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CPPM, Aix-Marseille Université, CNRS/IN2P3, F-13288 Marseille Cedex 09, France

67
LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, F-91898 Orsay Cedex, France
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Drell-Yan lepton pairs produced in the process pp̄ → l
þ
l
− þ X through an intermediate γ�=Z

boson have an asymmetry in their angular distribution related to the spontaneous symmetry breaking

of the electroweak force and the associated mixing of its neutral gauge bosons. The CDF and D0

experiments have measured the effective-leptonic electroweak mixing parameter sin2 θ
lept
eff using electron

and muon pairs selected from the full Tevatron proton-antiproton data sets collected in 2001-2011,

corresponding to 9–10 fb−1 of integrated luminosity. The combination of these measurements yields

the most precise result from hadron colliders, sin2 θ
lept
eff ¼ 0.23148� 0.00033. This result is consistent

with, and approaches in precision, the best measurements from electron-positron colliders. The standard

model inference of the on-shell electroweak mixing parameter sin2 θW, or equivalently the W-boson

mass MW , using the ZFITTER software package yields sin2 θW ¼ 0.22324� 0.00033 or equivalently,

MW ¼ 80.367� 0.017 GeV=c2.

DOI: 10.1103/PhysRevD.97.112007

I. INTRODUCTION

At the Fermilab Tevatron proton-antiproton (pp̄) col-

lider, Drell-Yan [1] lepton (l) pairs are produced in the

process pp̄ → l
þ
l
− þ X through an intermediate γ�=Z

boson, where X represents inclusively any other collision

products. The forward-backward asymmetry in the polar-

angle distribution of the l− in the Collins-Soper (CS) frame

[2] as a function of the lþl−-pair invariant mass is directly

sensitive to the effective-leptonic electroweak mixing

parameter sin2 θ
lept
eff . The effective-leptonic parameter is

measured using electron and muon pairs (l ¼ e and μ).

The electroweak-mixing parameter sin2 θW [3] is obtained

indirectly in the context of standard model (SM)

calculations with the following input parameters: the fine

structure constant, the Fermi constant, the strong interac-

tion coupling constant, and the masses of the top quark, Z

boson, and Higgs boson. In this SM context, sin2 θW and

the W-boson mass are related, and a comparison of the W-

boson mass inferred from sin2 θW to the directly measured

mass tests the consistency of the SM. Such tests require

precision measurements of sin2 θ
lept
eff , 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 eþe− collisions are analogous processes:

qq̄→ l
þ
l
− and eþe− → qq̄. The sin2 θ

lept
eff parameter of
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xx
Also at Purdue University, West Lafayette, IN 47907, USA.

yy
Also at Institute of Physics, Belgrade, CS-11080 Belgrade, Serbia.

zz
Also at P. N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991, Moscow, Russia

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP

3
.

T. AALTONEN et al. PHYS. REV. D 97, 112007 (2018)

112007-6



processes involving leptons has been investigated at the

LEP-1 and SLC [4,5] eþe− colliders operating on or in

the vicinity of the Z-boson pole mass, and at the Tevatron

[6–13] and LHC [14–16] hadron colliders. Investigations at

hadron colliders use Drell-Yan pairs whose range of

invariant masses about the Z-boson resonant peak is broad

relative to the eþe− collider investigations. The mixing

parameter has been accurately measured at the LEP-1 and

SLC colliders, where processes with leptons in the final

state are also used. The combined average of six measure-

ments from these lepton colliders [4] yields a value of

0.23149� 0.00016 [5]. However, a 3.2 standard-deviation

difference exists between the two most precise individual

measurements. The combined measurement of the b-quark

forward-backward asymmetry ðA0;b
FBÞ with the LEP-1 detec-

tors yields sin2 θ
lept
eff ¼ 0.23221� 0.00029, while the SLD

left-right polarization asymmetry of Z-boson production

ðAlÞ yields sin2 θlepteff ¼ 0.23098� 0.00026. This provides

a strong motivation for an accurate determination of

sin2 θ
lept
eff by the Tevatron experiments.

A. Electroweak couplings

The production of Drell-Yan lepton pairs at the Born

level proceeds through two parton-level processes,

qq̄ → γ� → l
þ
l
− and qq̄ → Z → l

þ
l
−; ð1Þ

where the q and q̄ are a quark and antiquark, respectively,

that originate from the colliding hadrons. The virtual

photon couples the vector currents of the incoming and

outgoing fermions (f), and the spacetime structure of the

photon-fermion interaction vertex may be represented as

hf̄jQfγμjfi, where Qf, the strength of the coupling, is the

fermion charge (in units of e), and jfi 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 hf̄jgfVγμ þ g
f
Aγμγ5jfi. The

Born-level coupling strengths are

g
f
V ¼ T

f
3
− 2Qfsin

2θW and g
f
A ¼ T

f
3
; ð2Þ

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

isospin, which is T
f
3
¼ 1

2
ð− 1

2
Þ for positively (negatively)

charged fermions. Radiative corrections alter the Born-level

couplings into effective couplings. At the Born level in the

SM, and in all orders of the on-shell renormalization

scheme [17], the sin2 θW parameter is related to the W-

boson mass MW and the Z-boson mass MZ by

sin2 θW ¼ 1 −M2
W=M

2
Z. Since the Z-boson mass is accu-

rately known (to �0.0021 GeV=c2 [4,5]), the inference of

the on-shell sin2 θW is equivalent to an indirect W-boson

mass measurement. The angular distributions of lþl− pairs
in the final state of the Drell-Yan process and of lþl−

or qq̄ pairs in the final state of eþe− collisions are sensitive

to the effective sin2 θW parameter at the lepton vertex,

sin2 θ
lept
eff .

B. The forward-backward asymmetry

The rapidity, transverse momentum, and mass of a

particle or a system of particles are represented by y,
pT, and M, respectively. The energy and momentum of

particles are represented as E and p⃗, respectively. In

the laboratory frame, the pp̄ collision axis is the zlab axis,
with the positive direction defined to be along the direc-

tion of the proton. The transverse component of any vector,

such as the momentum vector, is defined relative to that

axis. The rapidity is y ¼ 1

2
ln½ðEþ pzÞ=ðE − pzÞ�, where pz

is the component of the momentum vector along the

zlab axis.

The angular kinematic properties of leptons from the

Drell-Yan process are defined in the rest frame of the

exchanged γ�=Z boson. The l− direction is chosen to define

the polar and azimuthal angles of the lepton pair, which are

denoted as ϑ and φ, respectively. The ideal positive z axis

coincides with the direction of the incoming quark so that the

definition of ϑ parallels the definition used in eþe− collisions
at LEP [4,5]. This frame is approximated by theCS rest frame

[2] for pp̄ collisions, depicted in Fig. 1.

