distinguished by three labels,e
(electron type),u (up-quark type), andd (down-quark type).
The form factors are complex valued and are functions of the
sin2 ! W parameter and the Mandelstamŝ variable of the
e%e! ! Z ! f øf process. The" eq, #e, and#q form factors
of the amplitude can be reformulated as corrections to the
Born-levelgf

A andgf
V couplings,

gf
V !

ffiffiffiffiffiffiffi
" eq

p
"Tf

3 ! 2Qf #f sin2! W# and gf
A !

ffiffiffiffiffiffiffi
" eq

p
Tf

3;

wheref representse or q.
The products#f sin2 ! W, called effective-mixing terms,

are directly accessible from measurements of the asym-
metry in the cos$ distribution. However, neither the sin2 ! W
parameter nor thês-dependent form factors can be inferred
from measurements without assuming the standard model.
The effective-mixing terms are denoted as sin2 ! eff to
distinguish them from the on-shell definition of the
sin2 ! W parameter of Eq.(3). The Drell-Yan process is
most sensitive to the sin2 ! eff term of the lepton vertex,
#e sin2 ! W. At the Z pole, #e is independent of the quark
flavor, and the flavor-independent value of#e sin2 ! W is
commonly denoted as sin2 ! lept

eff . For comparisons with other
measurements, the value of sin2 ! lept

eff at theZ pole is taken to
be Re&#e"M2

Z#'sin2 ! W.

B. QCD calculations

TheZFITTERform factors" eq, #e, and#q are inserted into

the Borngf
A andgf

V couplings of the Drell-Yan process. The
#eq form factor is incorporated as an amplitude correction.
This provides an enhanced Born approximation (EBA) to
the electroweak terms of the amplitude. The form factor for
the QED self-energy correction to the photon propagator is
also part of the EBA. Complex-valued form factors are used
in the amplitude. Only the electroweak-coupling factors in
the QCD cross sections are affected. The standard LEP
Z-boson resonant line shape and the total decay width
calculated byZFITTER are used.

Both leading-order (LO) and next-to-leading-order
(NLO) QCD calculations ofAfb for the processp øp !
%( =Z ! l%l! are performed with form factors provided by
ZFITTER. Two sets of PDFs are used to provide the
incoming parton flux used in all QCD calculations dis-
cussed in this section, except where specified otherwise.
They are the NLO CTEQ6.6[19] PDFs and the next-to-
next-to-leading order (NNLO) NNPDF-3.0[20] PDFs. For
consistency with theZFITTER calculations, the NNPDFs
selected are derived with a value of the strong-interaction
coupling of 0.118 at theZ mass.

Two NLO calculations,RESBOS[21] and thePOWHEG-
BOX implementation[22] of the Drell-Yan process[23], are
modified to be EBA-based QCD calculations. For both
calculations, the cross section is finite asP2

T vanishes. The
RESBOScalculation combines a NLO fixed-order calcula-
tion at high bosonPT with the Collins-Soper-Sterman
resummation formalism[24] at low bosonPT, which is an
all-orders summation of large terms from gluon emission
calculated to next-to-next-to-leading log accuracy. The
RESBOS calculation uses CTEQ6.6 NLO PDFs. The
POWHEG-BOX calculation uses the NNLO NNPDF-3.0
PDFs and is a fully unweighted partonic event generator
that implements Drell-Yan production ofl%l! pairs at
NLO. The NLO production implements a Sudakov form
factor[25] that controls the infrared divergence at lowPT
and is constructed to be interfaced with parton showering to
avoid double counting. ThePYTHIA 6.41[26] parton-show-
ering algorithm is used to produce the final hadron-level
event. The combined implementation has next-to-leading log
resummation accuracy. The LO calculations ofAfb are based
on numerical integrations of the LO cross section using
NNPDF-3.0 PDFs and are used for direct comparisons with
thePOWHEG-BOX calculations.

ThePOWHEG-BOX NLO program, in conjunction with the
NNPDF-3.0 NNLO PDFs, is chosen as the default EBA-
based QCD calculation ofAfb with various input values of
sin2 ! W. TheRESBOScalculation is used as a reference for
resummed calculations. The LO calculation serves as a
reference calculation for the sensitivity ofAfb to QCD
radiation.

IV. EXPERIMENTAL APPARATUS

The CDF II apparatus is a general-purpose detector[27]
at the Fermilab Tevatron, ap øp collider with a center-of-
momentum (cm) energy of 1.96 TeV. The positive-z axis of
the detector coordinate system is directed along the proton
direction. For particle trajectories, the polar angle! cm is
relative to the proton direction and the azimuthal angle
&cm is oriented about the beamline axis with' =2 being
vertically upwards. The pseudorapidity of a particle is
( ! ! ln tan"! cm=2#. Detector coordinates are specified as
(( det, &cm), where( det is the pseudorapidity relative to the
detector center (z ! 0).
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I. INTRODUCTION

The weak mixing angle, ! W , is one of the fundamental parameters of the standard model (SM). It
describes the relative strength of the axial-vector couplingsgf

A to the vector couplings gf
V in the neutral-

current interaction of a Z boson to fermionsf as

! i
g

2 cos! W

øf " µ
!

gf
V ! gf

A " 5

"
fZ µ (1)

where gf
V is the vector coupling constant andgf

A is the axial-vector coupling constant, with

gf
V = I f

3 ! 2Qf ásin2 ! W

gf
A = I f

3 (2)

where I f
3 is the third component of weak isospin of the left-handed part of the fermion Þeld, andQf

is the charge of the fermion. At tree level in the SM and in all orders of the on-shell renormalization
scheme,! W is related to the W and Z boson masses as sin2 ! W = 1 ! M 2

W /M 2
Z . To include higher order

electroweak radiative corrections, fermion ßavor-speciÞc e! ective couplings are deÞned as

sin2 ! f
e! =

1
4|Qf |

#

1 !
gf

V

gf
A

$

(3)

and it is customary to quote the charged lepton e! ective weak mixing angle sin2 ! !
e! , which can be

determined from parity violating observables around the Z boson mass pole. The two most precise
measurements di! er by about three standard deviations. These are obtained from the charge asymmetry
for b quark production A0,b

F B , where the combined LEP measurement is sin2 ! !
e! = 0 .23221± 0.00029, and

from the electron-positron left-right polarization asymmetry ALR , measured by the SLD Collaboration,
yielding sin2 ! !

e! = 0 .23098± 0.00026 [1]. An independent determination of the weak mixing angle with
high accuracy is thus an important precision test of the SM electroweak breaking mechanism.

At the Tevatron, the weak mixing angle can be determined from the Drell-Yan processqøq " Z/ " ! "
#+ #" , through a forward-backward charge asymmetry in the distribution of the emission angle (! ! ) of the
negatively charged lepton momentum relative to the incoming quark momentum, deÞned in the Collins-
Soper frame [2]. Events with cos! ! > 0 are classiÞed as forward (F), and those with cos! ! < 0 as
backward (B). The forward-backward charge asymmetry,AF B , is deÞned by

AF B =
NF ! NB

NF + NB
, (4)

where NF and NB are the numbers of forward and backward events.
AF B can be measured as a function of the invariant mass of the dimuon pair (M µµ ) using Z/ " ! " µ+ µ"

decay. The presence of both vector and axial-vector couplings in the coupling of theZ bosons to fermions
makes the AF B distribution highly sensitive to sin 2 ! W . The primary value extracted from the AF B
distribution in this analysis corresponds to the pythia Born-level weak mixing angle [3] (sin2 ! B

W ). To
translate it to the leptonic e! ective weak mixing angle (sin2 ! !

e! ), higher order QCD and QED corrections
must be considered.

Recent measurements of sin2 ! !
e! were performed by the CDF collaboration using combined results from

the Z/ " ! " e+ e" and Z/ " ! " µ+ µ" channels, and by D0 in the Z/ " ! " e+ e" channel. The CDF
combined measurement is 0.23221± 0.00046 [4]. The D0 dielectron measurement [5] has been corrected
to correspond to the use of the NNPDF3.0 parton distribution functions (PDFs) employed for other
Tevatron measurements. The corrected value is sin2 ! !

e! = 0 .23117± 0.00047 [7].
The weak mixing angle is also measured at the Large Hadron Collider (LHC) by the ATLAS, CMS

and LHCb collaborations [8Ð10]. Due to the fact that the directions of initial quarks and anti-quarks are
unknown in pp collision, the precision is not comparable with that at the Tevatron.

This note reports a measurement of the e! ective weak mixing angle from theAF B distribution using
8.6 fb" 1 of data collected with the D0 detector at the Fermilab Tevatron pøp collider, using the Z/ " ! "
µ+ µ" channel.

sin2 θW ¼ 1 − M2
W=M2

Z ð3Þ

holds to all orders of perturbation theory by definition.
Since the Z-boson mass is accurately known (to
$ 0.0021 GeV=c2 [11,12]), the inference of sin2 θW is
equivalent to an indirect W-boson mass measurement.
Form factors calculated by ZFITTER are tabulated for later

use in QCD calculations. The specific standard-model
assumptions and parameters used in the form-factor calcu-
lation are presented in the Appendix, as well as their usage in
the scattering amplitude Aq. The calculated form factors are
ρeq, κe, κq, and κeq, where the label edenotes an electron and
q denotes a quark. As the calculations use the massless-
fermion approximation, the form factors only depend on the
charge and weak isospin of the fermions. Consequently, the
tabulated form factors are distinguished by three labels, e
(electron type), u (up-quark type), and d (down-quark type).
The form factors are complex valued and are functions of the
sin2 θW parameter and the Mandelstam ös variable of the
eþ e− → Z → f f̄ process. The ρeq, κe, and κq form factors
of the amplitude can be reformulated as corrections to the
Born-level gf

A and gf
V couplings,

gf
V →

!!!!!!!
ρeq

p ðTf
3 − 2Qf κf sin2θWÞ and gf

A →
!!!!!!!
ρeq

p
Tf
3;

where f represents e or q.
The products κf sin2 θW, called effective-mixing terms,

are directly accessible from measurements of the asym-
metry in the cos ϑ distribution. However, neither the sin2 θW
parameter nor the ös-dependent form factors can be inferred
from measurements without assuming the standard model.
The effective-mixing terms are denoted as sin2 θeff to
distinguish them from the on-shell definition of the
sin2 θW parameter of Eq. (3). The Drell-Yan process is
most sensitive to the sin2 θeff term of the lepton vertex,
κe sin2 θW. At the Z pole, κe is independent of the quark
flavor, and the flavor-independent value of κe sin2 θW is
commonly denoted as sin2 θlepteff . For comparisons with other
measurements, the value of sin2 θlepteff at the Z pole is taken to
be Re½κeðM2

ZÞ' sin2 θW.

B. QCD calculations

The ZFITTER form factors ρeq, κe, and κq are inserted into
the Born gf

A and gf
V couplings of the Drell-Yan process. The

κeq form factor is incorporated as an amplitude correction.
This provides an enhanced Born approximation (EBA) to
the electroweak terms of the amplitude. The form factor for
the QED self-energy correction to the photon propagator is
also part of the EBA. Complex-valued form factors are used
in the amplitude. Only the electroweak-coupling factors in
the QCD cross sections are affected. The standard LEP
Z-boson resonant line shape and the total decay width
calculated by ZFITTER are used.

Both leading-order (LO) and next-to-leading-order
(NLO) QCD calculations of Afb for the process pp̄ →
γ(=Z → l þ l − are performed with form factors provided by
ZFITTER. Two sets of PDFs are used to provide the
incoming parton flux used in all QCD calculations dis-
cussed in this section, except where specified otherwise.
They are the NLO CTEQ6.6 [19] PDFs and the next-to-
next-to-leading order (NNLO) NNPDF-3.0 [20] PDFs. For
consistency with the ZFITTER calculations, the NNPDFs
selected are derived with a value of the strong-interaction
coupling of 0.118 at the Z mass.
Two NLO calculations, RESBOS [21] and the POWHEG-

BOX implementation [22] of the Drell-Yan process [23], are
modified to be EBA-based QCD calculations. For both
calculations, the cross section is finite as P2

T vanishes. The
RESBOS calculation combines a NLO fixed-order calcula-
tion at high boson PT with the Collins-Soper-Sterman
resummation formalism [24] at low boson PT, which is an
all-orders summation of large terms from gluon emission
calculated to next-to-next-to-leading log accuracy. The
RESBOS calculation uses CTEQ6.6 NLO PDFs. The
POWHEG-BOX calculation uses the NNLO NNPDF-3.0
PDFs and is a fully unweighted partonic event generator
that implements Drell-Yan production of l þ l − pairs at
NLO. The NLO production implements a Sudakov form
factor [25] that controls the infrared divergence at low PT
and is constructed to be interfaced with parton showering to
avoid double counting. The PYTHIA 6.41 [26] parton-show-
ering algorithm is used to produce the final hadron-level
event. The combined implementation has next-to-leading log
resummation accuracy. The LO calculations ofAfb are based
on numerical integrations of the LO cross section using
NNPDF-3.0 PDFs and are used for direct comparisons with
the POWHEG-BOX calculations.
The POWHEG-BOX NLO program, in conjunction with the

NNPDF-3.0 NNLO PDFs, is chosen as the default EBA-
based QCD calculation of Afb with various input values of
sin2 θW. The RESBOS calculation is used as a reference for
resummed calculations. The LO calculation serves as a
reference calculation for the sensitivity of Afb to QCD
radiation.

