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An overview of Tevatron electroweak measurements performed by the CDF and DA experiments is presented.
The current status and future prospects for high precision measurements of electroweak parameters and detailed

studies of boson production are highligh ted.

1. Introduction

The substartial samplesof W and Z bosonscur-
rently being collected by the CDF and DA experi-
ments accommalate a wide variety of precision elec-
troweak measuremets. The two general purposeex-
periments obsene pp collisionsat a certer-of-massen-
ergy of 1.96 TeV generatedby the Fermilab Tevatron
Collider. In its current operating mode, the Teva-
tron operatesasa W and Z bosonfactory. In a nor-
mal week of operation the Tevatron producesroughly
50,000 W boson and 5,000 Z boson everts in ead
lepton decay channel for eat experimert. Currently,
ead of the experiments has recorded approximately
1.5pbi ! of data, which correspondsto about a quar-
ter of the total expected Run Il luminosity.

Z boson parameters have been measuredto very
high precision at the large electron-positron collider
(LEP) at CERN and the linear collider at SLAC. For
example, the Z boson masshas been measuredwith
an accuracy of 2 parts in 10° [1]. Howewer, current
measuremets of the W bosonparametersare lesspre-
cise (the presen uncertainty on the W bosonmassis
about 4 parts in 10* [1]). Based on expected Run
Il integrated luminosities, the two Tevatron experi-
ments will collect a sampleof W bosonseverts on the
sameorder asthe 17 million Z bosonewents collected
by the four LEP experiments. Using theseevert sam-
ples, CDF and DA will signi cantly reducethe current
experimental uncertainties on the electroveak param-
eters assaiated with the W boson.

In addition, the large W and Z bosonsamplesallow
for precisiontests of the QCD production medanisms
for bosons. In particular, the crosssection for boson
production dependson both the calculable hard scat-
tering parton crosssectionsand the Parton Distribu-
tion Functions (PDFs), which describe the momen-
tum fractions carried by the quarks and gluonswithin
the proton. The PDFs are determined experimertally,
and studies of boson production at the Tevatron can
be used to place constraints on these distributions.
These constraints are important becausePDF uncer-
tainties signi cantly impact the level of precision of
Tevatron measuremets of electroveak parameters.
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2. Detector s

The CDF and DA detectors are designedto trig-
ger on and accurately reconstruct charged particles,
electrons, photons, muons, hadronic jets, and the
transverse energy imbalance assaiated with neutri-
nos. The z-axesof the CDF and DA coordinate sys-
tems are de ned to be along the direction of the in-
coming protons. Particle trajectories are described
by u, the polar angle relative to the incoming proton
beam, and A, the azimuthal angle about the beam
axis. Pseudorapidity, © = j In(tan (u=2), is also used
to describe locations within the detectors.

One particular strength of the CDF detector is its
beam-constrainedcertral tracking resolution,

+(pr)=pr » 0:0005€ pr (GeV=0 [ j< 1], (1)

basedon hit information from the outer open-celldrift

chamber. The calorimetersof both detectorsallow for
high-resolution reconstruction of the energiesof elec-
trons, photons, and jets. For example, the energy
resolution for clustersin the CDF certral electromag-
netic calorimeter is

+E+1)=Er » 135%0© 1:5% (GeV) [ j < 1.1 (2)

which allows for high precision electron energy mea-
suremens. A main strength of the DA detector is
the forward coverageprovided by its calorimetersand
muon detector systems. The DA calorimeter pro-
vides hermetic coverageup to j"j < 4:2 (comparedto
j"j < 3:6 for CDF) and muon coverageup to j j < 2:0
(comparedto | j < 1.5 for CDF). This additional for-
ward coverageresults in a signi cantly better accep-
tance for leptons from bosondecays, particularly for
muons.

3. Measurements of Electr oweak
Parameter s

3.1. W Boson Mass Measurement

A precision measuremen of the W boson massis
among the highest priorities for the Tevatron experi-
merts. Self-energycorrectionsto the W bosondepend
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Table | Preliminary uncertainty estimates for CDF W
boson mass measuremeri using 200 pb' ! of data.