The CS frame angle ϑ is reconstructed using the

following laboratory-frame quantities: the lepton energies,

the lepton momenta along the beam line, the dilepton

invariant mass, M, and the dilepton transverse momentum,

pT. The polar angle of the negatively charged lepton is

calculated from

FIG. 1. Representation of the Collins-Soper coordinate axes

ðx; zÞ in the lepton-pair rest frame relative to the laboratory z axis
(zlab). These three axes are in the plane formed by the proton (p⃗A)

and antiproton (p⃗B) momentum vectors in the lepton-pair rest

frame. The z axis is the angular bisector of p⃗A and −p⃗B. The y
axis is along the direction of p⃗B × p⃗A, and the x axis is in the

direction opposite to the transverse component of p⃗A þ p⃗B.
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cosϑ ¼ l−þl
þ
− − l−−l

þ
þ

M
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ p2

T

p ; ð3Þ

where l� ¼ ðE� pzÞ and theþð−Þ superscript specify that
l� is for the positively (negatively) charged lepton. Similarly,

the CS expression for φ in terms of laboratory-frame

quantities is given by

tanφ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ p2
T

p

M

Δ⃗ · R̂T

Δ⃗ · p̂T

; ð4Þ

where Δ⃗ is the difference between the l− and lþ laboratory-

frame momentum vectors; R̂T is the unit vector along

p⃗p × p⃗, with p⃗p being the proton momentum vector and

p⃗ the lepton-pair momentumvector; and p̂T is the unit vector

along the transverse component of the lepton-pair momen-

tumvector.AtpT ¼ 0, the angular distribution is azimuthally

symmetric. The right-hand sides of the definitions of cosϑ

and tanφ are invariant under Lorentz boosts along the z
direction in the laboratory frame.

The angular distribution of Drell-Yan lepton pairs is

defined as the ratio of the production cross section to the

angle-integrated production cross section. Its general struc-

ture consists of terms derived fromnine helicity cross sections

that describe the polarization state of the boson [18,19],

dN

dΩ
∝ ð1þ cos2ϑÞ þ A0

1

2
ð1 − 3cos2ϑÞ þ A1 sin 2ϑ cosφ

þ A2

1

2
sin2ϑ cos 2φþ A3 sinϑ cosφþ A4 cosϑ

þ A5sin
2ϑ sin 2φþ A6 sin 2ϑ sinφþ A7 sinϑ sinφ:

ð5Þ

The coefficients A0−7 are functions of kinematic variables

of the boson and vanish when the lepton-pair trans-

verse momentum approaches zero, except for A4, which

contributes to the tree-level amplitude and generates the

forward-backward asymmetry in cos ϑ. Thus, at zero

transverse momentum, the angular distribution reduces to

the tree-level form 1þ cos2 ϑþ A4 cos ϑ. In the CS frame,

the A0, A2, and A4 coefficients are large relative to the other

coefficients.

The A4 cosϑ term violates parity conservation, and is

due to the interference of the amplitudes of the vector and

axial-vector currents. Its presence induces an asymmetry in

the φ-integrated cosϑ dependence of the cross section. Two

sources contribute: the interference between the Z-boson
vector and axial-vector amplitudes, and the interference

between the photon vector and Z-boson axial-vector

amplitudes. The asymmetry component from the γ�-Z
interference cross section depends on axial-vector

couplings g
f
A to fermions f that are independent of

sin2 θW . The asymmetry component from Z-boson self-

interference depends on a product of glV and g
q
V from the

lepton and quark vertices, and thus is related to sin2 θW . At

the Born level, this product is

Tl

3
ð1 − 4jQljsin2θWÞTq

3
ð1 − 4jQqjsin2θWÞ; ð6Þ

where l and q denote the lepton and quark, respectively.

For the Drell-Yan process, the relevant quarks are pre-

dominantly the light quarks u, d, and s. The coupling factor

has an enhanced sensitivity to sin2 θW at the lepton-Z

vertex: for a sin2 θW value of 0.223, a 1% variation in

sin2 θW changes the lepton factor ð1 − 4jQlj sin2 θWÞ
by about 8%, and it changes the quark factor

ð1 − 4jQqj sin2 θWÞ by about 1.5% (0.4%) for the u

(d or s) quark. Electroweak radiative corrections do not

significantly alter this Born-level interpretation. Loop and

vertex electroweak radiative corrections induce multiplica-

tive form-factor corrections [20–22] to the T
f
3
and sin2 θW

terms that change their values by a few percent [7].

The forward-backward asymmetry of the polar-angle

distribution is defined as

AfbðMÞ ¼ σfðMÞ − σbðMÞ
σfðMÞ þ σbðMÞ ¼

3

8
A4ðMÞ; ð7Þ

where σf is the Drell-Yan cross section for the forward

(f) orientation of lepton pairs, cosϑ ≥ 0, and σb is for the

backward (b) orientation of lepton pairs, cosϑ < 0.

Figure 2 shows the typical dependence of the asymmetry

FIG. 2. Typical dependence of Afb as a function of the lepton-

pair invariant mass M. The vertical line is at M ¼ MZ. The label

uþ d denotes the overall asymmetry, and the labels u and d
denote the contribution to the overall asymmetry from quarks

with charge 2=3 and −1=3, respectively. The asymmetry iden-

tified by the u or d label is defined as ðσqf − σ
q
bÞ=σ, where q ¼ u

or d, σfðbÞ is the forward (backward) cross section, and σ is the

corresponding cross section from quarks of all charges. Thus,

the overall asymmetry is the sum of the asymmetries identified by

the u and d labels.

T. AALTONEN et al. PHYS. REV. D 97, 112007 (2018)

112007-8



as a function of the lepton-pair invariant mass from a Drell-

Yan quantum chromodynamics calculation. The offset of

Afb from zero at M ¼ MZ is related to sin2 θW . At lepton-

pair masses much smaller or larger than the Z-pole mass,

the asymmetry is dominated by the component from γ�-Z
interference, whose cross section contains the factor

ðM2 −M2
ZÞ=M2 from the photon and Z-boson propagators,

the factor for the flux of quarks from the parton distribution

functions (PDF) of the proton, and the factor for the

coupling term 4=9 (1=9) at the quark-photon vertex for

the charge 2=3 (−1=3) quark. Consequently, the asymmetry

distribution is sensitive to both sin2 θW and the PDF of the

proton.

C. Extraction of sin2 θ
lept
eff

The sin2 θ
lept
eff parameter is derived from comparisons of

the measurement of AfbðMÞ in bins of mass covering the

measurement range, and predictions of the measurement

(templates) for various input values of the effective-leptonic

parameter. The value that minimizes the χ2 between the

measurement and templates is the extracted value of

sin2 θ
lept
eff . Detector effects that bias the asymmetry meas-

urement are removed from the measurement by CDF, and

incorporated into the templates by D0. In both the CDF and

D0 analyses, the forward-backward asymmetries of elec-

tron and muon pairs are separately measured.

The CDF and D0 measurements are based on multiple

analyses with improvements over time. Different PDFs

have been utilized by CDF and D0, as well as slightly

different electroweak correction techniques based on the

SM in the extraction of the sin2 θ
lept
eff parameter. For the

combination of electron- and muon-channel results within

an experiment, and for the Tevatron combination, a

framework with two common components, denoted

as the “common framework,” is adopted to obtain con-

sistent results for the effective-leptonic parameter. The

common components are electroweak-radiative corrections

calculated using the SM software package ZFITTER 6.43

[20–22], which is used with LEP-1 and SLD measurement

inputs for precision tests of the SM at the Z pole [4,5], and

NNPDF 3.0 [23–29] PDFs, which include new HERA and

LHC data, and replace the Tevatron W-asymmetry mea-

surements with lepton-asymmetry measurements from the

LHC. A summary of the CDF and D0 measurements is

presented in Sec. II, along with the strategies used to

achieve results consistent with the common-framework

agreement. The combination of these CDF and D0 results

is presented in Secs. III, and IV provides the summary.