IV. EXPERIMENTAL APPARATUS

The CDF II apparatus is a general-purpose detector [27]
at the Fermilab Tevatron, a pp̄ collider with a center-of-
momentum (cm) energy of 1.96 TeV. The positive-z axis of
the detector coordinate system is directed along the proton
direction. For particle trajectories, the polar angle θcm is
relative to the proton direction and the azimuthal angle
ϕcm is oriented about the beamline axis with π=2 being
vertically upwards. The pseudorapidity of a particle is
η ¼ − ln tanðθcm=2Þ. Detector coordinates are specified as
(ηdet, ϕcm), where ηdet is the pseudorapidity relative to the
detector center (z ¼ 0).
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Measurement strategy: 
Measure number of selected negative leptons in the forward and backward regions as a function of mass 
Correct for detector acceptances and resolutions

Leptons have more sensitivity to κ variations: fix κq to the SM value and measure sin2θefflept 

D0 & CDF have performed measurements in e and μ channels with complete data sets 
Final combination submitted for publication

Experimental and theoretical requirements: 
Accurate simulation of detector response and acceptance 
Accurate model of the parton distribution functions (affect detector acceptance & quark couplings)
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assumptions: ! ! A"# $ ! ! A"! in each jcos " j bin, and
Eq. (1) describes the angular distributions. As the inter-
change of the charge labels of the electrons transforms
cos " to ! cos " , the detector assumption is equivalent to the
postulate of a charge-symmetric detector for single elec-
trons. For high PT electrons with the same momenta,
regions of the detector with charge-asymmetric acceptances
and efficiencies are small. Thus, to first order, the accep-
tance and efficiency cancel out with the event-weighting
method, and the small portions that do not cancel out are
later corrected with the simulation (Sec. VIII D).
The measurement of Afb within a jcos " j bin only

depends on the event counts N% and is

A0
fb $

N# ! N!

N# # N! $
8

3
Afb

!
jcos " j

1 # cos2" # & & &

"
; !4"

where 1 # cos2 " # & & &denotes symmetric terms in Eq. (1).
The event difference is proportional to 2A4jcos " j, and the
event sum to 2!1 # cos2 " # & & &". Each bin is an indepen-
dent measurement of 8

3 Afb, or equivalently, A4, with an
uncertainty of #0=$, where #0 is the statistical uncertainty
for A0

fb, and $ the angular factor in the parentheses of
Eq. (4). When the measurements are combined, the
statistical weight of each bin is proportional to $2.
The binned measurements are reformulated into an

unbinned, event-by-event weighted expression

Afb $
N#

n ! N!
n

N#
d # N!

d
: !5"

The N%
n and N%

d terms represent weighted event counts, and
the subscripts n and d signify the numerator and denom-
inator sums, respectively, which contain the same events
but with different event weights. Consider the N# and N!

events of the binned measurement of A0
fb with a specific

value of jcos " j. In the unbinned measurement, their
numerator and denominator weights contain: (1) factors
to cancel the angular dependencies of their event difference
!N# ! N! " and sum !N# # N! ", respectively, and (2) the
$2 factor for the statistical combination of these events with
events from other angular regions. The method is equiv-
alent to using a maximum-likelihood technique, and for an
ideal detector the statistical precision of Afb is expected to
be about 20% better relative to the direct counting method
[45]. However, detector resolution and limited acceptance
degrade the ideal gain.
While the discussion of event weights illustrates an

asymmetry measurement, the event weights presented in
Ref. [45] and used in this analysis are for the measurement
of the A4 angular coefficient. The numerator and denom-
inator event weights for the measurement of A4 are
0.5jcos " j=%2 and 0.5 cos2 " =%3, respectively, where % is
the symmetric 1 # cos2 " # & & &term of Eq. (4).

The event weights are functions of the reconstructed
kinematic variables cos " , &, and the lepton-pair variables
M and PT. Only the A0 and A2 terms of Eq. (1) are used in
the denominator of the angular factor of Eq. (4), and the
angular coefficients are parametrized with

A0 $ A2 $
kP2

T

kP2
T # M2

;

where k is a tuning factor for the PT dependence of the A0

and A2 coefficients. For this analysis, k $ 1.65, which is
derived from a previous measurement of angular coeffi-
cients [17]. The exact form of these angular terms in the
event weights is not critical for Afb because the bulk of the
events is at low boson PT.
The background events are subtracted from the weighted

event sums on an event-by-event basis by assigning negative
event weights when combining with the event sums.
The event-weighting method also does not compensate for

the smearing of kinematic variables due to the detector
resolution, and the restricted sampling of the asymmetry in
kinematic regions with limited acceptance. Resolution-
smearing effects are unfolded with the aid of the simulation,
and sampling limitations are separately compensated.

B. Final calibrations

Relative to the expected asymmetry distribution illus-
trated in Fig. 2, the observed distribution is diluted by the
detector resolution and QED FSR. The dilution from the
detector resolution is visible in the vicinity of the Z-boson
pole mass. The dilution from QED FSR is more pro-
nounced at low masses because the rate of events produced
in the vicinity of the Z-boson pole mass that radiate and
are reconstructed in this low-mass region is more signifi-
cant in relation to the intrinsic production rate. Detector
miscalibrations add further distortions. All sources
directly affect the electron-pair mass distributions that
are primary inputs to the Afb!M" distribution. The precision
calibrations of both the data and simulation remove the
additional distortions. In conjunction, the data-driven
adjustments to the simulation remove differences between
the data and simulation that impact the fully corrected
Afb!M" measurement.
The Collins-Soper cos " distribution for the simulation is

also adjusted to improve agreement with the data. Only the
symmetric part of the distribution is adjusted. The adjust-
ments, determined for six electron-pair invariant mass bins
whose boundaries are aligned with those used in the
measurement, are determined from the ratios of the data-
to-simulation cos " distributions. The ratios are projected
onto the first five Legendre polynomials: Σi$ 4

i$ 0piPi !cos " ",
where pi are projection coefficients and Pi !cos " " are
Legendre polynomials. The ratios are normalized so that
the event count in the mass bin matches that of the data. The
symmetric parts of the projections describe the ratios well
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CDF use an event weighting to effectively measure asymmetry as a function of cosθ 
Reduces reliance on simulated acceptance

Weighting factor for Afb(cosθ)

Also constrain NNPDF sets in situThe uncertainty of higher-order QCD effects is estimated
with the difference between the values of sin2 θW in
Table III extracted with the tree and POWHEG-BOX NLO
templates based on the wk-weighted ensemble of NNPDF-
3.0 PDFs. This uncertainty, denoted as the “QCD scale”
uncertainty, is ! 0.00002. Although the POWHEG-BOX
prediction is a fixed-order NLO QCD calculation at large
boson PT, it is a resummation calculation in the low-to-
moderate PT region. The parton-showering algorithm of
PYTHIA incorporates multiorder real emissions of QCD
radiation over all regions of the boson PT.
The sin2 θlepteff result, because of its direct relationship

with Afb, is independent of the standard-model based
calculations specified in the Appendix. However, the
choice of input parameter values may affect the fit value
of sin2 θW or MW. The effect of measurement uncertainties
from the top-quark mass mt and from the contribution of
the light quarks to the “running” electromagnetic fine-
structure constant at the Z mass Δα"5#

em"M2
Z# is investigated

using these uncertainties: ! 0.9 GeV=c2 [49] and ! 0.0001
[50], respectively. Figure 25 shows the relation between
sin2 θW and sin2 θlepteff for the default parameter values, and
for 1 standard-deviation shifts to the default values of the
mt and Δα"5#

em"M2
Z# parameters. Offsets from the default

parameter curve to the 1 standard-deviation curves along a
reference value for sin2 θlepteff (e.g., the vertical line in
Fig. 25) are used as systematic uncertainties to sin2 θW
from the input parameters. The uncertainty to sin2 θW from
Δα"5#

em"M2
Z# is negligible, and that from mt is ! 0.00008.

This uncertainty, denoted as the “form factor” uncertainty,
is included in systematic uncertainties for sin2 θW andMW .

XI. RESULTS

The values for sin2 θlepteff and sin2 θW (MW) extracted from
this measurement of Afb are

sin2θlepteff $ 0.23248 ! 0.00049 ! 0.00019;

sin2θW $ 0.22428 ! 0.00048 ! 0.00020;

MW"indirect# $ 80.313 ! 0.025 ! 0.010 GeV=c2;

where the first contribution to the uncertainties is statistical
and the second is systematic. All systematic uncertainties
are combined in quadrature.
A summary of the sources and values of systematic

uncertainties is presented in Table IV. The results of this
section supersede those derived from the A4 angular-
distribution coefficient of ee pairs from a sample corre-
sponding to 2.1 fb−1 of collisions [5].

XII. CDF RESULT COMBINATION

The measurement of Afb presented in this paper and the
previous CDF measurement using Drell-Yan μ%μ− pairs [6]
are used to extract the combined result for the electroweak-
mixing parameter. Both measurements are fully corrected
and use the full Tevatron Run II data set. Since they are
defined for different regions of the lepton-pair rapidity,
jyeej < 1.7 and jyμμj < 1.0, each measurement is compared
separately to Afb templates calculated with the rapidity
restriction of the measurements, and the joint χ2 is used to
extract the combined values for electroweak-mixing param-
eters sin2 θlepteff and sin2 θW .

A. Method

The templates for both measurements are calculated
using the EBA-based POWHEG-BOX NLO framework and
the NNPDF-3.0 PDF ensemble of this analysis. The
corresponding tree-level templates are also calculated.
The Afb templates for both the μμ- and the ee-channel
measurements are calculated in the same POWHEG-BOX or
tree-level computational runs. Thus, they share common
events and scan-point values of the sin2 θW parameter.
The method for the extraction of sin2 θlepteff from each

measurement is unaltered. For each of the ensemble PDFs,

lept
effθ2sin

0.232 0.2322 0.2324 0.2326 0.2328

Wθ2
si

n

0.2237

0.2238

0.2239

0.224

0.2241

0.2242

0.2243

0.2244

0.2245

FIG. 25. The sin2 θW versus sin2 θlepteff relationships from
ZFITTER calculations. The default calculation is the middle line
of the group. The outermost lines are for 1 standard-deviation
shifts to the default value of the top-quark mass parameter
(173.2 ! 0.9) [49]; the lower line corresponds to a higher value
of the top-quark mass. The lines for 1 standard-deviation
variations of the Δα"5#

em"M2
Z# parameter are close to the default

calculation and not easily distinguishable. The vertical line, an
example reference value for sin2 θlepteff , is explained in the text.

TABLE IV. Summary of the systematic uncertainties on the
extraction of the electroweak-mixing parameters sin2 θlepteff and
sin2 θW from the Afb measurement with electron pairs.

Source sin2 θlepteff
sin2 θW

Energy scale ! 0.00003 ! 0.00003
Backgrounds ! 0.00002 ! 0.00002
NNPDF-3.0 PDF ! 0.00019 ! 0.00018
QCD scale ! 0.00002 ! 0.00002
Form factor − ! 0.00008
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The uncertainty of higher-order QCD effects is estimated
with the difference between the values of sin2 ! W in
Table III extracted with the tree andPOWHEG-BOX NLO
templates based on thewk-weighted ensemble of NNPDF-
3.0 PDFs. This uncertainty, denoted as theÒQCD scaleÓ
uncertainty, is ! 0.00002. Although the POWHEG-BOX

prediction is a fixed-order NLO QCD calculation at large
bosonPT, it is a resummation calculation in the low-to-
moderatePT region. The parton-showering algorithm of
PYTHIA incorporates multiorder real emissions of QCD
radiation over all regions of the bosonPT.

The sin2 ! lept
eff result, because of its direct relationship

with Afb, is independent of the standard-model based
calculations specified in the Appendix. However, the
choice of input parameter values may affect the fit value
of sin2 ! W or MW. The effect of measurement uncertainties
from the top-quark massmt and from the contribution of
the light quarks to theÒrunningÓ electromagnetic fine-
structure constant at theZ mass! " "5#

em"M2
Z# is investigated

using these uncertainties:! 0.9 GeV=c2 [49] and! 0.0001
[50], respectively. Figure25 shows the relation between
sin2 ! W and sin2 ! lept

eff for the default parameter values, and
for 1 standard-deviation shifts to the default values of the
mt and ! " "5#

em"M2
Z# parameters. Offsets from the default

parameter curve to the 1 standard-deviation curves along a
reference value for sin2 ! lept

eff (e.g., the vertical line in
Fig. 25) are used as systematic uncertainties to sin2 ! W

from the input parameters. The uncertainty to sin2 ! W from
! " "5#

em"M2
Z# is negligible, and that frommt is ! 0.00008.