Uncertain ty [MeV] |Electrons |Muons |Common
Lepton Energy Scale 27 17 17
and Resolution

Recoil Scaleand 14 12 12
Resolution

Backgrounds 7 9 -
Production and 16 17 16
Decay Model

Statistics 48 53 -
Total 60 60 26

on the massef the top quark (/ Mt%p) and the Higgs
boson (/ InMy), as well as potential cortributions
from non-Standard Model (SM) physics. Becauseof
these dependencies,the W boson massis a critical
input to SM ts that constrain the massof an unob-
senedHiggsbosonor, subsequento a potential Higgs
discovery, test the consistencyof the SM.

The current level of uncertainty on top quark mass
measuremets from the Tevatron experiments [2] is at
the level of 2.1 GeV/ ¢ which correspondsto roughly
a 1.2% measuremeh of My, . To obtain equivalent
constraining power on My , the W bosonmasswould
needto be measuredto about 0.015% corresponding
to a total uncertainty of about 12 MeV/ c¢?. Due to
the neededlevel of precision, the W bosonmassmea-
suremen is extremely challenging.

In order to make a measuremeh substartially bet-
ter than 0.1 %, all aspects of W boson production
and detection needto be understood at the 10 MeV
level. In particular, this precision must be achieved
for W boson production and deca, lepton momen-
tum/energy scalesand resolutions, and additional en-
ergieswithin the event assaiated with hadronic recoil
against the boson pr and underlying interactions of
the remnant quarks and gluons. Once this detailed
evernt model hasbeenconstructed, the W bosonmass
can be determined by generating events for many dif-
ferert massvalues and picking the set that provides
the best match with data, in particular by tting to
the transversemass,Mt = E{E7 | (E4E; + E/Ey),
distribution for the W ! "° candidate events in data.

The CDF experiment is closeto completing a W
mass measuremeh using 200 pbi * of data collected
at the beginning of Run Il. The expected uncertain-
ties assaiated with this measuremen are shown in
Tablel. The total uncertainty for the combined mea-
suremen basedon everts collected in both the elec-
tron and muon channelsis expectedto be 48 MeV/ ¢2
which would make this measuremeh the single most
preciseto date. More importantly, the largest compo-
nent of the total uncertainty is statistical, indicating
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that the result will be further improved simply by in-
corporating more data. In fact, with the exception
of the uncertainty assiated with the production and
decay model, ead of the uncertainty categoriesim-
proves with additional statistics. Larger samplesof
J=2 ", and Z bosonewernts, for example,further im-
prove the measuremeh of the track momertum and
calorimeter energy scalesfor leptons.

Figure 1 shaws a projection for the expected pre-
cision of the W boson mass measuremeh as a func-
tion of integrated luminosity for a single experimert
basedon Tewvatron Run | measuremets. The com-
bined preliminary uncertainty for the 200 pbi * CDF
Run Il analysis lies signi cantly below the expecta-
tion basedon the Run | results, indicating improved
understanding of the W boson evert characteristics.
With enough additional luminosity, the precision of
the measuremen will becomelimited by the uncer-
tainties assaiated with the bosonproduction and de-
cay model (currently onthe order of 20MeV) which do
not scalewith statistics. Reducingtheseuncertainties
requires additional measuremets that can constrain
componerts of the production model, such as PDFs
and the bosonpr spectrum.

A projection for the potential Tevatron constraints
on the Higgsbosonmassbasedon 8 fbi * of data deliv-
eredto ead experimert is shavn in Figure 2. At the
expected level of precision, signi cant constraints will
be placed on non-SM patrticles suc asthose predicted
by supersymmetry (SUSY).