II. INPUT MEASUREMENTS

The Fermilab Tevatron collider provides pp̄ collisions at

a center-of-momentum energy of 1.96 TeV. The CDF [30]

and D0 [31] detectors are general-purpose detectors that

surround the Tevatron collision regions. For both detectors,

precision charged-particle tracking detectors (trackers)

immersed in solenoidal magnetic fields are located around

the beam line. Beyond the trackers are projective-tower

electromagnetic and hadronic calorimeters with transverse

and longitudinal segmentation, which are used for the

identification of electrons, photons, and clusters of out-

going particles (jets), and for measurements of their

kinematic properties. The outer regions of each detector

consist of hadron absorbers and trackers for the detection

and identification of muons.

For particle trajectories, the polar and azimuthal angles

of the coordinate systems are denoted by θlab and ϕlab

respectively. The pseudorapidity of a particle is η ¼
− ln tanðθlab=2Þ. Detector coordinates are specified as

ðηdet;ϕdetÞ, where ηdet is the pseudorapidity relative to

the detector center ðzlab ¼ 0Þ. For particle energies mea-

sured in the calorimeters, the transverse energy ET is

defined as ET ¼ E sin θlab.

Both the CDF and D0 measurements utilize electron and

muon pairs reconstructed in high-pT electron and muon

data samples, respectively. During data taking, events with

high-pT electrons and muons are selected online by

triggers. Offline selection criteria are applied to these

samples to improve the quality of the sample used for

the asymmetry measurements.

A. CDF measurement

The CDF measurements for the electron [9] and muon

[8] channels use the full Tevatron Run II data set,

corresponding to an integrated luminosity of 9 fb−1 of

pp̄ collisions. Similar methods are used for both analyses.

The Afb measurements are corrected for detector effects.

The effects of detector resolution and quantum electrody-

namics (QED) final-state radiation (FSR) are removed from

the measurements using the CDF simulation of Drell-Yan

events. The templates are strictly quantum chromodynam-

ics (QCD) calculations of Afb.

Approximately 485 000 electron pairs and 277 000

muon pairs are utilized in the measurements. Details of

the electron- and muon-selection criteria are presented in

Refs. [9,8], respectively. Kinematic, fiducial, and lepton-

identification criteria are applied. As Drell-Yan leptons are

usually produced in isolation from the other activity in the

event, isolation criteria that limit event activity around the

leptons are also applied. In the electron channel, one

electron must be detected in the central-calorimeter region

0.05 < jηdetj < 1.05, and its partner electron can be either

in the central-calorimeter region or the plug-calorimeter

region 1.2 < jηdetj < 2.8. For central-central electron pairs,

one electron is required to have ET > 25 GeV and the other

to have ET > 15 GeV. For central-plug electron pairs,

both electrons are required to have ET > 20 GeV. In the

muon channel, the selection requires both muons to be

predominantly within the central muon-detector region

jηdetj < 1, and have pT > 20 GeV=c. For the asymmetry
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measurements, electron and muon pairs are selected to

have invariant masses in the range 50–350 GeV=c2 and

50–1000 GeV=c2, respectively. The upper limit for muon

pairs is larger to accommodate the significant resolution

smearing of the muon momentum at high masses.

The Afb measurement uses a data-driven event-weighting

method [32], which is equivalent to performing individual

measurements of the asymmetry in j cosϑj bins and then

combining them. The standard expression for the asym-

metry in a bin is

Afb ¼
Nf=ðϵAÞf − Nb=ðϵAÞb
Nf=ðϵAÞf þ Nb=ðϵAÞb

; ð8Þ

whereNfðbÞ and ðϵAÞfðbÞ are the signal event counts, and the
efficiency (ϵ) and acceptance (A) product, respectively, of
forward (backward) lepton pairs. Only leptons recon-

structed within the central region, where tracking perfor-

mance is optimal with small charge misidentification

probability, are used to determine the forward (backward)

orientation of a pair. For these leptons, the track-finding

efficiency is 99% [33]. Within a localized j cosϑj bin, the
forward and backward dependence of the acceptance and

efficiency of its lepton pairs cancels out to first order so that

Afb≊
Nf − Nb

Nf þ Nb

: ð9Þ

The similarity of ðϵAÞf and ðϵAÞb for a value of j cosϑj is
related to the proximity of lepton-pair trajectories within

the detector to those of the ones with the charges

exchanged. With the exchange, the magnitude of cosϑ is

unchanged but the sign is reversed, i.e., forwards and

backwards are interchanged. The exchange transforms a

lepton with chargeQ into one with charge −Q but leaves its

laboratory momentum p⃗ unchanged. For a typical lepton

with pT ∼ 40 GeV=c, the radius of curvature in the

magnetic-field-bend plane is 100 m. For reference, the

radial extent of the precision trackers in this plane is 1.3 m.

Thus, the trajectories of a lepton and its charge-exchanged

configuration through the detector are localized, so to first

order, their probabilities of being reconstructed and

selected are the same.

The expected angular dependencies of the numerator-

event difference and denominator-event sum of Eq. (9) are

derived using Eq. (5). The numerator difference is propor-

tional to 2A4j cosϑj, and the denominator sum to

2ð1þ cos2 ϑþ � � �Þ, where 1þ cos2 ϑþ � � � denotes the

cosϑ symmetric terms from Eq. (5). Together they yield

Afb ¼ A4ξ, where ξ ¼ j cos ϑj=ð1þ cos2 ϑþ � � �Þ. Each bin
is an independent measurement of A4, with an uncertainty

of σ=ξ, where σ is the statistical uncertainty of Afb. When

the measurements are combined, each bin has a statistical

weight of σ−2 and a sampling weight of ξ2. The binned

measurements are reformulated into an unbinned-asymme-

try expression of the form shown in the right-hand side of

Eq. (9) using event weights. Weights for individual events

in the numerator and denominator remove the angular

dependencies of the event difference and sum, respectively,

and provide the sampling weight for the combination of

events across j cosϑj.
Because the event-weighting method needs events for

corrections, kinematic regions with few or no events are

eliminated from the acceptance region of the measurement

and template calculations. Consequently, the kinematic-

acceptance region of the electron-pair is restricted to

jyj < 1.7, and that of the muon-pair to jyj < 1. Small

secondary effects not corrected by the event-weighting

method are removed with the simulation.

The simulation of Drell-Yan events, described below,

uses PYTHIA 6.2 [34] with CTEQ5L [35] PDFs to generate

events and includes QED FSR for the decay leptons. To

account for QED FSR from promptly decaying hadrons and

their decay products, the event generation then uses PHOTOS

2.0 [36–38]. This is followed by the detector simulation

based on GEANT-3 and GFLASH [39]. Some of the kinematic

distributions of the generated γ�=Z boson are adjusted with

event weights for better agreement between the simulation

and the data. For the electron channel, simulation adjust-

ments cover all aspects of boson production because of the

extended boson-rapidity coverage of the measurement. The

generated boson kinematics are adjusted using the data and

the RESBOS [40–43] calculation with CTEQ6.6 [44] PDFs.