This uncertainty, denoted as theÒform factorÓuncertainty,
is included in systematic uncertainties for sin2 ! W andMW.

XI. RESULTS

The values for sin2 ! lept
eff and sin2 ! W (MW) extracted from

this measurement ofAfb are

sin2! lept
eff $ 0.23248! 0.00049! 0.00019;

sin2! W $ 0.22428! 0.00048! 0.00020;

MW"indirect# $ 80.313! 0.025! 0.010 GeV=c2;

where the first contribution to the uncertainties is statistical
and the second is systematic. All systematic uncertainties
are combined in quadrature.

A summary of the sources and values of systematic
uncertainties is presented in TableIV. The results of this
section supersede those derived from theA4 angular-
distribution coefficient ofee pairs from a sample corre-
sponding to2.1 fb! 1 of collisions[5].

XII. CDF RESULT COMBINATION

The measurement ofAfb presented in this paper and the
previous CDF measurement using Drell-Yan#%#! pairs[6]
are used to extract the combined result for the electroweak-
mixing parameter. Both measurements are fully corrected
and use the full Tevatron Run II data set. Since they are
defined for different regions of the lepton-pair rapidity,
jyeej < 1.7 andjy##j < 1.0, each measurement is compared
separately toAfb templates calculated with the rapidity
restriction of the measurements, and the joint$2 is used to
extract the combined values for electroweak-mixing param-
eters sin2 ! lept

eff and sin2 ! W.

A. Method

The templates for both measurements are calculated
using the EBA-basedPOWHEG-BOX NLO framework and
the NNPDF-3.0 PDF ensemble of this analysis. The
corresponding tree-level templates are also calculated.
The Afb templates for both the##- and theee-channel
measurements are calculated in the samePOWHEG-BOX or
tree-level computational runs. Thus, they share common
events and scan-point values of the sin2 ! W parameter.

The method for the extraction of sin2 ! lept
eff from each

measurement is unaltered. For each of the ensemble PDFs,

lept
eff!2sin

0.232 0.2322 0.2324 0.2326 0.2328

W!2
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n

0.2237

0.2238

0.2239

0.224

0.2241

0.2242

0.2243

0.2244

0.2245

FIG. 25. The sin2 ! W versus sin2 ! lept
eff relationships from

ZFITTER calculations. The default calculation is the middle line
of the group. The outermost lines are for 1 standard-deviation
shifts to the default value of the top-quark mass parameter
(173.2 ! 0.9) [49]; the lower line corresponds to a higher value
of the top-quark mass. The lines for 1 standard-deviation

variations of the! " "5#
em"M2

Z# parameter are close to the default
calculation and not easily distinguishable. The vertical line, an
example reference value for sin2 ! lept

eff , is explained in the text.

TABLE IV. Summary of the systematic uncertainties on the
extraction of the electroweak-mixing parameters sin2 ! lept

eff and
sin2 ! W from theAfb measurement with electron pairs.

Source sin2 ! lept
eff

sin2 ! W

Energy scale ! 0.00003 ! 0.00003
Backgrounds ! 0.00002 ! 0.00002
NNPDF-3.0 PDF ! 0.00019 ! 0.00018
QCD scale ! 0.00002 ! 0.00002
Form factor ! ! 0.00008
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Fully unfold asymmetry 

Allows for reinterpretation in 
any context

the parabolic fits to ! 2ðsin2 "WÞ shown in Eq. (7) from each
measurement are combined to obtain the values of sin2"W ,
!̄ 2, and #̄. Figure 26 shows the !̄ 2 and sin2"W parameters
associated with each ensemble PDF. The corresponding
table of fit parameters is provided as supplemental material
[51]. The ensemble-averaged values of the individual
channels, along with their combination, are shown in
Table V. The wk-weighted averaging method with
POWHEG-BOX NLO calculations is selected for the central
value of the combination result.

B. Systematic uncertainties

The categories of systematic uncertainties for both the
$$- and ee-channel extractions of the electroweak-mixing
parameters are the same. Uncertainties associated with the
measurements include those on the electroweak-mixing
parameter from the backgrounds and the energy scales.

Those associated with the predictions include uncertainties
from the PDFs and higher-order QCD effects (QCD scale).
The numerical values for systematic uncertainties in this
section are for the sin2 "W parameter.
The measurement uncertainties of the $$ and ee chan-

nels are uncorrelated, and thus the propagation of their
uncertainties to sin2 "W is uncorrelated. The combined
energy-scale and background uncertainties are # 0.00002
and # 0.00003, respectively.
As the prediction uncertainties of both channels are

correlated, the corresponding uncertainties of the combi-
nation are derived from the fit parameters of the joint ! 2.
The uncertainty due to the PDF is # 0.00016, which is the
wk-weighted %sin2 "W value from the POWHEG-BOX NLO
entry of Table V. The uncertainty due to the QCD scale is
# 0.00007, which is the difference between the wk-
weighted sin2 "W values of the POWHEG-BOX NLO and
tree entries from Table V.

C. Results

The combination values for sin2 " lepteff and sin2 "W (MW)
are

sin2" lepteff ¼ 0.23221 # 0.00043 # 0.00018;

sin2"W ¼ 0.22400 # 0.00041 # 0.00019;

MWðindirectÞ ¼ 80.328 # 0.021 # 0.010 GeV=c2;

where the first contribution to the uncertainties is statistical
and the second is systematic. All systematic uncertainties
are combined in quadrature, and the sources and values of
these uncertainties are summarized in Table VI. The form-
factor uncertainty, estimated in Sec. XI, is the uncertainty
from the standard-model based calculation specified in the
Appendix.

TABLE V. Extracted values of sin2 " lepteff and sin2 "W after averaging over the NNPDF-3.0 ensembles. The “weighted” templates denote
the wk-weighted ensembles; and %sin2 "W is the PDF uncertainty. The uncertainties of the electroweak-mixing parameters are the
measurement uncertainties #̄. For the !̄ 2 column, the number in parentheses is the number of mass bins of the Afb measurement. The
ee-channel values are from Table III, and the $$-channel values use the previous CDF measurement of Afb with $þ $! pairs [6].

Template Channel sin2 " lepteff
sin2 "W %sin2 "W !̄ 2

POWHEG-BOX NLO, default $$ 0.23140 # 0.00086 0.22316 # 0.00083 # 0.00029 21.0(16)
POWHEG-BOX NLO, weighted $$ 0.23141 # 0.00086 0.22317 # 0.00083 # 0.00028 20.7(16)
POWHEG-BOX NLO, default ee 0.23249 # 0.00049 0.22429 # 0.00048 # 0.00020 15.9(15)
POWHEG-BOX NLO, weighted ee 0.23248 # 0.00049 0.22428 # 0.00048 # 0.00018 15.4(15)
POWHEG-BOX NLO, default ee þ $$ 0.23222 # 0.00043 0.22401 # 0.00041 # 0.00021 38.3(31)
POWHEG-BOX NLO, weighted ee þ $$ 0.23221 # 0.00043 0.22400 # 0.00041 # 0.00016 35.9(31)
Tree LO, default $$ 0.23154 # 0.00085 0.22330 # 0.00082 # 0.00031 20.9(16)
Tree LO, weighted $$ 0.23153 # 0.00085 0.22329 # 0.00082 # 0.00029 20.5(16)
Tree LO, default ee 0.23252 # 0.00049 0.22432 # 0.00047 # 0.00021 22.4(15)
Tree LO, weighted ee 0.23250 # 0.00049 0.22430 # 0.00047 # 0.00021 21.5(15)
Tree LO, default ee þ $$ 0.23228 # 0.00042 0.22407 # 0.00041 # 0.00023 44.4(31)
Tree LO, weighted ee þ $$ 0.23215 # 0.00043 0.22393 # 0.00041 # 0.00016 37.4(31)
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FIG. 26. The !̄ 2 versus sin2"W parameters of the $$- and ee-
channel combination. The prediction templates are calculated
with POWHEG-BOX NLO and each of the NNPDF-3.0 ensemble
PDFs. The $$- and ee-channel Afb measurements contain 16 and
15 mass bins, respectively.
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D0 have recently completed a measurement in the muon channel using the full data set
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uncertainty on the AF B measurement. To reduce this
dependence, an additional correction,! (q," , S), to the
muon momentum is applied to the data and MC sepa-
rately. This factor is determined by requiring the mean
of the M µµ distribution over the full mass range in each
(q," , S) region to be consistent with the corresponding
nominal value obtained from a generator-level MC sam-
ple after applying the same kinematic and acceptance
cuts as those applied to the data. After the calibration,
the mean values ofM µµ in data and MC are consistent
to within statistical ßuctuations. The additional calibra-
tion, together with the D0 muon calibration and resolu-
tion smearing procedure [13], reduces not only theq-" -S
dependence, but also the potential e! ect from an imper-
fect modeling on the Þnal state radiation in thepythia
generator. The residual di! erence between data and MC
M µµ mean values is propagated to the uncertainty of the
weak mixing angle measurement.

Additional corrections and reweightings are applied to
the MC simulation to improve the agreement with da-
ta. The ratio between the MC and data e" ciencies for
the muon identiÞcation is measured using the tag-and-
probe method [13] and applied to the MC distributions
as a function of muon " . The simulation is further cor-
rected for higher-order e! ects not included in pythia by
reweighting the MC events at the generator level in two
dimensions (pT and rapidity y of the Z boson) to match
resbos [18] predictions. In addition, next-to-next-to-
leading order QCD corrections are applied as a function
of Z boson mass [18, 19].

The sign of the track matched to the muon is used
to determine the charge of the muon and to classify the
event as forward or backward. The charge misidentiÞ-
cation rate measured in the data is smaller than 0.4%.
Since the opposite charge sign requirement is applied in
the event selection, the probability of both muons charges
to be misidentiÞed, thus transforming a forward event in-
to a backward event or vice versa, is negligibly small.

Background is suppressed by the strict requirements
on the muon tracks. The main remaining contribution
is from multijet events, in which jets are misidentiÞed as
muons, and is estimated from data by selecting events
with reversed muon isolation cuts in order to study the
shape of the mass distribution of multijet events. The
normalization of the multijet background is assumed to
be same as that of the selected same sign events af-
ter correcting for the presence of the misidentiÞed sig-
nal events and the additional background contributions
described below. TheW +jets background is generated
using alpgen [20] interfaced to pythia for showering
and hadronization. The Z/ #∗ → $$, di-boson and tøt
backgrounds, are estimated usingpythia. In the dimuon
mass range used for the e! ective weak mixing angle mea-
surement, the multijet background is 0.68%±0.68%. An
100% uncertainty is used to safely cover the bias due to
corrections for the misidentiÞed signal events. The sum

of the W +jets, Z/ #∗ → $$, di-boson (W W and W Z ) and
tøt background is 0.20%±0.05%, where the uncertainty is
mainly from cross sections of the physics backgrounds.

The e! ective weak mixing angle is extracted from the
background-subtractedAF B spectrum by comparing the
data to simulated AF B templates corresponding to di! er-
ent input values of the weak mixing angle. The e! ective
weak mixing angle parameter, here denoted as sin2 %p

W ,
corresponds to the input parameter in the calculation
from the leading order pythia generator. Higher order
corrections are used to convert sin2 %p

W to sin2 %!
e! [21].

The templates are obtained by reweighting the two-
dimensional distribution of the Z boson mass and cos%∗

at the generator level to di! erent sin2 %p
W pythia predic-

tions. The background-subtractedAF B distribution and
pythia predictions are shown in Fig.1.
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FIG. 1: (color online). Comparison between the AF B distri-
butions in the background-subtracted data and the MC with
different sin2 θp

W values in the pythia generator. The χ2 cor-
responds to the MC with the best fit value of sin2 θp

W . The
uncertainties are statistical only.