3.2. W Boson Width Measurements

The width of the W bosonis a lessconstraining ob-
senable in global electroveak ts than the mass,but
measuringits value con rms a basic prediction of the
SM and could provide indications of new physics be-
yond the SM. The Tevatron experimerts make both
direct and indirect W boson width measuremets.
The direct measuremets have no built-in SM assump-
tions and are therefore sensitive to potential contri-
butions from new physics such as a heavy WO Indi-
rect measuremets are basedon SM assumptionsand
provide high precision results that can also be used
to place constraints on other SM parameters such as
CKM matrix elemeris.

Tevatron direct measuremets of the W boson
width are extracted from the shape of the high M+
regionin W ! "° events. The procedureis similar to
that usedfor measuringthe W mass. The W boson
production and detector resolution e®ectsthat dis-
tort the obsened lineshape must be carefully modeled
within a fast event simulation. Using the tuned simu-
lation, event samplesare generatedbasedon a range
of input valuesfor the W bosonwidth. The change
in the shape of the high M+ tail asa function of the
W width is illustrated in Figure 3. DA has made a
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Figure 1: Projection for the expected precision of a single experiment W massmeasuremen as a function of integrated

luminosity basedon Run | Tevatron measuremens.
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Figure 2: Projection for Tevatron constraints on My
basedon the expected precision of combined top quark
and W boson mass measuremers assuming 8 fbi * of
data collected by each experiment.

preliminary direct measuremen of the W width based
on 177 pbi ' of Run 1l data. The measuremeh uses
the peak region in the M+ distribution for W ! e°

candidate everts to normalize signal and badkground
cortributions to the sample, and then ts the shape
in the tail region to determine the most likely value
for the W width. The "nal result for the W width

obtained from the 't shawn in Figure 4 is

iw = 2:0118 0:093(stat) § 0:107(sysh GeV: (3)

Indirect determinations of the W bosonwidth are
obtained from a measuredratio of production cross
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Figure 3: DA simulation of the Mt distribution for
W ! e° events as a function of W boson width.

sectionstimes branching fractions,

_ %E Br(W! °)
T O%EB(Z! )

(4)

The value of R can be measuredvery precisely since
many of the uncertainties assaiated with the individ-
ual crosssection measuremets, in particular the sig-
ni cant uncertainty on the measuredluminosity, can-
cel in the ratio. Within the corntext of the SM, this
ratio can also be expressedas

_ AW)

i(w! )
R= YZ)

i(W)

i(Z) .
i(z! ")
Using this equation, a precise value for j( W) can
be extracted from R using a next-to-next-to-leading

®)



XXVI Physicsin Collision, Bfjzios, Rio de Janeiro, 6-9 July 2006

DO Run Il Preliminary

=
S

e Data
— MC+Background
Background

.
)

Events /2 GeV

10

PRI T M L P M
60 80 100 120 140 160 180 200
M, (GeV)

Figure 4: DA 1 to the M+ distribution of W ! e°
events usedto measurethe W width.

order (NNLO) theoretical prediction for ¥{W)=3%Z),
precision LEP measuremets of j(Z ! ) and j( 2),
and a SM calculation for j( W I ).

CDF has made an indirect measuremeh of the W
boson width basedon the st 72 pbi ! of data col-
lected in Run Il. The ratio R was measuredindepen-
dertly in the electron and muon channels,resulting in
a combined value of

R = 10:848 0:15(stat) § 0:14(sysY); (6)

which has an overall relative precision of 1.9%. Since
the most signi cant contribution to the systematicun-
certainty on this measuremehn originates from the lep-
ton selection exciency measuremeh made from the
Z ! 7 data samples,it is expected that a measure-
ment with a precision of better than 1% will be pos-
sible using additional data statistics.