The generator-level pT distribution of the boson is adjusted

so that the reconstructed pT distribution of simulated events

matches the distribution of the data in two rapidity bins,

0 < jyj < 0.8 and jyj ≥ 0.8. The generator-level boson-

mass distribution is adjusted with a mass-dependent factor,

which is the ratio of the RESBOS boson-mass distribution

calculated using CTEQ6.6 PDFs relative to the PYTHIA 6.4

[45] distribution calculated using CTEQ5L PDFs. For the

muon channel, the generator-level pT distribution of the

boson is adjusted so that the reconstructed pT distribution

of simulated events matches the data.

The energy scales of both the data and simulation are

calibrated to a common standard following Ref. [46]. The

standard consists of idealized calibration distributions

derived from the same generated-event samples of the

simulation using a detector with perfect calibrations but

with the observed resolutions. The energy resolution in the

simulation is calibrated to that of the data. In addition to the

generator level tuning, other distributions such as the time-

dependent Tevatron beam-luminosity profile and detector

responses near boundaries are tuned. Response adjustments

are consistently applied to parity-symmetric variables such

as jηdetj or j cosϑj. They are needed for an unbiased

detector-resolution unfolding of the asymmetry distribution

in mass and cosϑ for the data. Unfolding matrices are used,

and the unfolding statistically removes the effects of

resolution smearing and QED FSR. The simulation is also

used to derive the error matrix for the Afb measurement.
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The backgrounds are from the production of QCD dijets,

W þ jets, γ�=Z → ττ, diboson (WW, WZ, and ZZ), and tt̄
events. QCD dijet backgrounds are estimated using the

data. Other backgrounds listed above are estimated with

PYTHIA 6.2 [34]. For the electron channel, the overall

background level amounts to 1.1% over the mass range

of the asymmetry measurement. For the muon channel, the

overall background level amounts to 0.5% over the mass

range of the asymmetry measurement. All backgrounds are

subtracted from the data.

The CDF templates for Afb which are compliant with the

specifications of the common framework are denoted as

“common-framework compliant templates”. They are cal-

culated using the POWHEG-BOX next-to-leading-order

(NLO) implementation [47] of the Drell-Yan process

[48] followed by PYTHIA 6.41 [45] parton-showering. The

combined implementation has next-to-leading-log resum-

mation accuracy. The NNPDF 3.0 next-to-next-to-leading

order (NNLO) PDFs are used for the parton fluxes.

The complex-valued ZFITTER form factors are incorpo-

rated into the POWHEG-BOX amplitudes as specified in the

Appendix. The QED photon propagator correction from

fermion loops is also included. The implementation of

these form factors provides an enhanced Born approxi-

mation (EBA) to the electroweak couplings. For consis-

tency with the ZFITTER calculations, the NNPDFs selected

are derived assuming a value of the strong-interaction

coupling of 0.118 at the Z-boson mass. With ZFITTER

corrections, the electroweak mixing parameter for the

templates is the static on-shell sin2 θW . The asymmetry is

directly sensitive to the effective mixing terms, which are

provided by ZFITTER as κf sin
2 θW , where κf denotes a

fermion-flavor (f) dependent form factor. Unlike the

directly observable effective mixing terms, sin2 θW and

κf are inferred in the context of the SM and their inputs are

specified in the Appendix. The effective mixing terms are

functions of sin2 θW and a mass scale. For comparisons

with other measurements, the value of the sin2 θ
lept
eff

parameter is defined at the Z pole and its value

is Re½κeðsin2 θW ;M2
ZÞ� sin2 θW .

The NNPDF 3.0 parton distributions consist of an

ensemble of 100 equally probable PDFs for which the

value of a calculation is the average of the calculations over

the ensemble, and the rms about the average is the PDF

uncertainty. A measurement can be incorporated into the

ensemble of a PDF fit without regenerating the ensemble

via various Bayesian methods that reweight each ensemble

PDF [49]. With the Giele-Keller (GK) method, the ensem-

ble PDFs, numbered 1 to N, are reweighted with the

likelihood of the prediction using the ensemble PDF

relative to the measurement,

wk ¼
expð− 1

2
χ2kÞ

P

N
l¼1

expð− 1

2
χ2l Þ

; ð10Þ

where wk is the weight for PDF number k, and χ2k is the χ
2

between the measurement and the prediction using that

PDF [50,51].

For the extraction of the sin2 θ
lept
eff parameter, common-

framework compliant templates with varying values of the

effective-leptonic parameter are calculated for each of the

ensemble PDFs of NNPDF 3.0, and the GK-weighting

method is used to evaluate the ensemble average and rms of

the effective-leptonic parameter derived from the measure-

ment and templates. Consequently, additional PDF con-

straints from the asymmetry measurement are incorporated

into the ensemble of PDFs.

The electron-channel measurement of the asymmetry,

along with common-framework compliant templates and

the error matrix of the measurement, are used to extract the

sin2 θ
lept
eff parameter. The result for the electron channel is

sin2θ
lept
eff ¼ 0.23248� 0.00049 ðstatÞ

� 0.00004 ðsystÞ
� 0.00019 ðPDFÞ: ð11Þ

The systematic uncertainty consists of contributions from

the energy scale and resolution, the backgrounds, and the

QCD scale.

The muon-channel measurement of the asymmetry and

the error matrix of the measurement used for measurement-

to-template χ2 comparisons are presented in Ref. [8]. The

published result for the muon channel is

sin2θ
lept
eff ¼ 0.2315� 0.0009 ðstatÞ

� 0.0002 ðsystÞ
� 0.0004 ðPDFÞ: ð12Þ

The systematic uncertainty consists of contributions from

the energy scale and resolution, the backgrounds, and the

higher-order terms of QCD. The Afb templates used for the

derivation of this result are from previous iterations of

the analysis and not compliant with the specifications of the

common framework. They are calculated with a modified

version of RESBOS using CTEQ6.6 PDFs and the ZFITTER

form factors. Systematic uncertainties are estimated using

the POWHEG-BOX NLO parton generator with CT10 NLO

PDFs [52], and followed by PYTHIA 6.41 parton showering.

The PDF uncertainty is derived from the CT10 uncertainty

PDFs at 68% C.L. The result shown in Eq. (12) is the

standalone result of the muon channel, but the methods

used do not facilitate a straightforward combination with

the electron-channel analysis.

For the combination of the electron- and muon-channel

results, the measured asymmetries are directly utilized.

Both the electron- and muon-channel measurements are

compared against common-framework compliant templates

for the extraction of the sin2 θ
lept
eff parameter. For comparison

purposes, the extracted value of the effective-leptonic
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parameter from the muon-asymmetry measurement in this

framework is 0.23141� 0.00086, where the uncertainty is

statistical only [9].