The uncertainties on the Þtted sin2 %p
W , listed in Ta-

ble I, are dominated by the limited size of the data sam-
ple. The systematic uncertainties due to muon momen-
tum calibration and resolution smearing, the estimation
of the backgrounds and the e" ciency scale factors are
themselves also dominated by the limited data samples.
The PDF uncertainty is obtained as the standard devia-
tion of the distribution of sin 2 %p

W values given by each of
the equal-weighted PDF sets from NNPDF3.0 [15]. The
best Þt is

sin2 %p
W = 0 .22994± 0.00059 (stat.)±

0.00005 (syst.)± 0.00024 (PDF).
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CC-CC CC-EC EC-EC Combined
sin2 θW 0.23142 0.23143 0.22977 0.23139
Statistical 0.00116 0.00047 0.00276 0.00043
Systematic 0.00009 0.00009 0.00019 0.00008
Energy Calibration 0.00003 0.00001 0.00004 0.00001
Energy Smearing 0.00001 0.00002 0.00013 0.00002
Background 0.00002 0.00001 0.00002 0.00001
Charge Misidentification 0.00002 0.00004 0.00012 0.00003
Electron Identification 0.00008 0.00008 0.00005 0.00007
Fiducial Asymmetry 0.00002 0.00001 0.00001 0.00001

Total 0.00116 0.00048 0.00277 0.00044

TABLE I: Measured sin2 θW values and corresponding uncer-
tainties. Uncertainties from higher-order corrections and the
PDFs are not included.

dictions. The AFB distribution is negligibly sensitive to
the effect of QED final state radiation because most of
these radiated photons are emitted co-linearly with the
electron and are reconstructed as one single EM object
by the detector. The background-subtracted AFB distri-
bution and the pythia prediction with the fitted sin2 ! W
are shown in Fig. 1.
The results of the fits for different event categories,

with statistical and systematic uncertainties, are listed
in Table I. The uncertainties on sin2 ! W are dominated
by the limited data sample. CC-EC events are the most
sensitive to the weak mixing angle due to the larger varia-
tion of AFB with mass in that kinematic region. The sys-
tematic uncertainties due to the electron energy calibra-
tion and resolution smearing, the estimation of the back-
grounds, the charge misidentification rate and the identi-
fication efficiency are also dominated by the limited data
sample. We estimate the systematic uncertainty on the
measured sin2 ! W due to instrumental asymmetries that
remain after combining the luminosity-weighted solenoid
and toroid samples to be ±0.00001
The measurement is dominated by statistical uncer-

tainties. Systematic uncertainties are treated as uncor-
related but the total uncertainty does not depend on
whether they are taken to be correlated or uncorrelated
The results were therefore combined by using the corre-
sponding uncertainties as weights, giving

sin2 ! W =

0.23139± 0.00043 (stat.)±
0.00008 (syst.)± 0.00017 (PDF).

The PDF uncertainty is estimated by reweighting the
PDF set in the MC simulations to different sets of the
NNPDF2.3, computing the sin2 ! W value for each set,
and taking the standard deviation of these values as the
uncertainty [15].
To have a consistent SM definition and make our result

comparable with previous measurements, a LO pythia

interpretation of the weak mixing angle with CTEQ6.6
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FIG. 1: (color online). Comparison between the AFB distri-
butions measured in the background-subtracted data and the
MC for the three kinematic regions, with the corresponding
χ2 per degree of freedom. sin2 θW in the MC is 0.23139. The
error bars are statistical only.

PDF set [24] is compared to the predictions from a mod-
ified NLO resbos with the same PDF set. resbos has a
more sophisticated treatment of electroweak effects and
uses different values of effective weak mixing angle for
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sin2 θpW 0.22994
Statistical uncertainty 0.00059
Systematic
Momentum calibration 0.00002
Momentum smearing 0.00004
Background 0.00003
E! ciencies 0.00001
Total systematic 0.00005

PDF 0.00024
Total 0.00064

TABLE I: Measured sin2 θpW value and corresponding uncer-
tainties. All uncertainties are symmetric. Higher order cor-
rections are not included.

Higher order corrections from several sources are in-
troduced. The measured sin2 θpW is an average over the
leptonic, u-quark and d-quark effective couplings [5]. The
mass-scale dependence and complex valued calculation of
the weak corrections and the fermion-loop correction to
the photon propagator, are not considered in the pythia
generator [21]. To obtain the leptonic effective weak
mixing angle parameter, we shift the central value by
+0.00022, of which +0.00008 is for the u/d -quark cor-
rection and +0.00014 is for the complex valued calcu-
lation and mass-scale dependence correction [21]. An
additional systematic uncertainty of 0.00004 is further
introduced [21]. After higher order corrections applied,
we get sin2 θ!

eff[µµ ] = 0.23016± 0.00064.

The D0 e+e! measurement [5] and the µ+µ! mea-
surement presented here are used as inputs to a D0
combination result for sin2 θ!

eff. The e+e! measurement
in Ref. [5] has been modified for consistency to incor-
porate the use of additional higher order corrections
and the NNPDF3.0 PDFs employed in this letter and
in the CDF measurement [4]. The corrected value is
sin2 θ!

eff[ee] = 0.23137± 0.00047 [21]. The D0 e+e! and
µ+µ! measurements agree to within 1.4 standard devia-
tions.

The central values and systematic uncertainties of the
e+e! and µ+µ! channels are combined using the inverse
of the squares of the statistical uncertainties as weights.
The systematic uncertainties are treated as uncorrelat-
ed, except the higher order correction uncertainty which
is treated as 100% correlated. However, the total com-
bined uncertainty in practice does not depend on whether
the systematic uncertainties of the input measurements
are taken to be correlated or uncorrelated, because both
measurements are dominated by statistical uncertainties.
The correlation of the acceptances between e+e! and
µ+µ! channels cannot be ignored in treating the PDF
uncertainty. Instead of estimating a correlation matrix
between sin2 θ!

eff results for these two channels, a com-
bined PDF uncertainty is estimated by first estimating
the PDF uncertainty on the average of values for the

e+e− channel µ+µ− channel Combined
sin2 θℓeff 0.23137 0.23016 0.23095
Statistical 0.00043 0.00059 0.00035
Systematic 0.00009 0.00006 0.00007
PDF 0.00017 0.00024 0.00019
Total 0.00047 0.00064 0.00040

TABLE II: Combined measurement of sin2 θℓeff and breakdown
of its uncertainties, together with the corresponding input
values. All uncertainties are symmetric.

e+e! and µ+µ! channels, and then scaling that uncer-
tainty using the linear relation between AFB and sin2 θpW
calculated using MC.
The combination is:

sin2 θ!
eff[comb.] = 0.23095± 0.00035 (stat.)±

0.00007 (syst.)± 0.00019 (PDF).

Table II summarizes the inputs and the results of the
combination of the e+e! and µ+µ! measurements. The
measured sin2 θ!

eff from D0 and other experiments are
compared to the LEP and SLD average in Fig. 2. The
D0 combination has an uncertainty close to the precision
of the world’s best measurements performed by the LEP
and SLD Collaborations.
The measurement of sin2 θ!

eff can be used to deter-
mine the on-shell value of sin2 θW and the mass of the
W boson, MW . The relationships between the on-shell
sin2 θW , sin2 θ!

eff and MW are:

sin2 θ!
eff = Re[κe(M 2

Z)] sin
2 θW ,

sin2 θW = 1 !
M 2

W

M 2
Z

,

where Re[κe(M 2
Z)] is a form factor whose value at the

Z mass pole is 1.037 [22]. The on-shell sin2 θW and the
indirect determination of MW based on the D0 combined
measurement of sin2 θ!

eff are

sin2 θW = 0.22269± 0.00040

MW = 80396± 21 MeV/c 2.

In conclusion, we have measured the effective weak
mixing angle parameter from the forward-backward
charge asymmetry AFB distribution in the process pp̄ "
Z/ γ" " µ+µ! at the Fermilab Tevatron Collider. The
primary systematic uncertainty arising from muon mo-
mentum calibration is reduced by introducing a charge-
η-solenoid-dependent calibration. The final result using
8.6 fb! 1 of D0 Run II data is sin2 θ!

eff[µµ ] = 0.23016 ±
0.00064, which is at the level of the best single chan-
nel precision from hadron collider experiments. The D0
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sin2 ! p
W 0.22994

Statistical uncertainty 0.00059
Systematic

Momentum calibration 0.00002
Momentum smearing 0.00004
Background 0.00003
E! ciencies 0.00001
Total systematic 0.00005

PDF 0.00024
Total 0.00064

TABLE I: Measured sin 2 ! p
W value and corresponding uncer-

tainties. All uncertainties are symmetric. Higher order co r-
rections are not included.

Higher order corrections from several sources are in-
troduced. The measured sin2 θp

W is an average over the
leptonic, u-quark and d-quark effective couplings [5]. The
mass-scale dependence and complex valued calculation of
the weak corrections and the fermion-loop correction to
the photon propagator, are not considered in the pythia
generator [21]. To obtain the leptonic effective weak
mixing angle parameter, we shift the central value by
+0.00022, of which +0.00008 is for the u/d-quark cor-
rection and +0.00014 is for the complex valued calcu-
lation and mass-scale dependence correction [21]. An
additional systematic uncertainty of 0.00004 is further
introduced [21]. After higher order corrections applied,
we get sin2 θ!

eff[µµ] = 0.23016 ± 0.00064.

The D0 e+ e− measurement [5] and the µ+ µ− mea-
surement presented here are used as inputs to a D0
combination result for sin2 θ!

eff. The e+ e− measurement
in Ref. [5] has been modified for consistency to incor-
porate the use of additional higher order corrections
and the NNPDF3.0 PDFs employed in this letter and
in the CDF measurement [4]. The corrected value is
sin2 θ!

eff[ee] = 0.23137 ± 0.00047 [21]. The D0 e+ e− and
µ+ µ− measurements agree to within 1.4 standard devia-
tions.

The central values and systematic uncertainties of the
e+ e− and µ+ µ− channels are combined using the inverse
of the squares of the statistical uncertainties as weights.
The systematic uncertainties are treated as uncorrelat-
ed, except the higher order correction uncertainty which
is treated as 100% correlated. However, the total com-
bined uncertainty in practice does not depend on whether
the systematic uncertainties of the input measurements
are taken to be correlated or uncorrelated, because both
measurements are dominated by statistical uncertainties.
The correlation of the acceptances between e+ e− and
µ+ µ− channels cannot be ignored in treating the PDF
uncertainty. Instead of estimating a correlation matrix
between sin2 θ!

eff results for these two channels, a com-
bined PDF uncertainty is estimated by first estimating
the PDF uncertainty on the average of values for the

e+ e− channel µ+ µ− channel Combined
sin2 ! ℓ

e! 0.23137 0.23016 0.23095
Statistical 0.00043 0.00059 0.00035
Systematic 0.00009 0.00006 0.00007
PDF 0.00017 0.00024 0.00019
Total 0.00047 0.00064 0.00040

TABLE II: Combined measurement of sin 2 ! ℓ
e! and breakdown

of its uncertainties, together with the corresponding inpu t
values. All uncertainties are symmetric.

e+ e− and µ+ µ− channels, and then scaling that uncer-
tainty using the linear relation between AFB and sin2 θp

W

calculated using MC.
The combination is:

sin2 θ!
eff[comb.] = 0.23095 ± 0.00035 (stat.) ±

0.00007 (syst.) ± 0.00019 (PDF).

Table II summarizes the inputs and the results of the
combination of the e+ e− and µ+ µ− measurements. The
measured sin2 θ!

eff from D0 and other experiments are
compared to the LEP and SLD average in Fig. 2. The
D0 combination has an uncertainty close to the precision
of the world’s best measurements performed by the LEP
and SLD Collaborations.
The measurement of sin2 θ!

eff can be used to deter-
mine the on-shell value of sin2 θW and the mass of the
W boson, MW . The relationships between the on-shell
sin2 θW , sin2 θ!

eff and MW are:

sin2 θ!
eff = Re[κe(M

2
Z)] sin

2 θW ,

sin2 θW = 1−
M2

W

M2
Z

,

where Re[κe(M2
Z)] is a form factor whose value at the

Z mass pole is 1.037 [22]. The on-shell sin2 θW and the
indirect determination of MW based on the D0 combined
measurement of sin2 θ!

eff are

sin2 θW = 0.22269 ± 0.00040

MW = 80396 ± 21 MeV/c2.

In conclusion, we have measured the effective weak
mixing angle parameter from the forward-backward
charge asymmetry AFB distribution in the process pp̄ →
Z/γ∗ → µ+ µ− at the Fermilab Tevatron Collider. The
primary systematic uncertainty arising from muon mo-
mentum calibration is reduced by introducing a charge-
η-solenoid-dependent calibration. The final result using
8.6 fb−1 of D0 Run II data is sin2 θ!

eff[µµ] = 0.23016 ±
0.00064, which is at the level of the best single chan-
nel precision from hadron collider experiments. The D0

Combine with previous measurement in electron 
channel to give a precision of two parts per thousand

PRL 115, 041801 (2015)
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Combined results use common PDFs (NNPDF 3.0) and EW corrections (from ZFITTER)
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TABLE III. Summary of the uncertainties for the electroweak mixing parameter sin 2 ! lept
e! from the Tevatron combination of

the CDF and D0 measurements.

Uncertainties on sin2 ! lept
e!

Source CDF inputs D0 inputs Tevatron combination
Statistics ± 0.00043 ± 0.00035 ± 0.00027
Uncorrelated syst. ± 0.00007 ± 0.00007 ± 0.00005
PDF ± 0.00016 ± 0.00019 ± 0.00018

TABLE IV. Summary of uncertainties on the inference of
the on-shell electroweak mixing parameter sin2 ! W for the
Tevatron-combination value of sin 2 ! lept

e! . The column labeled
" sin2 ! W gives the uncertainty of each source. Except for
the uncertainty due to the sample size, all other entries are
systematic uncertainties.