The indirect value for the W bosonwidth extracted
from the measuredvalue of R is

i(W) = 20928 42 MeV;, (7)

which is in good agreemen with the SM prediction
and the previously described direct measuremen of
the W bosonwidth. A comparison of the measured
indirect width with previous results and the SM ex-
pectation is shown in Figure 5. Sincein the SM the
total W bosonwidth is a sum over partial widths for
leptons and quarks, which in the caseof the quarks de-
pend on certain CKM matrix elemerns, the measured
value of j( W) can also be usedto indirectly measure
the value of the least constrained elemen, V.. Based
on world-averaged measuremets of the other CKM

matrix elemers that contribute to the partial widths,

CDF obtains a value of

jVesj = 0:9768 0:030 (8)

3.3. Quark Couplings

The Tevatron experimernts can extract the axial and
vector neutral current light quark couplingsfrom mea-
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Figure 5: Comparison of the CDF indirect width
measuremen with previous results and the SM
prediction.

1t

Figure 6: lllustration of °“=Z decay in the parton-parton
certer of massframe. Forward (backward) events are
de ned asthose with positive (negative) cos(u”).

suremerts of the Drell-Yan forward-badkward asym-
metry. This asymmetry is de ned as

e i s

Arg = Ve + Vg 9)
where % (g) is de ned as the crosssection for Drell-
Yan everts in which the positively charged lepton is
produced along (opposite) the proton's direction of
motion in the parton-parton certer of mass frame.
The decay of the °®=Z in this frame is illustrated
in Figure 6. The sign of cos{t”) determineswhether
a given evert is forward or badkward (forward if
cos(”) > 0).

CDF and DA have both made preliminary mea-
suremerns of the forward-backward asymmetry for
°"=Z | eeevens asa function of dielectron invariant
mass. The CDF result basedon a 364pbi * data sam-
ple is shawn in Figure 7 and the DA result basedon a
177 pbi ! data sampleis shavn in Figure 8. As illus-
trated in Figure 9, the quark couplingsto the Z boson
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Figure 7: CDF Measuremert of the forward-backward
asymmetry in °*=Z | eeevents as a function of the
di-electron invariant mass.
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Figure 8: DA Measuremert of the forward-backward
asymmetry in °°=Z | eeevents as a function of the
di-electron invariant mass.

can be extracted from thesemeasuremets. Although

the coupling measuremen is lessprecisethan that of
the LEP experimerts, it breaksa two-fold degeneracy
in the LEP results, providing an important con rma-

tion of the SM. The coupling values have also been
determined from analysis of deepinelastic scattering

data at HERA [3].

More importantly, the Tevatron experiments mea-
sure Agg over a wide range of invariant massegboth
below and above the Z-pole). The high massregion
is of particular interest sincethe e®ectsof new bosons
interfering with the SM bosonscould result in mea-
sured values of Arg inconsistert with SM expecta-
tions. The potential e®ectof a Z° on the predicted
Arg in the high massregion is shown in Figure 8,
along with the measuredDA values. With additional
data it should be possibleto distinguish betweenthe
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Figure 9: Comparison of the limits on the allowed range
of values for the up quark axial and vector neutral
current couplings obtained from Tevatron (72 pbi 1),
HERA, and LEP measuremers.

Table Il Diboson nal states available at the Tevatron
and the trilinear couplings involved in their production.
The couplings shown in parenthesesare absert in the SM.

Dib oson Final State |Trilinear Couplings
g&! W ! we WW?° only
g&! W! wz WWZ only
gy! °°=Z ! wWw Wwe K WWZ

gg! °°"=z! Zz°
0g! °°=Z! zz

(2z°),(2°°)
(22°) ,(222)

new physics and SM scenarios.

3.4. Trilinear Gauge Couplings

The analysisof diboson nal statesat the Tevatron
provides an opportunit y for studying self-interactions
of the gaugebosons. These interactions are a direct
result of the electroweak SU(2) structure, and the SM
makes speci ¢ predictions on the expected produc-
tion crosssectionsfor ead diboson nal state. Non-
SM particles that couple to the electroveak bosons
can modify the expected cross sections, particularly
at high Er, and looking for potential indications of
theseanomalouscouplings provides a route to uncov-
ering new physics.