The CDF result combining electron and muon channels

presented in Ref. [9] is

sin2θ
lept
eff ¼ 0.23221� 0.00043 ðstatÞ

� 0.00007 ðsystÞ
� 0.00016 ðPDFÞ: ð13Þ

The systematic uncertainty, consisting of contributions

from the energy scale and resolution, the backgrounds,

and the QCD scale, are summarized in Table I. As the Afb

templates for the electron- and muon-channel asymmetries

are both calculated with the same common-framework

infrastructure, the electron- and muon-channel comparison

χ2’s between the data and templates are combined into a

joint χ2 for the determination of the best-fit sin2 θ
lept
eff . The

joint χ2 takes into account correlations between the

electron- and muon-channel asymmetries for each of the

ensemble PDFs of NNPDF 3.0. The GK-weighting method

using the joint χ2 incorporates PDF information from both

the electron- and muon-channel asymmetry measurements

into the PDF ensemble, and thus reduces the PDF uncer-

tainty relative to the default (equal-weight) ensemble.

B. D0 measurement

The D0 measurement of sin2 θ
lept
eff is performed in the

electron [12] and muon [13] channels. The electron- and

muon-channel results use 9.7 fb−1 and 8.6 fb−1 of recorded

luminosity, respectively.

The asymmetry Afb is measured in the electron channel

using events with at least two electromagnetic (EM) clusters

reconstructed in the calorimeter. They are required to be in

the central calorimeter (CC) or end calorimeter (EC) with

transverse momentum pT > 25 GeV=c. Clusters in the CC

must be matched to reconstructed tracks. For events with

both clusters in the EC, only one cluster must be track-

matched. Compared to previousD0 results based on 1.1 fb−1

and 5.0 fb−1 of luminosity [10,11], the acceptance is

extended from jηdetj < 1.0 to jηdetj < 1.1 for CC and from

1.5 < jηdetj < 2.5 to 1.5 < jηdetj < 3.2 for EC, and previ-

ously rejected electrons reconstructed near azimuthal CC

module boundaries are included. By extending the ηdet and

module boundary acceptance, a 70% increase is achieved in

the number of sample events above what would be expected

from the increase in luminosity to the full data set, for a total

of approximately 560 000 electron pairs in the final sample.

Events are categorized as CC-CC, CC-EC, or EC-EC based

on the ηdet regions of the two electron candidates.

Muon-channel events are required to have at least two

muon candidates reconstructed in the tracking and muon

systems, with transverse momenta pT > 15 GeV=c. Both
muon candidates are required to have jηdetj < 1.8 with at

least one muon within jηdetj < 1.6, and they must have

tracks matched in the tracking and muon systems. Tracks

are required to have opposite curvature. Events with muons

nearly back-to-back are removed to reduce cosmic-ray

background. The large kinematic acceptance yields a final

sample consisting of approximately 481 000 muon pairs.

Simulated Drell-Yan events are generated using lead-

ing-order PYTHIA 6.23 [34] with the NNPDF 2.3 [24] PDFs

for the electron channel and NNPDF 3.0 PDFs for the

muon channel, followed by a GEANT-3-based simulation

[53] of the D0 detector. The inner-tracker solenoid and

muon system toroid polarities are reversed every two

weeks on average at D0, enabling cross-checks and

cancellations of charge-dependent asymmetries. For

example, the muon Drell-Yan samples are generated with

different polarities of the solenoid and toroid magnetic

fields in the GEANT-3 simulation, and used to model the

data corresponding to each combination separately. Data

and simulation samples corresponding to different

solenoid and toroid polarities are weighted to correspond

to equal luminosity exposures for each solenoid-toroid

polarity combination. This weighted combination pro-

vides cancellation of asymmetries due to variations in

detector response. The same reconstruction algorithm is

used for the data and simulation.

Relative to previously reported results, new methods of

electron energy and muon momentum calibration are

developed and applied to both data and simulation. In

addition to scale factors, offset parameters are applied to the

electron energy as functions of ηdet and instantaneous

luminosity. For muon momentum, a scale factor is intro-

duced that is dependent on charge, ηdet, and solenoid

polarity. With these calibration methods, the systematic

uncertainties due to energy and momentum modeling are

reduced to negligible levels.

The backgrounds are from the production of multijets,

W þ jets, γ�=Z → ττ, dibosons (WW and WZ), and tt̄
events. The multijet backgrounds are estimated using the

data. TheW þ jets events are generated using ALPGEN [54]

interfaced to PYTHIA 6.23 for showering and hadronization.

The other backgrounds are estimated using the PYTHIA 6.23

simulations. At the Z-boson mass peak, the overall

TABLE I. Summary of the CDF systematic uncertainties on the

electron- and muon-channel combination of the electroweak

mixing parameter sin2 θ
lept
eff . The column labeled δ sin2 θ

lept
eff gives

the uncertainty of each source. The values are from Table VI of

Ref. [9].

Source δ sin2 θ
lept
eff

Energy scale and resolution �0.00002

Backgrounds �0.00003

QCD scale �0.00006

NNPDF 3.0 PDF �0.00016
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background level is 0.35% (0.88%) with respect to the total

number of selected dielectron (dimuon) events in the data.

The Afb templates are calculated using PYTHIA 6.23 with

NNPDF 2.3 (electron channel) and NNPDF 3.0 (muon

channel). They are then reweighted to incorporate higher-

order QCD effects. The Z-boson distribution as a function

of rapidity and transverse momentum ðy; pTÞ is reweighted
in both variables to match that from RESBOS [40–43] with

CTEQ6.6 [44] PDFs. The boson-mass distribution is

reweighted with a mass-dependent NNLO K-factor [55].

The events are processed by the D0 detector simulation to

yield templates that include detector resolution effects.

The Afb distributions in data are obtained as a function of

the dilepton invariant mass. For the electron channel, this is

done separately for CC-CC, CC-EC, and EC-EC event

categories. The weak mixing parameter is extracted from

the background-subtracted Afb spectrum in the regions

75 < Mee < 115 GeV=c2 for CC-CC and CC-EC events,

81 < Mee < 97 GeV=c2 for EC-EC events, and 74 <

Mμμ < 110 GeV=c2 for muon events, by comparing the

data to simulated Afb templates corresponding to different

input values of sin2 θW .

Combining the weak-mixing-parameter results from the

three electron event categories gives the electron-channel

result

sin2θmeas
eff ¼ 0.23139� 0.00043 ðstatÞ

� 0.00008 ðsystÞ
� 0.00017 ðPDFÞ: ð14Þ

The sources of systematic uncertainties include energy

calibration, energy resolution smearing, backgrounds,

charge misidentification, and electron identification [12].

The largest component is from the electron identification

(0.00007). The PDF uncertainty is obtained using the

equally probable ensemble PDFs of NNPDF 2.3 following

the method prescribed by the NNPDF group [24].

The extraction of the weak mixing parameter from the

muon channel Afb distribution in data gives

sin2θmeas
eff ¼ 0.22994� 0.00059 ðstatÞ

� 0.00005 ðsystÞ
� 0.00024 ðPDFÞ: ð15Þ

The systematic uncertainties include the following sources:

momentum calibration, momentum resolution smearing,

backgrounds, and muon identification [13]. The PDF

uncertainty is obtained using the 100 equally probable

ensemble PDFs of NNPDF 3.0 following the method

prescribed by the NNPDF group [23].

Corrections are applied to the values of sin2 θmeas
eff

in Eqs. (14) and (15) to make them compliant with the

agreed-upon common framework using the CDF EBA

electroweak-radiative correction implementation, and

NNPDF 3.0.