Source " sin2 ! W

Statistics ± 0.00026
Uncorrelated ± 0.00005
PDF ± 0.00017
Form factor ( mt = 173.2 ± 0.9 GeV/c 2) ± 0.00008

sin2 ! W , and M W are

sin2 ! lept
e! = 0 .23148± 0.00027± 0.00018

= 0 .23148± 0.00033 (30)

sin2 ! W = 0 .22324± 0.00026± 0.00019

= 0 .22324± 0.00033 (31)

M W = 80.367± 0.014± 0.010 GeV/c 2

= 80.367± 0.017 GeV/c 2 , (32)

where the Þrst contribution to each uncertainty is statis-
tical and the second is systematic. The total systematic
uncertainty is the sum in quadrature of all systematic un-
certainties listed in Tables III and IV. The form-factor
uncertainty is only included in the systematic uncertainty
of sin2 ! W and M W .

C. Result comparisons

The measurements of sin2 ! lept
e! are compared with pre-

vious results from theZ -boson pole mass region in Fig. 3.
The hadron-collider results are based onAfb measure-
ments. The LEP-1 and SLD results are from the individ-
ual asymmetry measurements indicated in the Þgure.

The W -boson mass inference is compared in Fig. 4
with previous direct and indirect measurements. The
direct measurements are from the Tevatron and LEP-2
[58]. The indirect measurements from the Tevatron are
derived from the CDF and D0 measurements ofAfb , and
their combination. The indirect measurement of sin2 ! W

from LEP-1 and SLD, 0.22332± 0.00039, is from a SM
Þt to all Z -pole measurements [4, 5] described in Ap-
pendix F of Ref. [5]. In that Þt, the following input pa-
rameters tozfitter are varied simultaneously within the
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FIG. 3. Comparison of experimental measurements of
sin2 ! lept

e! in the region of the Z -boson pole mass. The hor-
izontal bars represent total uncertainties. The Tevatron com-
bination (this paper) of CDF and D0 results is denoted as
ÒTeV combined: CDF+D0Ó. The other measurements are
from LEP-1 combination [4], SLD [4], CMS [15], ATLAS [14],
LHCb [16], CDF [8, 9], and D0 [12, 13]. The LEP-1 and SLD
Z pole result is the combination of their six measurements,
and the shaded vertical band shows its uncertainty.

constraints of the LEP-1 and SLD data: the Higgs-boson
massmH , the Z -boson massM Z , the QCD coupling at
the Z pole " s(M 2

Z ), and the QED correction ! " (5)
em(M 2

Z ).
The top-quark massmt is constrained to the value mea-

15

TABLE III. Summary of the uncertainties for the electroweak mixing parameter sin 2 ! lept
e! from the Tevatron combination of

the CDF and D0 measurements.

Uncertainties on sin2 ! lept
e!

Source CDF inputs D0 inputs Tevatron combination
Statistics ± 0.00043 ± 0.00035 ± 0.00027
Uncorrelated syst. ± 0.00007 ± 0.00007 ± 0.00005
PDF ± 0.00016 ± 0.00019 ± 0.00018

TABLE IV. Summary of uncertainties on the inference of
the on-shell electroweak mixing parameter sin2 ! W for the
Tevatron-combination value of sin 2 ! lept

e! . The column labeled
" sin2 ! W gives the uncertainty of each source. Except for
the uncertainty due to the sample size, all other entries are
systematic uncertainties.

Source " sin2 ! W

Statistics ± 0.00026
Uncorrelated ± 0.00005
PDF ± 0.00017
Form factor ( mt = 173.2 ± 0.9 GeV/c 2) ± 0.00008

sin2 ! W , and M W are

sin2 ! lept
e! = 0 .23148± 0.00027± 0.00018

= 0 .23148± 0.00033 (30)

sin2 ! W = 0 .22324± 0.00026± 0.00019

= 0 .22324± 0.00033 (31)

M W = 80.367± 0.014± 0.010 GeV/c 2

= 80.367± 0.017 GeV/c 2 , (32)

where the Þrst contribution to each uncertainty is statis-
tical and the second is systematic. The total systematic
uncertainty is the sum in quadrature of all systematic un-
certainties listed in Tables III and IV. The form-factor
uncertainty is only included in the systematic uncertainty
of sin2 ! W and M W .

C. Result comparisons

The measurements of sin2 ! lept
e! are compared with pre-

vious results from theZ -boson pole mass region in Fig. 3.
The hadron-collider results are based onAfb measure-
ments. The LEP-1 and SLD results are from the individ-
ual asymmetry measurements indicated in the Þgure.

The W -boson mass inference is compared in Fig. 4
with previous direct and indirect measurements. The
direct measurements are from the Tevatron and LEP-2
[58]. The indirect measurements from the Tevatron are
derived from the CDF and D0 measurements ofAfb , and
their combination. The indirect measurement of sin2 ! W

from LEP-1 and SLD, 0.22332± 0.00039, is from a SM
Þt to all Z -pole measurements [4, 5] described in Ap-
pendix F of Ref. [5]. In that Þt, the following input pa-
rameters tozfitter are varied simultaneously within the
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FIG. 3. Comparison of experimental measurements of
sin2 ! lept

e! in the region of the Z -boson pole mass. The hor-
izontal bars represent total uncertainties. The Tevatron com-
bination (this paper) of CDF and D0 results is denoted as
ÒTeV combined: CDF+D0Ó. The other measurements are
from LEP-1 combination [4], SLD [4], CMS [15], ATLAS [14],
LHCb [16], CDF [8, 9], and D0 [12, 13]. The LEP-1 and SLD
Z pole result is the combination of their six measurements,
and the shaded vertical band shows its uncertainty.

constraints of the LEP-1 and SLD data: the Higgs-boson
massmH , the Z -boson massM Z , the QCD coupling at
the Z pole " s(M 2

Z ), and the QED correction ! " (5)
em(M 2

Z ).
The top-quark massmt is constrained to the value mea-
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FIG. 4. Comparison of experimental determinations of the
W -boson mass at high-energy colliders. The horizontal bars
represent total uncertainties. The Tevatron combination (this
paper) based on CDF and D0 results is denoted as ÒTeV com-
bined: CDF+D0Ó. The other indirect measurements are from
LEP-1 and SLD [4, 5], CDF [8, 9], and D0 [12, 13]. All indirect
measurements use the Tevatron top-quark mass measurement
speciÞed in the text [57]. The SM context for the Tevatron in-
ferences is speciÞed in the Appendix, and the SM Þt of LEP-1
and SLD is described in Appendix F of Ref. [5]. The direct
measurements are from the Tevatron and LEP-2 [58], and the
shaded vertical band shows its uncertainty.

sured directly at the Tevatron, 173.2 ± 0.9 GeV/ c2 [57].
The precision of the Tevatron indirect measurement al-
most matches that of the direct measurement combina-
tion from the Tevatron and LEP-2.

IV. SUMMARY

The angular distribution of Drell-Yan lepton pairs pro-
vides information on the electroweak mixing parame-
ter sin2 ! W . The e! ective-leptonic mixing parameter
sin2 ! lept

e! is derived from measurements of the forward-
backward asymmetry Afb (M ) in the polar-angle distri-
bution by the CDF and D0 experiments, where M is
the lepton-pair e! ective mass. The measurements are
based on the full Tevatron proton-antiproton data sets
collected in 2001-2011. The CDF measurement is de-
rived from electron and muon pairs from a pøp collision

sample corresponding to 9 fb! 1 of integrated luminosity,
and the D0 measurement is derived from electron and
muon pairs from pøp samples corresponding to integrated
luminosities of 9.7 fb! 1 and 8.6 fb! 1 respectively.

The Tevatron combination of the CDF and D0 results
yields

sin2 ! lept
e! = 0 .23148± 0.00033. (33)

The combined result is consistent with LEP-1 and SLD
measurements at theZ -boson pole. Based on the SM
calculations speciÞed in the Appendix, the inferences of
sin2 ! W and the W -boson mass are

sin2 ! W = 0 .22324± 0.00033, and (34)

M W = 80.367± 0.017 GeV/c 2 , (35)

respectively. Within the context of the SM, sin2 ! W and
the W -boson mass are related. Comparisons of the indi-
rect measurements of theW -boson mass with those from
direct measurements provide powerful tests of the self-
consistency of the SM.

The combined result on the e! ective sin2 ! W mixing
parameter at the lepton vertex sin2 ! lept

e! is the most
precise obtained in hadron collisions. It is consistent
with, and approaches in precision, the best measure-
ments from electron-positron colliders. The values of
sin2 ! lept

e! from hadron and electron-positron colliders are
extracted from a complementary set of processes. At
hadron colliders, the partonic processes areqøq ! e+ e!

and µ+ µ! , and the forward-backward asymmetry is sen-
sitive to the vertex couplings of the outgoing leptons and
the predominantly light quarks from the hadrons. At
electron-positron colliders, the processes are either lep-
tonic, i.e. e+ e! ! e+ e! , µ+ µ! , and " + " ! , or mixed,
i.e. e+ e! ! qøq. While the asymmetry of a mixed process
is analogous to that from hadron collisions, events withb
quarks in the Þnal state yield the best experimental pre-
cision while those with lighter quarks yield signiÞcantly
less precision. The result of the Tevatron combination
supports the central value of sin2 ! lept

e! derived from the
LEP-1 and SLD Z -pole measurements, and the combined
values from the Tevatron and from LEP-1 and SLD are
nearly identical.
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I. INTRODUCTION

At the Fermilab Tevatron proton-antiproton ( pøp) col-
lider, Drell-Yan [1] lepton ( ! ) pairs are produced in the
processpøp ! ! + ! ! + X through an intermediate " " /Z
boson, whereX represents inclusively any other colli-
sion products. The forward-backward asymmetry in the
polar-angle distribution of the ! ! in the Collins-Soper
(CS) frame [2] as a function of the ! + ! ! -pair invari-
ant mass is directly sensitive to the e! ective-leptonic
electroweak mixing parameter sin2 #lept

e! . The e! ective-
leptonic parameter is measured using electron and muon
pairs (! = e and µ). The electroweak-mixing parame-
ter sin 2#W [3] is obtained indirectly in the context of
standard model (SM) calculations with the following in-
put parameters: the Þne structure constant, the Fermi
constant, the strong interaction coupling constant, and
the masses of the top quark,Z boson, and Higgs bo-
son. In this SM context, sin2 #W and the W -boson mass
are related, and a comparison of theW -boson mass in-
ferred from sin2 #W to directly measured mass tests the
consistency of the SM. Such tests require precision mea-
surements of sin2 #lept

e! , and results from hadron colliders
such as the Tevatron are complementary to those from
electron-positron colliders.

The Drell-Yan process and the production of quark
pairs in high-energy e+ e! collisions are analogous pro-
cesses:qøq ! ! + ! ! and e+ e! ! qøq. The sin2 #lept

e! param-
eter of processes involving leptons has been investigated
at the LEP-1 and SLC [4, 5] e+ e! colliders operating on
or in the vicinity of the Z -boson pole mass, and at the
Tevatron [6Ð13] and LHC [14Ð16] hadron colliders. Inves-
tigations at hadron colliders use Drell-Yan pairs whose
range of invariant masses about theZ -boson resonant
peak is broad relative to thee+ e! collider investigations.
The mixing parameter has been accurately measured at
the LEP-1 and SLC colliders, where processes with lep-
tons in the Þnal state are also used. The combined av-
erage of six measurements from these lepton colliders
[4] yields a value of 0.23149± 0.00016 [5]. However, a
3.2 standard-deviation di! erence exists between the two
most precise individual measurements. The combined
measurement of theb-quark forward-backward asymme-

cion - IPN, CP 07738 Mexico City, Mexico, rr Universidade Es-
tadual Paulista, S÷ao Paulo, SP 01140, Brazil, ss Karlsruher In-
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MD 20742, USA, xx European Organization for Nuclear Research
(CERN), CH-1211 Gen«eve 23, Switzerland, yy Purdue University,
West Lafayette, IN 47907, USA, zz Institute of Physics, Belgrade,
CS-11080 Belgrade, Serbia, aaa P.N. Lebedev Physical Institute
of the Russian Academy of Sciences, 119991, Moscow, Russia

try ( A0,b
FB ) with the LEP-1 detectors yields sin2 #lept

e! =
0.23221± 0.00029, while the SLD left-right polarization
asymmetry ofZ -boson production (A ! ) yields sin2 #lept

e! =
0.23098± 0.00026. This provides a strong motivation for
an accurate determination of sin2 #lept

e! by the Tevatron
experiments.