Table |l givesa summary of the diboson nal states
available at the Tevatron and the trilinear gaugecou-
plings that cortribute to the production of eac state.
The Tevatron experimerts are sensitive to di®eren
corrbin%tions of couplings than LEP and explore a
higher ©~ s. The couplings in the table that are en-
closedwithin parernthesesare abser in the SM. Due
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Figure 10: Comparison of missing E+ distribution for
obsered data events to the combined expectation from
signal and background in the CDF WW analysis.

to the absenceof these couplings, the assaiated -
nal statesare ideal channelsfor observinge®ectsfrom
new physics.

The CDF and DA experiments have produced a
wide variety of new Run Il results basedon the study
of diboson nal states[4] [5]. A few of theseare high-
lighted in detail here. The crosssectionfor WW pro-
duction, which involves both the WW*° and WWZ
trilinear gaugecouplings, hasrecertly beenmeasured
by CDF using a 825 pbi ! data sample. The analysis
focuseson the dilepton "nal state producedwhenboth
W bosonsdecy into a lepton and neutrino. Events
are selectedwith two opposite-signleptons (electrons
or muons) that satisfy the standard CDF selection
criteria. The missing Et in the event, expected from
the two neutrinos, is required to be above 25 GeV,
greatly reducing the main expected badkground con-
tributions from Drell-Yan, W°, and W plus jet pro-
duction. Beforelooking at the signal region, everts in
the low missing Et region are utilized to cross-tiedk
the badkground estimation. In the signal region, the
“nal badkground estimate is 38§ 5 ewverts on top of
an expected WW signal cortribution of 528 4 everts.
Based on 95 obsened everts, CDF measuresa cross
section of

YApp !

consistert with the next-to-leading order (NLO) cal-
culation [6] of 12:48 0:8 pb. The "nal candidate everts
plotted asa function of event missing E1, along with
the expectedsignal and badkground cortributions, are
shown in Figure 10.

Both CDF and DA have also recertly completed
measuremets of WZ production. Production of this
“nal state is of particular interest becausethe WWZ
coupling canbe studied independert of the WW ° cou-
pling, which also cortributes to WW production. DA
has performed a seard basedon a data sample cor-
responding to roughly 800 pbi ! of integrated lumi-
nosity. This analysis usesthe trilepton "nal state in
which both bosonsdecay leptonically. A total of three

WW) = 136§ 3:0(stat + syst+ lum); (10)
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Figure 11: Comparison of Mt distribution determined
from the W boson decay products for observed data
events with the combined expectation from signal and
badckground in the DA WZ analysis.

leptons (electrons or muons) passingthe standard DA

selection criteria are required. Of the three leptons,
two are required to be of the same®avor and form an
opposite-sign pair with an invariant mass consisten

with the Z bosonmass. The event missing Et is also
required to be greater than 20 GeV, consistert with

that from the neutrino produced in the deca of the

W boson. Taking advantage of its wider acceptance
for leptons, DA expectsto see7:5§ 1:2 signal everts

on top of a badkground of 3:6 § 0:2 everts, and ob-
senes12 evernts in the data. Basedon the calculated
probability for the badkground to °uctuate into the

obsened number of events, DA obtains 3.3 %evidence
for WZ production and measures

Ypp! WZ)= 407 2(stat + syst+ lum); (11)

consistet with the NLO calculation [6] of 3:68 §
0:25 pb. Figure 11 shows the transverse mass dis-
tribution for the neutrino (missing E1) and lepton
coming from the W boson decay for the DA candi-
date events compared to the combined expectation
from signal and badkground.