The Afb templates used by D0 for both the electron- and

muon-channel analyses are calculated with PYTHIA, which

uses the same fixed value for the effective mixing terms

sin2 θeff of all fermions. The EBA implementation incor-

porates ZFITTER weak-interaction corrections and the fer-

mion-loop correction to the photon propagator, both of

which are complex valued and mass-scale dependent. The

effect of using a fixed and constant value for all of the

effective mixing terms is investigated by setting all weak

form factors to unity so that the effective mixing terms for

the templates become sin2 θ
lept
eff , where only the real part of

the photon propagator correction, the running αem, is

retained. This implementation, denoted as nonEBA, is

the analog to the PYTHIA calculation. The difference,

Δsin2θ
lept
eff ðZFITTERÞ¼sin2θ

lept
eff ðEBAÞ−sin2θ

lept
eff ðnonEBAÞ;

ð16Þ

provides the correction to the values of sin2 θ
lept
eff derived

using PYTHIA templates, which is needed to convert them to

the values derived using ZFITTER form factors.

The difference is calculated using the combination of the

CDF electron- and muon-channel Afb measurements. Both

nonEBA and EBA template calculations use NNPDF 3.0

NNLO with αsðMZÞ ¼ 0.118. Each template contains

about 109 generated events, and the uncertainty in Afb

for the mass bin containing the Z-boson mass is about

5 × 10−5. Differences are calculated for 23 ensemble

PDFs whose best-fit mixing parameter value from EBA

templates is near the average value derived over all

ensemble PDFs. The GK-weighted average and rms of

Δsin2θ
lept
eff ðZFITTERÞ over the 23 PDFs are 0.00022 and

0.00002, respectively. To accommodate the statistical

uncertainty of the effective-leptonic parameter, an addi-

tional uncertainty of 0.00003 is assigned, resulting in a total

(EBA-nonEBA) uncertainty of �0.00004. This value of

þ0.00022� 0.00004 is the correction from the PYTHIA

framework, which assumes a single value for all the

effective mixing parameters, to the ZFITTER-based one.

The D0 electron-channel Afb template calculations use

NNPDF 2.3. Therefore, Eq. (14) must be corrected to

comply with the common framework choice of NNPDF

3.0. To calculate the correction, the value of sin2 θ
lept
eff is

extracted using a default NNPDF 3.0 template and multiple

NNPDF 2.3 templates. A PYTHIA template of 5 × 108

events is generated, using NNPDF 3.0 with fixed

sin2 θW input, and taken as pseudodata after applying

fast-simulation kinematic requirements. In addition, 40

templates of 3 × 108 events each are generated, using

NNPDF 2.3 with varying sin2 θW inputs and applying

the same selection criteria. These templates are used to
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obtain the best χ2 fit for the sin2 θW value. The difference

between the input value for NNPDF 3.0 and the value

extracted from NNPDF 2.3, denoted by Δ sin2 θ
lept
eff ðPDFÞ,

is used to provide a correction to the D0 electron-channel

value of sin2 θ
lept
eff derived using NNPDF 2.3 to that derived

using NNPDF 3.0. The value of Δ sin2 θ
lept
eff ðPDFÞ based on

the D0 analysis is −0.00024� 0.00004, where the uncer-

tainty is statistical. A similar calculation in the CDF

framework confirms this value.

The uncorrected central value of the D0 electron-

channel measurement is 0.23139 [Eq. (14)]. To update

this measurement to one based on templates calculated

with NNPDF 3.0 PDFs and ZFITTER-based electroweak

radiative corrections, the corrections Δ sin2 θ
lept
eff ðPDFÞ, and

Δsin2θ
lept
eff ðZFITTERÞ are both applied for a net correction

of −0.00002� 0.00005, where the uncertainty is denoted

as “corrections” in Table II. The corrected value is

sin2θ
lept
eff ¼ 0.23137� 0.00043 ðstatÞ

� 0.00009 ðsystÞ
� 0.00017 ðPDFÞ; ð17Þ

which is the D0 electron-channel value used to combine

with the D0 muon-channel and CDF results for the final

Tevatron combination.

The published D0 electron-channel value of sin2 θ
lept
eff in

Ref. [12] includes no PDF correction, and only a partial

electroweak radiative correction that accounts for

differences in the effective couplings to leptons, up-type

quarks, and down-type quarks, but not for the complex

value and mass-scale dependence of the couplings.

Therefore, the fully-corrected Eq. (17) is used for the

D0 [13] and Tevatron combinations.

The higher-order weak-interaction radiative correction,

Δsin2θ
lept
eff ðZFITTERÞ, is applied to the uncorrected muon-

channel result, Eq. (15), giving a þ0.00022 shift to the

measured central value and an additional �0.00004

systematic uncertainty. Applying this correction, the D0

muon-channel final corrected result [13] is

sin2θ
lept
eff ¼ 0.23016� 0.00059 ðstatÞ

� 0.00006 ðsystÞ
� 0.00024 ðPDFÞ: ð18Þ

The D0 combination result [13] for sin2 θ
lept
eff is obtained

using the corrected electron- and muon-channel results as

inputs. The central value and systematic uncertainties are

combined using the D0 electron- and muon-channel central

values with the inverse of the squares of the measurements’

statistical uncertainties as weights. The electron and muon

systematic uncertainties are treated as uncorrelated, with

the exception of the higher-order radiative correction

uncertainty which is treated as 100% correlated.

However, the total uncertainty is marginally affected by

this choice, because both the electron- and muon-channel

total measurement uncertainties are dominated by their

statistical uncertainties.

The correlation of PDF uncertainties between the elec-

tron- and muon-channel acceptances cannot be ignored.

Instead of estimating the correlation matrix between the

electron and muon channels, we directly estimate the

combined PDF uncertainty. We first estimate the PDF

uncertainty on the Afb observable averaged over the

electron and muon channels. We then scale that uncertainty

using the linear relation between Afb and sin2 θW estimated

in simulated events.

The D0 combination of electron- and muon-channel

results [13] is

sin2θ
lept
eff ¼ 0.23095� 0.00035 ðstatÞ

� 0.00007 ðsystÞ
� 0.00019 ðPDFÞ; ð19Þ

and a summary of the systematic uncertainties of the

combination is presented in Table II.

III. CDF AND D0 COMBINATION

TheTevatron combinationof the sin2 θ
lept
eff parameter uses a

singlevalue fromeach experiment, the combined result of the

electron- and muon-channel analyses. The analyses used to

derive these values are described in Sec. II A for CDF, and

Sec. II B for D0. Inferences of the sin2 θW ðMWÞ parameter

corresponding to the Tevatron-combinationvalue of sin2 θ
lept
eff

and the CDF and D0 input values are obtained using SM

calculations in the on-shell renormalization scheme.

A. Tevatron combination

The central values of the combined electron- and muon-

channel results from each experiment are

TABLE II. Summary of the D0 systematic uncertainties on the

electron- and muon-channel combination of the electroweak

mixing parameter sin2 θ
lept
eff from Ref. [13]. The column labeled

δ sin2 θ
lept
eff gives the uncertainty of each source.