A. Electroweak couplings

The production of Drell-Yan lepton pairs at the Born
level proceeds through two parton-level processes,

qøq ! " " ! ! + ! ! and

qøq ! Z ! ! + ! ! , (1)

where the q and øq are a quark and antiquark, respec-
tively, that originate from the colliding hadrons. The vir-
tual photon couples the vector currents of the incoming
and outgoing fermions (f ), and the spacetime structure
of the photon-fermion interaction vertex may be repre-
sented as" øf |Qf " µ |f #, whereQf , the strength of the cou-
pling, is the fermion charge (in units of e), and |f # is
the spinor for fermion f . The interaction vertex of a
fermion with a Z boson contains both vector (V ) and
axial-vector (A) current components, and its structure is
" øf |gf

V " µ + gf
A " µ " 5|f #. The Born-level coupling strengths

are

gf
V = T f

3 $ 2Qf sin2 #W and

gf
A = T f

3 , (2)

where T f
3 is the third component of the fermion weak

isospin, which isT f
3 = 1

2 ($ 1
2 ) for positively (negatively)

charged fermions. Radiative corrections alter the Born-
level couplings into e! ective couplings. At the Born level
in the SM, and in all orders of the on-shell renormal-
ization scheme [17], the sin2 #W parameter is related to
the W -boson massM W and the Z -boson massM Z by
sin2 #W = 1 $ M 2

W /M 2
Z . Since theZ -boson mass is accu-

rately known (to ± 0.0021 GeV/c2 [4, 5]), the inference of
the on-shell sin2 #W is equivalent to an indirect W -boson
mass measurement. The angular distributions of! + ! !

pairs in the Þnal state of the Drell-Yan process and of
! + ! ! or qøq pairs in the Þnal state of e+ e! collisions are
sensitive to the e! ective sin2 #W parameter at the lepton
vertex, sin2 #lept

e! .

B. The forward-backward asymmetry

The rapidity, transverse momentum, and mass of a
particle or a system of particles are represented byy,
pT , and M , respectively. The energy and momentum of
particles are represented asE and $p, respectively. In the
laboratory frame, the pøp collision axis is the zlab axis,
with the positive direction deÞned to be along the di-
rection of the proton. The tr ansverse component of any

(mH free parameter)

(mH fixed)



C. Hays, Oxford UniversityMoriond EW 2018

W boson mass

9

We describe a measurement of theW boson massmW using200 pb! 1 of
!!!
s

p
" 1:96 TeVp !p collision

data taken with the CDF II detector. With a sample of 63 964W ! e! candidates and 51 128W ! "!
candidates, we measuremW " # 80:413$ 0:034%stat& $ 0:034%sys& " 80:413$ 0:048' GeV=c2. This is
the single most precisemW measurement to date. When combined with other measured electroweak
parameters, this result further constrains the properties of new unobserved particles coupling toW andZ
bosons.

DOI: 10.1103/PhysRevD.77.112001 PACS numbers: 13.38.Be, 12.15.Ji, 13.85.Qk, 14.70.Fm

I. INTRODUCTION

The discovery of theW and Z bosons in 1983 [1]
conÞrmed a central prediction of the uniÞed model of
electromagnetic and weak interactions [2]. Initial W and
Z boson mass measurements veriÞed the tree-level predic-
tions of the theory, with subsequent measurements probing
the predictedO%3 GeV=c2&[3,4] radiative corrections to
the masses. The current knowledge of these masses and
other electroweak parameters constrains additional radia-
tive corrections from unobserved particles such as the
Higgs boson or supersymmetric particles. These con-
straints are however limited by the precision of the mea-
suredW boson massmW, making improved measurements
of mW a high priority in probing the masses and electro-
weak couplings of new hypothetical particles. We describe
in this article the single most precisemW measurement [5]
to date.

The W boson mass can be written in terms of other
precisely measured parameters in the ÔÔon-shellÕÕ scheme
as [4]

m2
W "

@3

c
#$ EM!!!

2
p

GF%1 ! m2
W=m2

Z&%1 ! " r&
; (1)

where$ EM is the electromagnetic coupling at the renor-
malization energy scaleQ " mZc2, GF is the Fermi weak
coupling extracted from the muon lifetime,mZ is the Z
boson mass, and" r includes all radiative corrections.
Fermionic loop corrections increase theW boson mass
by terms proportional toln%mZ=mf & for mf ( mZ [4],
while the loop containing top and bottom quarks (Fig.1)
increasesmW according to [6]

" r tb "
c
@3

! 3GFm2
W

8
!!!
2

p
# 2%m2

Z ! m2
W&

"
m2

t ) m2
b

!
2m2

t m2
b

m2
t ! m2

b
ln%m2

t =m2
b&

#
; (2)

where the second and third terms can be neglected since
mt * mb. Higgs loops (Fig.2) decreasemW with a con-
tribution proportional to the logarithm of the Higgs mass
(mH). Contributions from possible supersymmetric parti-
cles are dominated by squark loops (Fig.3) and tend to
increasemW. Generally, the lighter the squark masses and
the larger the squark weak doublet mass splitting, the larger
the contribution tomW. The total radiative correction from
supersymmetric particles can be as large as several hun-
dredMeV=c2 [7].

TableI [8] shows the change inmW for ) 1%changes in
the measured standard model input parameters and the
effect of doublingmH from 100 GeV=c2 to 200 GeV=c2.
In addition to the listed parameters, a variation of
$ 1:7 MeV=c2 on the predictedmW arises from two-loop
sensitivity to$ s, e.g. via gluon exchange in the quark loop
in Fig. 1. Theoretical corrections beyond second order,
which have yet to be calculated, are estimated to affect
themW prediction by$ 4 MeV=c2 [8].

The uncertainties on themW prediction can be compared
to the29 MeV=c2 uncertainty on the world average from

+W +W

t

b

FIG. 1. The one-loop contribution to theW boson mass from
top and bottom quarks.

WW

H

WW

H

FIG. 2. Higgs one-loop contributions to theW boson mass.
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FIG. 3. One-loop squark contributions to theW boson mass.
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Figure 0: Feynman diagrams for the contribu-
tion of scalar quark loops to the gauge boson
self energies at one-loop order[8].

The calculation of the SM and MSSM con-
tributions to the �⇢ parameter are given in
[8]. The dominant SUSY corrections at the
one loop level come from the scalar top and
bottom contributions. These are shown in fig-
ure 0. For mb != 0 they are given by
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where

F0 (x, y) = x + y #
2xy

x # y
ln

%
x
y

&
. (4)

2.6 W boson

The ⇢ parameter a↵ects the SUSY precition
of the W mass. It is therefore possible to
use predictions of the W boson mass to ex-
clude a fraction of parameter space within the
pMSSM by comparing the prediction for the
W boson mass for a set of model points within

the parameter space with the experimentally
measured value. The models which predict a
value which di↵ers by more than 2� can be
excluded.

3 Previous research and
project aim

This section provides a brief summary of
the previous research on which the report
is based. It then outlines the problem this
project aims to resolve and relevant informa-
tion about the programs used in the project.

3.1 Searches for SUSY

No statistically significant signals consistent
with SUSY have been observed yet. However
it is possible to constrain SUSY model space
using current data. This is mostly done by
setting lower limits on the masses of the rele-
vant sparticles. The most comprehensive as-
sessment of ATLAS constraints on supersym-
metry was carried out by the ATLAS collabo-
ration in [9]. This analysis considered 22 dis-
tinct ATLAS searches based on proton-proton
collision data at centre-of-mass energies

"
s =

7 TeV and 8TeV at the LHC. The

.

.

results of these searches were then interpreted
in the context of the pMSSM and were used
to impose constraints on SUSY. The analysis
also imposed constraints from previous
electroweak and flavour measurements as
well as dark matter experiments.

The model set used in the analysis was gen-
erated by selecting points within the pMSSM.
The parameter space was sampled by choos-
ing random values for each parameter from a
flat probability distribution within the ranges
given in table 1. A variety of packages were
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3.1 Searches for SUSY

No statistically significant signals consistent
with SUSY have been observed yet. However
it is possible to constrain SUSY model space
using current data. This is mostly done by
setting lower limits on the masses of the rele-
vant sparticles. The most comprehensive as-
sessment of ATLAS constraints on supersym-
metry was carried out by the ATLAS collabo-
ration in [9]. This analysis considered 22 dis-
tinct ATLAS searches based on proton-proton
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well as dark matter experiments.
The model set used in the analysis was gen-

erated by selecting points within the pMSSM.
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given in table 1. A variety of packages were
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boson, it is necessary to sum over every pos-
sible Feynman diagram involving the Higgs
propagator. These diagrams have the Higgs
as the initial and final particle with fermion
loops forming the intermediates. To find the
contribution of each of these diagrams to the
Higgs mass, one integrates over the whole of
the phase space of the intermediate particles.
This results in an infinite contribution as the
particle/antiparticle pairs forming the loops
borrow infinite amounts of energy from the
vacuum. Consequently, the Standard Model
predicts an infinitely massive Higgs boson.
This cannot be correct since the Higgs mass
has been measured to be 125GeV[1][3].

SUSY[4] is the most attractive extension
of the SM as it provides a solution to many
of these problems. It introduces a new sym-
metry (a ‘suspersymmetry’) which relates the
properties of bosons to those of fermions and
vice versa. In SUSY, every SM particle has
corresponding SUSY “superpartners” which
form a supermultiplet. The simplest su-
permultiplet consists of a spin-1

2
fermion (a

quark) and two spin-0 scalars (squarks). The
divergent contributions to the mass of the
Higgs by the fermion loops are cancelled by
their partner boson loops, giving the Higgs
boson a finite mass and thus solving the hier-
archy problem. If SUSY is unbroken, all the
particles in the supermultiplet must have the
same masses, electric charges, weak isospin
and colour degrees of freedom. However,
since no superparticles have been observed,
the partners must di! er in mass and so SUSY
must be broken. In order for broken SUSY to
provide a solution to the hierarchy problem,
we must consider “soft” (low energy) SUSY
breaking.

2.2 MSSM

The simplest possible SUSY model is the
Minimal Supersymmetric Standard Model
(MSSM)[5]. It is minimal because it con-
tains the smallest possible number of new par-
ticle states and interactions consistent with
the phenomenology. Despite this, it still con-
tains 105 unkown parameters in addition to
19 from the SM. This is far too many to allow

for meaningful phenomenological analyses. In
order to test for SUSY we therefore make rea-
sonably justifyied simplifying assumptions.

2.3 pMSSM

The phenomenological MSSM (pMSSM)[6] is
based on the following phenomenological con-
straints:

1. No new sources of CP violation

2. No Flavour Changing neutral currents

3. First and Second generation universality

These constraints allow the 105 unkown pa-
rameters of the MSSM to be reduced to just
19 unkown parameters. These parameters are
given in table 1.

2.4 Electroweak precision variables

High precision measurements can be used to
search for indirect e! ects of new particles
(such as superparticles) by looking for small
deviations of experimental results from the
theoretical predictions of the SM[7]. A possi-
ble indication of SUSY could come from the
contribution of SUSY particle loops to the
electroweak gauge-boson self-energies. This
contribution enters the electroweak observ-
ables via the ⇢ parameter.

2.5 The ! ⇢ parameter

The ⇢ parameter measures the relative
strength of the neutral to charged current pro-
cess at zero momentum transfer[7]. It can be
defined via

⇢ =
M2

W

M2

Z cos2 ✓W
=

1

1� " ⇢
(1)

" ⇢ =
# Z (0)

M2

Z
�

# W (0)

M2

W
(2)

where # Z,W (0) denotes the transverse parts
of unrenormalised Z and W boson self-
energies at zero momentum transfer. MW and
MZ are the masses of the W and Z bosons re-
spectively. " ⇢measures the amount by which
the value of ⇢ di! ers from 1.

2

JH
E

P
12(2013)084

Figure 2 . Prediction for M W as a function of the lightest stop massm÷t 1
. In all plots the cuts

m÷t 2
/m ÷t 1

< 2.5 and m÷b2
/m ÷b1

< 2.5 are applied. In the upper left plot all HiggsBounds allowed
points are shown, in the upper right plot only the points are shown for which additionally the
squarks of the Þrst two generations and the gluino are heavier than 1200 GeV, in the lower left plot
only the points are shown for which additionally the sbottoms are heavier than 1000 GeV, and in
the lower right plot only the points are shown for which additionally also the sleptons and charginos
are heavier than 500 GeV. The red line indicates the SM prediction forM W .

M 1 and M 2, the mass of ÷! 0
1 is ! 50 GeV. Our analysis of the contributions in the slepton

and the chargino / neutralino sector shows that even if all squarks were so heavy that their
contribution to the M W prediction were negligible, contributions from the slepton sector
or the chargino / neutralino sector could nevertheless be su! cient to bring the MSSM
prediction in perfect agreement with the data. This could be the case for slepton masses
of about 150Ð200 GeV or for a chargino mass of about 100Ð150 GeV. If the squark sector
gives rise to a non-zero contribution to M W the same predicted value forM W could be
reached with heavier sleptons and charginos / neutralinos.