CDF completed a similar seart using roughly the
sameamoun of data and obsened only 2 events com-
paredto an expectation of 3:78 0:3 signaland 0:98 0:3
badkground everts. The obsenation of two events was
found to be consistert with both the badground-only
and badkground plus signal hypotheses. The smaller
number of expected everts as comparedwith the DA
analysisis directly related to the reducedacceptance
for leptons in the CDF detector. In order to improve
the CDF analysis, new lepton categorieswere created
to take advantage of additional tracking and calorime-
ter cluster information in the ewvens to increaselep-
ton acceptance.In order to increaseelectron coverage
out to " j < 2:8, a category for forward electron can-
didates in the calorimeter with no track match was
added. Similarly, an increasein muon coverageout to
j”j < 1:6 wasobtained using forward track candidates
“ducial to the calorimeter with energy deposits con-
sistert with the expectation from a minimume-ionizing
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observed data events with the combined expectation
from signal and background in the CDF WZ analysis.
The arrow on the "gure indicates the signal region for
this seardh (missing Et > 25 GeV).

particle. In addition, the tracks pointing at calorime-
ter cradks were placed into a °avor-neutral category
of leptons which could be assignedas either electrons
or muons. With the additional lepton categoriesin
place, CDF performed a new seard for WZ produc-
tion using 1.1 foi ! of data. Including the improved
lepton acceptance,CDF obsenes 16 evernts with sig-
nal and badkground expectations of 125§ 0:9 ewerts
and 2:78 0:4 events, respectively. Basedon the proba-
bilit y of the background °uctuating into the obsened
signal, CDF obtains a 5.9 ¥ 0obsenation of WZ pro-
duction and measures

Hpb!

which is also consistert with the NLO calculation.
The nal candidate everts plotted as a function of
event missing E1, along with the expected signal and
badkground cortributions, are shavn in Figure 12.
As mentioned previously, dibosonproduction is sen-
sitive to new physics appearing in the trilinear gauge
couplings. Potential new physics cortributions can
be incorporated in the Lagrangian using a standard
methodology that introducestwo parameters,, and
¢ -, which are zero in the SM and non-zeroin the
case of additional new physics cortributions. Gen-
erally, the e®ectof anomalous couplings on diboson
production is a net increasein the cross section at
high Ev. Figure 13 illustrates how the shape of
the diboson cross section as a function of E1 varies
for di®eren valuesof , and ¢ -. The added terms
in the Lagrangian violate unitarit y unlessan upper
limit (=) on the scalefor the new physicsis imposed.
A common approad is to use the parameterization
®(s) = ®=(1 + s=?)? which causesthe e®ectof the

Wz) = 5:0" 8(stat + syst+ lum);

(12)
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Figure 14: Comparison of leading lepton pr distribution
for DA WW candidate everts observed in the dilepton
“nal state with SM and non-SM expectations.

anomalouscouplingsto \turn-o® " asthe upper limit
on the energy scaleis approaded.

DA has performed a preliminary analysis to set
anomalouscouplingslimits basedon a measuremen of
the WW crosssectionusing dilepton "nal states. The
analysis sets limits on anomalousWW?*° and WWZ
trilinear gauge couplings under the assumption that
the two couplingsare equaland & = 2 TeV. Figure 14
shows the DA data and both SM and non-SM expec-
tations plotted as a function of the py of the highest
pr lepton. Basedon the obsened agreemeim between
data and the SM prediction, DA obtains the following
limits:

< 0:45:

B

i 0:32< ¢ - < 045 0:29< (13)

Thesepreliminary limits canbeimprovedsigni cantly
with larger data samplesand incorporating informa-
tion from other nal states.
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Figure 15: lllustration of W boson production at the Tevatron. A u quark in the proton annihilates with a d quark in
the anti-proton at a squared certer of masss = Q? to produce a W* . The energiesof the u and d are x,Ep and xEs,

respectively.

4. Studies of Boson Production

4.1. Boson Production at the Tevatron

A typical exampleof bosonproduction at the Teva-
tron is shown in Figure 15. At leading order (LO), a
qguark and anti-quark pair annihilate to createa W or
Z boson, which subsequetly decays into a quark or
lepton pair. The production crosssectionis calculated
as a sum of partial crosssections(d¥%g), corvoluted
with the PDFs that describe the distributions of the
proton momertum fraction (x,) carried by ead of the
constituent quarks and gluons. The crosssection can
be written as

Z x
Y= [F ) H(xp) + £ 1(Xp)F (Xp)] £ d¥aq0Xp0Xp
iij
(14)
wherei and j denotethe di®erent possiblequark °a-
vor combinations. The longitudinal momertum of the
produced bosonis directly related to the PDFs. In
particular, if one of the two annihilating quarks car-
ries a signi cantly larger fraction of proton momen-
tum, the bosonwill be produced with momertum in
the samedirection asthe incident proton.