Source δ sin2 θ
lept
eff

Energy (eþe−) or momentum (μþμ−) calibration �0.00001

Energy (eþe−) or momentum (μþμ−) resolution �0.00002

Backgrounds �0.00001

Charge misidentification �0.00002

Lepton identification �0.00005

Fiducial asymmetry �0.00001

Corrections (PDF and ZFITTER) �0.00005

NNPDF 2.3 (eþe−) or NNPDF 3.0 (μþμ−) PDF �0.00019
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sin2θ
lept
eff ¼ 0.23221� 0.00043ðCDFÞ; and ð20Þ

sin2 θ
lept
eff ¼ 0.23095� 0.00035ðD0Þ; ð21Þ

where the uncertainties are statistical only. The systematic

uncertainties are summarized in Tables I and II. D0 avoids a

QCD scale uncertainty by incorporating NNLO effects into

the Afb templates, while CDF avoids sensitivity to lepton

identification and detector asymmetry uncertainties through

the use of the event-weightingmethod described in Sec. II A.

The PDF uncertainties are treated as 100% correlated. All

other systematic uncertainties in Tables I and II are treated as

uncorrelated for the CDF and D0 combination. There are

some correlations from the common PYTHIA-derived back-

grounds, but since the overall contribution from the back-

ground is small and the detectors are different, the

backgrounds are treated as uncorrelated.

The combination of the two inputs with the “best linear

unbiased estimate” (BLUE) method [56] yields the

Tevatron combination,

sin2θ
lept
eff ¼ 0.23148� 0.00027 ðstatÞ

� 0.00005 ðsystÞ
� 0.00018 ðPDFÞ: ð22Þ

The total uncertainty is �0.00033, with Table III summa-

rizing the input-source uncertainties and the corresponding

combination uncertainties. The combination weights for

the CDF and D0 inputs are 0.42 and 0.58, respectively, and

the χ2 probability for the compatibility of the two input

measurements is 2.6%.

B. Inference of sin2 θW

The determination of sin2 θ
lept
eff is a direct measurement in

that the observed asymmetry is directly sensitive to the

effective mixing parameters. In order to obtain sin2 θW and

its uncertainty, the relationship

sin2 θ
lept
eff ¼ Re½κeðsin2 θW ;M2

ZÞ� sin2 θW ð23Þ

and the ZFITTER SM calculation of the form factor κe with a

set of input parameters are required. The calculation and

parameters specified in the Appendix provide the context for

the inference of sin2 θW . The calculated value of the form

factor, Re½κe�, is 1.0371 for the value of the effective-leptonic
mixing parameter specified in Eq. (22) [7]. The choice of the

SM-input parameter value for the top-quark mass affects the

value of the form factor, and thus the inference of sin2 θW .

The uncertainty of the inferred value of sin2 θW due to

the uncertainty from the top-quark mass input, 173.2�
0.9 GeV=c2 [57], is �0.00008 [9]. This uncertainty is

denoted as the “form factor” uncertainty in Table IV.

For the CDF measurement, the values of sin2 θ
lept
eff ,

sin2 θW , and MW based on the combined electron- and

muon-channel results are

sin2 θ
lept
eff ¼ 0.23221� 0.00043� 0.00018 ð24Þ

sin2 θW ¼ 0.22400� 0.00041� 0.00019 ð25Þ
MW ¼ 80.328� 0.021� 0.010 GeV=c2; ð26Þ

and the D0 values of sin2 θ
lept
eff , sin

2 θW , and MW based on

the combined electron- and muon-channel results are

sin2 θ
lept
eff ¼ 0.23095� 0.00035� 0.00020 ð27Þ

sin2 θW ¼ 0.22269� 0.00034� 0.00021 ð28Þ
MW ¼ 80.396� 0.017� 0.011 GeV=c2; ð29Þ

where the first contribution to each uncertainty is statistical

and the second is systematic. All systematic uncertainties

are combined in quadrature. For sin2 θW (MW), the sys-

tematic uncertainties include those propagated from

sin2 θ
lept
eff and the form-factor uncertainty.

The Tevatron-combination values for sin2 θ
lept
eff , sin

2 θW ,

and MW are

sin2 θ
lept
eff ¼ 0.23148� 0.00027� 0.00018

¼ 0.23148� 0.00033 ð30Þ
sin2 θW ¼ 0.22324� 0.00026� 0.00019

¼ 0.22324� 0.00033 ð31Þ

TABLE IV. Summary of uncertainties on the inference of the

on-shell electroweak mixing parameter sin2 θW for the Tevatron-

combination value of sin2 θ
lept
eff . The column labeled δ sin2 θW

gives the uncertainty of each source. Except for the uncertainty

due to the sample size, all other entries are systematic uncer-

tainties.

Source δ sin2 θW

Statistics �0.00026

Uncorrelated �0.00005

PDF �0.00017

Form factor ðmt ¼ 173.2� 0.9 GeV=c2Þ �0.00008

TABLE III. Summary of the uncertainties for the electroweak

mixing parameter sin2 θ
lept
eff from the Tevatron combination of the

CDF and D0 measurements.

Uncertainties on sin2 θ
lept
eff

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
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MW ¼ 80.367� 0.014� 0.010 GeV=c2

¼ 80.367� 0.017 GeV=c2; ð32Þ

where the first contribution to each uncertainty is statistical

and the second is systematic. The total systematic uncer-

tainty is the sum in quadrature of all systematic uncertain-

ties listed in Tables III and IV. The form-factor uncertainty

is only included in the systematic uncertainty of sin2 θW
and MW .

C. Result comparisons

The measurements of sin2 θ
lept
eff are compared with pre-

vious results from the Z-boson pole mass region in Fig. 3.

The hadron-collider results are based on Afb measurements.

The LEP-1 and SLD results are from the individual asym-

metry measurements indicated in the figure.

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

theCDFandD0measurements ofAfb, and their combination.

The indirect measurement of sin2 θW from LEP-1 and SLD,

0.22332� 0.00039, is from a SM fit to all Z-pole measure-

ments [4,5] described inAppendixFofRef. [5]. In that fit, the

following input parameters to ZFITTER are varied simulta-

neously within the constraints of the LEP-1 and SLD data:

the Higgs-boson mass mH, the Z-boson massMZ, the QCD

coupling at the Z pole αsðM2
ZÞ, and the QED correction

Δα
ð5Þ
emðM2

ZÞ. The top-quark mass mt is constrained to the

value measured directly at the Tevatron, 173.2�
0.9 GeV=c2 [57]. The precision of the Tevatron indirect

measurement almost matches that of the direct measurement

combination from the Tevatron and LEP-2.

IV. SUMMARY

The angular distribution of Drell-Yan lepton pairs pro-

vides information on the electroweak mixing parameter

sin2 θW . The effective-leptonic mixing parameter sin2 θ
lept
eff

is derived from measurements of the forward-backward

asymmetry AfbðMÞ in the polar-angle distribution by the

CDF and D0 experiments, where M is the lepton-pair

effective mass. The measurements are based on the full

Tevatron proton-antiproton data sets collected in 2001-2011.

The CDF measurement is derived from electron and muon

pairs from a pp̄ collision sample corresponding to 9 fb−1 of

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 “TeV

combined: CDFþ D0”. 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 meas-

urement specified in the text [57]. The SM context for the

Tevatron inferences is specified in the Appendix, and the SM fit

of LEP-1 and SLD is described in Appendix F of Ref. [5]. For the

Tevatron inferences of the W-boson mass, the SM Higgs-boson

mass parameter is fixed, while in the LEP-1 and SLD SM fit, it is

a floating parameter. The direct measurements are from the

Tevatron and LEP-2 [58], and the shaded vertical band shows its

uncertainty.