In Þgure 2 and Þgure 3 we analyze in detail the dependence ofM W on the scalar
quark masses, in particular onm÷t1

and m÷b1
, with mt Þxed to 173.2 GeV. The upper left

plot of Þgure 2 shows the prediction for M W (green dots) as a function ofm÷t1
. All points

are allowed by the constraints discussed in section5.2 and fulÞll the additional constraint
m÷t2,÷b2

/m ÷t1,÷b1
< 2.5. The SM prediction is shown as a red strip forM SM

H = 125.6± 0.7 GeV,
and the 1" experimental result is indicated as a gray dashed band. We checked that without

Ð 14 Ð

W boson mass predicted at tree level using 
Fermi & EM couplings, and Z boson mass 

Loop corrections constrained the  
Higgs boson mass prior to its discovery

Given the measured mH, constrain loop corrections 
from Supersymmetry or other new physics
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W boson mass @ the Tevatron
Measurement strategy: 

Measure momenta of charged lepton and neutrino in transverse plane 
Construct the transverse mass in this plane and Þt three distributions for mW 

Experimental and theoretical requirements: 
Precise calibration of lepton momentum 
Accurate calibration of detector response to initial-state radiation and underlying event 
Accurate model of longitudinal and transverse momentum of the W boson 

Tevatron instantaneous luminosities produce <10 overlapping collisions on average 
A large majority of W bosons are produced by valence quarks

normalizations in theMW template fits. The uncertainties
on the background estimates result in uncertainties of 4, 3,
and 4 MeV on MW from the mT, pe

T, and p!
T fits,

respectively (TableVIII ).

XI. W-BOSON-MASS FITS

TheW-boston mass is extracted by performing fits to a
sum of background and simulated signal templates of the
mT, pl

T, and p!
T distributions. The fits minimize! ln L ,

where the likelihoodL is given by

L !
YN

i! 1

e! mi mni
i

ni !
; (36)

where the product is overN bins in the fit region withni
entries (from data) andmi expected entries (from the
template) in thei th bin. The template is normalized to
the data in the fit region. The likelihood is a function of
MW, whereMW is defined by the relativistic Breit-Wigner
mass distribution,

d"
dm

!
m2

"m2 ! M2
W#2 $ m4! 2

W=M2
W

; (37)

wherem is the invariant mass of the propagator. We assume
the standard modelW boson width! W ! 2094%2 MeV.
The uncertainty onMW resulting from#! W ! 2 MeV is
negligible.

A. Fit results

ThemT fit is performed in the range65<mT < 90GeV.
Figure36 shows the results of themT fit for the W ! $!
and W ! e! channels while a summary of the 68%
confidence uncertainty associated with the fit is shown
in TableIX. Thepl

T andp!
T fits are performed in the ranges

32 < p l
T < 48 and 32 < p !

T < 48 GeV, respectively, and
are shown in Figs.37 and38, respectively. The uncertain-
ties for thepl

T andp!
T fits are shown in TablesX andXI,

respectively. The differences between data and simulation
for the three fits, divided by the statistical uncertainties on
the predictions, are shown in Figs.39Ð41and the fit results
are summarized in TableXII .

We utilize the best linear unbiased estimator (BLUE)
[61] algorithm to combine individual fits. Each source of
systematic uncertainty is assumed to be independent from
all other sources of uncertainty within a given fit. We

TABLE VIII. Background fractions from various sources in the
W ! e! data set, and the corresponding uncertainties on themT,
p$

T, andp!
T fits for MW.

Fraction of #MW (MeV)
Source W ! e! data (%) mT fit pe

T fit p!
T fit

Z=%& ! ee 0.139%0.014 1.0 2.0 0.5
W ! &! 0.93%0.01 0.6 0.6 0.6
Hadronic jets 0.39%0.14 3.9 1.9 4.3
Total 1.46%0.14 4.0 2.8 4.4
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FIG. 36. Distributions ofmT for W boson decays to$! (top) and
e! (bottom) final states in simulated (histogram) and experimental
(points) data. The simulation corresponds to the maximum-
likelihood value of MW and includes backgrounds (shaded).
The likelihood is computed using events between the two arrows.

TABLE IX. Uncertainties onMW (in MeV) as resulting from
transverse-mass fits in theW ! $! and W ! e! samples. The
last column reports the portion of the uncertainty that is common
in the $! ande! results.

mT fit uncertainties
Source W ! $! W ! e! Common

Lepton energy scale 7 10 5
Lepton energy resolution 1 4 0
Lepton efficiency 0 0 0
Lepton tower removal 2 3 2
Recoil scale 5 5 5
Recoil resolution 7 7 7
Backgrounds 3 4 0
PDFs 10 10 10
W bosonpT 3 3 3
Photon radiation 4 4 4
Statistical 16 19 0
Total 23 26 15
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radiation, that results in measurable hadronic-recoil energy.
The W-boson mass is measured using low-background
samples of W ! ‘!‘ decays (‘ ¼ e, " at CDF and ‘ ¼
e at D0) that are reconstructed using the CDF [22] and D0
[23] detectors. The mass is determined using three kine-
matic variables measured in the plane perpendicular to the
beam direction: the transverse momentum of the charged
lepton (p‘

T), the transverse momentum of the neutrino (p!
T),

and the transverse mass m‘
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p‘

Tp
!
Tð1 # cos! # Þ

q
,

where ! # is the opening angle between the lepton and
neutrino momenta in the plane transverse to the beam. The
magnitude and direction of p!

T is inferred from the vector
of the missing transverse energy 6E‘

T [24]. The W-boson
mass is extracted from maximum-likelihood fits to the
binned distributions of the observed p‘

T , 6E‘
T , and m

‘
T values

using a parametrized simulation of these distributions as a
function of MW . These simulations depend on the kine-
matic distributions of theW-boson decay products and also
on detector effects that are constrained using theoretical
calculations and control samples. The kinematic distribu-
tions are determined by several effects including the
W-boson transverse momentum pTðWÞ and the parton
distribution functions (PDFs) of the interacting protons
and antiprotons. Major detector effects include energy
response to leptons, hadronic recoil, the response to QED
radiation, and multiple-interaction pileup, together with
calorimeter acceptance effects and lepton-identification
efficiencies. The detailed simulations developed at CDF
and D0 enable the study of these effects to better than 1 part
in 104 precision on the observed value of MW .

In the CDF (2012) and D0 (2012) measurements, the
kinematic properties ofW-boson production and decay are
simulated using RESBOS [25], which is a next-to-leading
order generator that includes next-to-next-to-leading loga-
rithm resummation of soft gluons at low boson pT [26].
The momenta of interacting partons in RESBOS are calcu-
lated as fractions of the colliding (anti)proton momenta
using the CTEQ6.6 [27] PDFs. The radiation of photons
from final-state leptons is simulated using PHOTOS [28].

III. CDF (2012) AND D0 (2012) MEASUREMENTS

A. CDF measurement

The CDF (2012) measurement uses data corresponding
to an integrated luminosity of 2:2 fb# 1, collected between
2002 and 2007. Both the muon (W ! "!") and electron
(W ! e!e) channels are considered. Decays of J=c and "
mesons into muon pairs are reconstructed in a central
tracking system to establish the absolute momentum scale.
A measurement of the Z-boson mass (MZ) in Z ! ""
decays is performed as a consistency check. This measure-
ment, which uses the tracking detector, yields MZ¼
91180% 12ðstatÞ% 10ðsystÞMeV, consistent with the world
average mass of 91188% 2 MeV [29], and is therefore
also used as an additional constraint on the momentum
scale. The electromagnetic calorimeter energy scale and

nonlinearity are determined by fitting the peak of the E=p
distribution of electrons fromW ! e! and Z ! ee decays,
where E is the energy measured in the calorimeter and p is
the momentum of the associated charged particle. The
lower tail of the E=p distribution is used to determine the
amount of material in the tracking detector. The Z-boson
mass measured in Z ! ee decays is used as a consistency
check and to constrain the energy scale. The value ofMZ ¼
91230% 30ðstatÞ % 14ðsystÞ MeV from the calorimetric
measurement is also consistent with the world average.
The CDF (2012) measurement of MW is obtained from

the combination of six observables: p"
T , 6E"

T , m
"
T , p

e
T , 6Ee

T

and me
T . The combined result isMW ¼ 80387% 12ðstatÞ %

15ðsystÞ MeV. Table I summarizes the sources of
uncertainty in the CDF measurement.

B. D0 measurement

The D0 (2012) measurement uses data corresponding to
4:3 fb# 1 of integrated luminosity recorded between 2006
and 2009. D0 calibrates the calorimeter energy scale using
Z ! ee decays. Corrections for energy lost in uninstru-
mented regions are based on a comparison between the
shower-development profiles from data and from a detailed
GEANT-based simulation [30] of the D0 detector. The world
average value forMZ [29] is used to determine the absolute
energy scale of the calorimeter, which is thereafter used to
correct the measurement of the electron energy from the
W-boson decay. This MW measurement is therefore
equivalent to a measurement of the ratio of W- and
Z-boson masses. This calibration method eliminates
many systematic uncertainties common to the W- and
Z-boson mass measurements, but its precision is limited
by the size of the available Z-boson data set.
The results obtained with the two most sensitive

observables me
T and pe

T are combined to determine the
W-boson mass of MW¼80367% 13ðstatÞ% 22ðsystÞMeV.
A summary of the uncertainties is presented in Table II.

TABLE I. Uncertainties of the CDF (2012) MW measurement
determined from the combination of the six measurements.

Source Uncertainty (MeV)

Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton removal from recoil 2
Backgrounds 3
Experimental subtotal 10
Parton distribution functions 10
QED radiation 4
pTðWÞ model 5
Production subtotal 12
Total systematic uncertainty 15
W-boson event yield 12
Total uncertainty 19
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This D0 (2012) measurement is combined with a previous
D0 measurement [16] corresponding to an integrated
luminosity of1:0 fb! 1, which uses data recorded between
2002 and 2006, to yieldMW " 80375# 11$stat% #
20$syst%MeV.

IV. COMBINATION WITH PREVIOUS
TEVATRON MEASUREMENTS

The CDF measurements from Ref. [8] (1988Ð1989) and
Ref. [9] (1992Ð1993) were made using superseded PDF
sets and have been corrected [19] using recent PDF sets.
The previous results are also adjusted to use the same
combination technique (the BLUE method) as in later

combinations. The templates for ÞttingMW assume
the Breit-Wigner running-width scheme propagator,
1=$̂s ! M2

W & iŝ! W=MW%, which makes the value ofMW
determined by the Þt dependent on! W. Here, ŝ is the
square of the center-of-mass energy in the parton reference
frame and! W is the total width of theW boson. Different
measurements have used different values of! W, yielding a
shift in measured values of theW-boson mass [19],
" MW " !$ 0:15# 0:05%"! W, where "! W is the differ-
ence between the value of! W predicted by the SM,! W "
2092:2 # 1:5 MeV [31], and that used in a particular
analysis. The prediction of! W assumesMW " 80385#
15 MeV, which is a preliminary world-average combina-
tion result [32] of this article. The impact of the corrections
on the ÞnalMW combination reported in this article is
found to be less than 0.2 MeV. TableIII summarizes all
inputs to the combination and the corrections made to
ensure consistency across measurements.

V. CORRELATIONS IN THE CDF AND
D0 M W MEASUREMENTS

The increased statistical power of CDF (2012) and D0
(2012) MW measurements necessitates a more detailed
treatment of the systematic uncertainties due to the
W-boson production and decay model that are independent
of the data-sample size. We assume that for each uncer-
tainty category, the smallest uncertainty across measure-
ments is fully correlated while excesses above that level are
generally assumed to be due to uncorrelated differences
between measurements. One exception corresponds to the
two D0 measurements that use very similar models and are
treated as fully correlated [16,18].

The experimental systematic uncertainties of the D0
measurement are dominated by the uncertainty in the

TABLE III. The input data used in theMW combination. All entries are in units of MeV.

CDF [8] CDF [9] CDF [10] D0 [12Ð15] D0 [16] CDF [17] D0 [18]

(1988Ð1989) (1992Ð1993) (1994Ð1995) (1992Ð1995) (2002Ð2006) (2002Ð2007) (2006Ð2009)

4:4 pb! 1 18:2 pb! 1 84 pb! 1 95 pb! 1 1:0 fb! 1 2:2 fb! 1 4:3 fb! 1

Mass and width
MW 79 910 80 410 80 470 80 483 80 400 80 387 80 367
! W 2 100 2 064 2 096 2 062 2 099 2 094 2 100
MW uncertainties
PDF 60 50 15 8 10 10 11
Radiative corrections 10 20 5 12 7 4 7
! W 0.5 1.4 0.3 1.5 0.4 0.2 0.5
Total 390 181 89 84 43 19 26
MW corrections
"! W & 1:2 ! 4:2 & 0:6 ! 4:5 & 1:1 & 0:3 & 1:2
PDF & 20 ! 25 0 0 0 0 0
Fit method ! 3:5 ! 3:5 ! 0:1 0 0 0 0
Total & 17:7 ! 32:7 & 0:5 ! 4:5 & 1:1 & 0:3 & 1:2
MW corrected 79 927.7 80 377.3 80 470.5 80 478.5 80 401.8 80 387.3 80 368.6

TABLE II. Uncertainties of the D0 (2012)MW measurement
determined from the combination of the two most sensitive
observablesme

T andpe
T.