FIG. 3. Comparison of experimental measurements of sin2 θ
lept
eff

in the region of the Z-boson pole mass. The horizontal bars

represent total uncertainties. The Tevatron combination (this

paper) of CDF and D0 results is denoted as “TeV combined:

CDF+D0”. 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.
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integrated luminosity, and the D0 measurement is derived

from electron and muon pairs from pp̄ samples correspond-

ing 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 θ
lept
eff ¼ 0.23148� 0.00033: ð33Þ

The combined result is consistent with LEP-1 and SLD

measurements at the Z-boson pole. Based on the SM

calculations specified in the Appendix, the inferences of

sin2 θW and the W-boson mass are

sin2θW ¼ 0.22324� 0.00033; and ð34Þ

MW ¼ 80.367� 0.017 GeV=c2; ð35Þ

respectively. Within the context of the SM, sin2 θW and the

W-boson mass are related. Comparisons of the indirect

measurements of the W-boson mass with those from direct

measurements provide powerful tests of the self-consistency

of the SM.

The combined result on the effective sin2 θW mixing

parameter at the lepton vertex sin2 θ
lept
eff is the most precise

obtained in hadron collisions. It is consistent with, and

approaches in precision, the best measurements from

electron-positron colliders. The values of sin2 θ
lept
eff from

hadron and electron-positron colliders are extracted from a

complementary set of processes. At hadron colliders, the

partonic processes are qq̄→ eþe− and μþμ−, and the

forward-backward asymmetry is sensitive to the vertex

couplings of the outgoing leptons and the predominantly

light quarks from the hadrons. At electron-positron col-

liders, the processes are either leptonic, i.e. eþe− → eþe−,
μþμ−, and τþτ−, or mixed, i.e. eþe− → qq̄. While the

asymmetry of a mixed process is analogous to that from

hadron collisions, events with b quarks in the final state

yield the best experimental precision while those with

lighter quarks yield significantly less precision. The result

of the Tevatron combination supports the central value of

sin2 θ
lept
eff derived from the LEP-1 and SLD Z-pole mea-

surements, and the combined values from the Tevatron and

from LEP-1 and SLD are nearly identical.
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APPENDIX: ZFITTER

The effects of virtual electroweak radiative corrections for

the Drell-Yan process are obtained from the Z-amplitude

form factors for fermion-pair production according to

eþe− → Z → ff̄. These form factors are calculated by

ZFITTER 6.43 [20–22], which is used with LEP-1, SLD,

Tevatron, and LHC measurement inputs for precision tests

of the SM [4,5].

The input parameters to the ZFITTER radiative-correction

calculation are particle masses, the electromagnetic fine-

structure constant αem, the Fermi constant GF, the strong-

interaction coupling at the Z-boson mass αsðM2
ZÞ, and the

contribution of the light quarks to the “running” αem at theZ-

boson mass Δα
ð5Þ
emðM2

ZÞ. The scale-dependent couplings are
αsðM2

ZÞ ¼ 0.118� 0.001 [59] and Δα
ð5Þ
emðM2

ZÞ ¼ 0.0275�
0.0001 [60]. The mass parameters are MZ ¼ 91.1875�
0.0021 GeV=c2 [4,5], mt ¼ 173.2� 0.9 GeV=c2 (top
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quark) [57], and mH ¼ 125 GeV=c2 (Higgs boson). Form

factors and the Z-boson total decay-width ΓZ are calculated.

The central values of the parameters provide the context of

the ZFITTER SM calculations.

The ZFITTER package uses the on-shell renormalization

scheme [17], where particle masses are on-shell and

sin2 θW ¼ 1 −M2
W=M

2
Z holds to all orders of perturbation

theory by definition. If both GF and mH are specified,

sin θW is not independent, and is related to GF and mH by

SM constraints from radiative corrections. To vary the value

of the sin θW (MW) parameter, the value of GF is not

constrained. The MW value is varied in the range

80.0–80.5 GeV=c2, and for each value, ZFITTER calculates

GF and the form factors. Each set of calculations corre-

sponds to a family of physics models with SM-like

couplings where the parameter sin2 θW and theGF coupling

are defined by the MW parameter. The Higgs-boson mass

constraint mH ¼ 125 GeV=c2 ensures that the form-factor

values remain in the vicinity of SM-fit values from LEP-1

and SLD [4,5].

The form factors are calculated in the massless-fermion

approximation. Consequently, they only depend on the

fermion weak isospin and charge, and are distinguished via

three indices, e (electron type), u (up-quark type), and d
(down-quark type). For the ee → Z → qq̄ process, the

ZFITTER scattering-amplitude ansatz is

Aq ¼
i

4

ffiffiffi

2
p

GFM
2
Z

ŝ − ðM2
Z − iŝΓZ=MZÞ

4Te
3
T
q
3
ρeq

× ½hējγμð1þ γ5Þjeihq̄jγμð1þ γ5Þjqi
− 4jQejκesin2θWhējγμjeihq̄jγμð1þ γ5Þjqi
− 4jQqjκqsin2θWhējγμð1þ γ5Þjeihq̄jγμjqi
þ 16jQeQqjκeqsin4θWhējγμjeihq̄jγμjqi�; ðA1Þ

where q equals u or d, the terms ρeq, κe, κq, and κeq are

complex-valued form factors, the bilinear γ matrix terms

are covariantly contracted, and 1

2
ð1þ γ5Þ is the left-handed

helicity projector in the ZFITTER convention. The form

factors are functions of the sin2 θW parameter and the

Mandelstam ŝ variable of the eþe− → Z → ff̄ process. The

κe form factors of the Au and Ad amplitudes are not

equivalent; however, at ŝ ¼ M2
Z, they are numerically equal.

The ρeq, κe, and κq form factors can be incorporated into

QCD calculations as corrections to the Born-level g
f
A and

g
f
V couplings,

g
f
V →

ffiffiffiffiffiffiffi

ρeq
p ðTf

3
− 2Qfκfsin

2θWÞ and g
f
A →

ffiffiffiffiffiffiffi

ρeq
p

T
f
3
;

ðA2Þ
where f ¼ e or q. The resulting current-current amplitude

is similar to Aq, but the sin4 θW term contains κeκq. This

difference is eliminated by adding the sin4 θW term of Aq

with the replacement of κeq with κeq − κeκq to the current-

current amplitude. Further details are in Ref. [7].

The products κf sin
2 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 ŝ-dependent form factors can be inferred

from measurements without assuming the SM. The effec-

tive mixing terms are denoted as sin2 θeff to distinguish

them from the on-shell definition of the sin2 θW parameter,

sin2 θW ¼ 1 −M2
W=M

2
Z. The Drell-Yan process is most

sensitive to the sin2 θeff mixing term of the lepton vertex,

κe sin
2 θW . At the Z-boson pole, κe is independent of the

quark flavor, and the flavor-independent value of κe sin
2 θW

is commonly denoted as sin2 θ
lept
eff . For comparisons with

other measurements, the value of sin2 θ
lept
eff at the Z-boson

pole is taken to be Re½κeðsin2 θW ;M2
ZÞ� sin2 θW .
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