Source Uncertainty (MeV)

Electron energy calibration 16
Electron resolution model 2
Electron shower modeling 4
Electron energy loss model 4
Recoil energy scale and resolution 5
Electron efÞciencies 2
Backgrounds 2
Experimental subtotal 18
Parton distribution functions 11
QED radiation 7
pT$W%model 2
Production subtotal 13
Total systematic uncertainty 22
W-boson event yield 13
Total uncertainty 26
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previous measurements by the Tevatron experiments,
improve the uncertainty on the combined TevatronMW
value to 16 MeV. The combination of this measurement
with the LEP average forMW further reduces the uncer-
tainty to 15 MeV. The substantial improvement in the
experimental precision onMW leads to tightened indirect
constraints on the mass of the SM Higgs boson. The direct
measurements of the mass of the Higgs boson at the LHC
[1] agree, at the level of 1.3 standard deviations, with these
tightened indirect constraints [37]. This remarkable suc-
cess of the standard model is also shown in Fig.2, which
includes the new world averageW-boson mass, the
Tevatron average top-quark mass measurement [5], and
shows consistency among these with the calculation of
MW [6], assuming Higgs-boson mass determinations
from the ATLAS and CMS experiments [1].
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FIG. 1 (color online). W-boson mass determinations from the
CDF and D0 Run I (1989 to 1996) and Run II (2001 to 2009)
measurements, the new Tevatron average, the LEP combined
result [29], and the world average obtained by combining the
Tevatron and LEP averages assuming no correlations between
them. The world-average uncertainty (15 MeV) is indicated by
the shaded band.
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FIG. 2 (color online). The most recent world average ofMW is
displayed along with the mass of the top quarkmt [5] at
68% C.L. by area. The diagonal line is the indirect prediction
of MW as a function ofmt, in the SM given by Ref. [6], assuming
the measurements of the ATLAS and CMS [1] experiments of
the candidate Higgs-boson masses of 126.0 GeV and 125.3 GeV
respectively.
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W boson charge asymmetry @ the Tevatron
Asymmetry in valence u and d quark 

momentum distributions leads to W+/W- 
asymmetry as a function of boson rapidity 

Left-handed decay counteracts asymmetry for 
charged leptons 

Comparisons of measurements in ranges of 
lepton pT to predictions constrains PDFs

D0 dilepton
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FIG. 1: (color online). (a) The W boson rapidity ( yW ) and electron pseudorapidity ( ! e) distributions in pøp collisions. (b) The
charge asymmetry for the W boson and the decay electron. The electron asymmetry has a Òturn-overÓ due to the convolution
of the W boson asymmetry and the V ! A structure of the W boson decay. These predictions were obtained using the MC
event generator resbos [5] with the CTEQ6.6 [6] central PDF set, using the kinematic cuts pe

T > 25 GeV and p!
T > 25 GeV.

branching ratio as a function of electron pseudorapidity
(! e) is

" (! e) ! Br (W " e#) =
N e(! e)

L ! A ! $
, (2)

where N e(! e) is the number of events with electron in
the ! e bin, A is the acceptance,L is the integrated lumi-
nosity, and $ is the selection e! ciency. In the simpliÞed
case that the acceptances and e! ciencies are the same
for W + and W ! bosons, the electron charge asymmetry,
A, can be written using the numbers of electrons (N e!

)
and positrons (N e+

) in each ! e bin as:

A(! e) =
N e+

(! e) # N e!
(! e)

N e+ (! e) + N e! (! e)
. (3)

The lepton charge asymmetry in W boson decay has
been measured by both the CDF [7Ð9] and D0 [10Ð12]
Collaborations. The latest lepton charge asymmetry
measurement from the D0 Collaboration was performed
in the muon channel using 7.3 fb! 1 of integrated lumi-
nosity [12]. The W boson asymmetry was extracted us-
ing missing transverse energy to estimate the neutrino
direction, using 1 fb! 1 of integrated luminosity by the
CDF Collaboration [13] and 10 fb! 1 by the D0 Collab-
oration [14]. The lepton asymmetry has also been mea-
sured at the Large Hadron Collider (LHC) in ppcollisions
by the ATLAS [15] and CMS Collaborations [16] using
integrated luminosities of 35 pb! 1 and 840 pb! 1, respec-
tively. At the LHC, W boson production is dominated

by gluons and sea quarks, providing di" erent information
than the lepton asymmetry measured at the Tevatron.

In this analysis, we present a new measurement of the
electron charge asymmetry based on data collected be-
tween April 2002 and September 2011 with the D0 detec-
tor at

$
s = 1 .96 TeV, corresponding to an integrated lu-

minosity of 9.7 fb! 1 [17]. We measure the electron charge
asymmetry in Þve kinematic bins by selecting on the elec-
tron transverse energy (E e

T ) and event /ET . Results from
di" erent kinematic bins probe di" erent ranges ofyW , and
thus di" erent ranges of the fraction of proton momentum
carried by the parton. There are three symmetric bins,
(E e

T > 25 GeV, /ET > 25 GeV), (25 < E e
T < 35 GeV,

25 < /ET < 35 GeV), (E e
T > 35 GeV, /ET > 35 GeV)

and two asymmetric bins, (25 < E e
T < 35 GeV, /ET >

25 GeV), (E e
T > 35 GeV, /ET > 25 GeV). With more

data than in previous measurements and more data in
the high pseudorapidity region, we provide information
about the PDFs for a broader x range (0.002< x < 0.99
for |! e| < 3.2) at high Q2 % M 2

W , wherex is the fraction
of the proton momentum carried by the colliding parton,
Q2 is the momentum scale squared, andM W is the W
boson mass. This analysis improves upon and supersedes
the previous D0 electron charge asymmetry result [11].
That result did not include the improved detector level
calibrations discussed in Sec. IV E and Sec. IV F. In ad-
dition, it did not include MC modeling of the di " erence
in e! ciency for electrons and positrons for di" erent po-
larities of the solenoidal magnet surrounding the tracking
region. This article also provides details of the comple-
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FIG. 1: (color online). (a) The W boson rapidity ( yW ) and electron pseudorapidity ( ! e) distributions in pøp collisions. (b) The
charge asymmetry for the W boson and the decay electron. The electron asymmetry has a Òturn-overÓ due to the convolution
of the W boson asymmetry and the V ! A structure of the W boson decay. These predictions were obtained using the MC
event generator resbos [5] with the CTEQ6.6 [6] central PDF set, using the kinematic cuts pe

T > 25 GeV and p!
T > 25 GeV.

branching ratio as a function of electron pseudorapidity
(! e) is

" (! e) ! Br (W " e#) =
N e(! e)

L ! A ! $
, (2)

where N e(! e) is the number of events with electron in
the ! e bin, A is the acceptance,L is the integrated lumi-
nosity, and $ is the selection e! ciency. In the simpliÞed
case that the acceptances and e! ciencies are the same
for W + and W ! bosons, the electron charge asymmetry,
A, can be written using the numbers of electrons (N e!

)
and positrons (N e+

) in each ! e bin as:

A(! e) =
N e+

(! e) # N e!
(! e)

N e+ (! e) + N e! (! e)
. (3)

The lepton charge asymmetry in W boson decay has
been measured by both the CDF [7Ð9] and D0 [10Ð12]
Collaborations. The latest lepton charge asymmetry
measurement from the D0 Collaboration was performed
in the muon channel using 7.3 fb! 1 of integrated lumi-
nosity [12]. The W boson asymmetry was extracted us-
ing missing transverse energy to estimate the neutrino
direction, using 1 fb! 1 of integrated luminosity by the
CDF Collaboration [13] and 10 fb! 1 by the D0 Collab-
oration [14]. The lepton asymmetry has also been mea-
sured at the Large Hadron Collider (LHC) in ppcollisions
by the ATLAS [15] and CMS Collaborations [16] using
integrated luminosities of 35 pb! 1 and 840 pb! 1, respec-
tively. At the LHC, W boson production is dominated

by gluons and sea quarks, providing di" erent information
than the lepton asymmetry measured at the Tevatron.

In this analysis, we present a new measurement of the
electron charge asymmetry based on data collected be-
tween April 2002 and September 2011 with the D0 detec-
tor at

$
s = 1 .96 TeV, corresponding to an integrated lu-

minosity of 9.7 fb! 1 [17]. We measure the electron charge
asymmetry in Þve kinematic bins by selecting on the elec-
tron transverse energy (E e

T ) and event /ET . Results from
di" erent kinematic bins probe di" erent ranges ofyW , and
thus di" erent ranges of the fraction of proton momentum
carried by the parton. There are three symmetric bins,
(E e

T > 25 GeV, /ET > 25 GeV), (25 < E e
T < 35 GeV,

25 < /ET < 35 GeV), (E e
T > 35 GeV, /ET > 35 GeV)

and two asymmetric bins, (25 < E e
T < 35 GeV, /ET >

25 GeV), (E e
T > 35 GeV, /ET > 25 GeV). With more

data than in previous measurements and more data in
the high pseudorapidity region, we provide information
about the PDFs for a broader x range (0.002< x < 0.99
for |! e| < 3.2) at high Q2 % M 2

W , wherex is the fraction
of the proton momentum carried by the colliding parton,
Q2 is the momentum scale squared, andM W is the W
boson mass. This analysis improves upon and supersedes
the previous D0 electron charge asymmetry result [11].
That result did not include the improved detector level
calibrations discussed in Sec. IV E and Sec. IV F. In ad-
dition, it did not include MC modeling of the di " erence
in e! ciency for electrons and positrons for di" erent po-
larities of the solenoidal magnet surrounding the tracking
region. This article also provides details of the comple-
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FIG. 15: (color online). The lepton charge asymmetry distri bution after CP folding with symmetric kinematic cuts E e
T >

35 GeV, /ET > 35 GeV. (a) Comparison between the measured asymmetry and predictions and (b) the di ! erences between the
data and MC predictions and the predicted central value from mc@nlo using the NNPDF2.3 PDF set. The black dots show
the measured electron charge asymmetry, with the horizonta l bars showing statistical uncertainty and the vertical lin es showing
the total uncertainty. The red triangles show the published D0 muon charge asymmetry [12]. The red dashed lines and cyan
bands are the central value and uncertainty band from mc@nlo using the NNPDF2.3 PDF sets. The blue dotted lines show
the prediction from mc@nlo using the MSTW2008NLO central PDF set, and the green dot-das hed lines show the prediction
from resbos using the CTEQ6.6 central PDF set.
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FIG. 16: (color online). The electron charge asymmetry dist ribution after CP folding with asymmetric kinematic cuts 25 <
E e

T < 35 GeV, /ET > 25 GeV. (a) Comparison between the measured asymmetry and predictions and (b) the di ! erences
between the data and MC predictions and the predicted centra l value from mc@nlo using the NNPDF2.3 PDF set. The black
dots show the measured electron charge asymmetry, with the horizontal bars showing statistical uncertainty and the ver tical
lines showing the total uncertainty. The red dashed lines an d cyan bands are the central value and uncertainty band from
mc@nlo using the NNPDF2.3 PDF sets. The blue dotted lines show the pr ediction from mc@nlo using the MSTW2008NLO
central PDF set, and the green dot-dashed lines show the prediction from resbos using the CTEQ6.6 central PDF set.
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FIG. 13: (color online). The lepton charge asymmetry distri bution after CP folding with symmetric kinematic cuts E e
T >

25 GeV, /ET > 25 GeV. (a) Comparison between the measured asymmetry and predictions and (b) the di ! erences between the
data and MC predictions and the predicted central value from mc@nlo using the NNPDF2.3 PDF set. The black dots show
the measured electron charge asymmetry, with the horizonta l bars showing the statistical uncertainty and the vertical lines
showing the total uncertainty. The red triangles show the pu blished D0 muon charge asymmetry [12]. The red dashed lines
and cyan bands are the central value and uncertainty band fro m mc@nlo using the NNPDF2.3 PDF sets. The blue dotted
lines show the prediction from mc@nlo using the MSTW2008NLO central PDF set, and the green dot-das hed lines show the
prediction from resbos using the CTEQ6.6 central PDF set.
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FIG. 14: (color online). The electron charge asymmetry dist ribution after CP folding with symmetric kinematic cuts 25 <
E e

T < 35 GeV, 25 < /ET < 35 GeV. (a) Comparison between the measured asymmetry and predictions and (b) the di ! erences
between the data and MC predictions and the predicted centra l value from mc@nlo using the NNPDF2.3 PDF set. The black
dots show the measured electron charge asymmetry, with the horizontal bars showing statistical uncertainty and the ver tical
lines showing the total uncertainty. The red dashed lines an d cyan bands are the central value and uncertainty band from
mc@nlo using the NNPDF2.3 PDF sets. The blue dotted lines show the pr ediction from mc@nlo using the MSTW2008NLO
central PDF set, and the green dot-dashed lines show the prediction from resbos using the CTEQ6.6 central PDF set.
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