The e®ectsof QCD and QED NLO corrections are
also important. QCD corrections give rise to nal
states that contain multiple partons, sometimeswith
high pr, and modify the overall boson production
kinematics, including the boson pr spectrum. The
most important e®ectoriginating from NLO QED cor-
rections is photon radiation from "nal state charged
leptons, which have a signi cant e®ecton lepton iden-
ti cation and kinematics. QED radiation from the
initial state quarks and from the bosonitself (in the
caseof W bosons)alsocortributes to the overall event
kinematics.
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4.2. Parton Distrib ution Functions

The functional forms of the PDFs originate from
non-perturbativ e QCD interactions and are therefore
incalculable. Instead, they are parameterized using
data from deepinelastic scattering, xed target, and
hadron collider experiments. Two standard parame-
terizations come from the CTEQ [7] and MRST [8]
groups. In the caseof the CTEQ group, the parton
momertum fraction distributions are parameterized
as

Xfa(X; Qo) = Aox 1 (1 x)*2er¥X(1+ Agx)"s (15)

for “v e categoriesof quark/gluon proton constituents
(valence u and d quarks, seat and d quark com-
binations, and gluons). This con guration gives a
total of thirty free parametersin the 't to the ex-
perimental data, although the CTEQ group chooses
to leave ten of theseat xed values. The remaining
free parametersare determined for a low energyscale,
Qo = 1:3 GeV, and the Q? dependenceis obtained
from QCD ewlution equations.

A recert dewvelopmert is that ead group also pro-
vides a set of \error" PDFs that are intendedto map
out the allowable parameter spacefor the PDFs within
the experimental data uncertainties. The twerty free
parametersusedin the t are found to be correlated
with one another. To facilitate uncertainty calcula-
tions, thesecorrelations are removed by forming eigen-
vectors within the A;-space. For eat of the twenty
eigervectors, two complete PDF sets are generated
corresponding to a given increasein A? of the overall
T (¢ A2 = 100 for the CTEQ group). The MRST
group follows a similar procedureusing a slightly dif-
ferernt parameterization that resultsin only fteen free
parametersfor their . The MRST group alsousesa
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Figure 16: An example of how CTEQ \error" PDF setsare usedto determine an overall PDF uncertainty. The shift in
the measuredW boson massfrom its certral value is obtained for Monte Carlo templates generated with each of the 40
error PDF sets. The obsened shifts assaiated with ead of the twenty orthogonal eigervectors are added in

quadrature to determine the total uncertainty.

smaller ¢ A = 50to construct its version of the error
PDFs.

An example of how error PDFs are usedto deter-
mine an overall PDF uncertainty for a speci ¢ analysis
is shawn in Figure 16 for the caseof the W bosonmass
measuremen The shift in the measuredmassfrom
its certral value is obtained using Monte Carlo tem-
plates generatedwith ead of the forty error PDF sets.
Sincethe twenty eigervectors are orthogonal to each
other by design, the obsened shifts assaiated with
ead can be addedin quadrature to determine a total
PDF model uncertainty. Although ead eigervector
typically contains information about multiple 't pa-
rameters, there is a strong correlation in some cases
betweena given 't parameter and an eigenfunction.
For example, the eigervector corresponding to error
PDFs 1 and 2 in Figure 16 has a signi cant correla-
tion with the A; (low-x,) parameter assaiated with
valenceu quarks. These correlations give an indica-
tion of the experimental inputs to the "ts which need
to be improved to reducethe overall PDF uncertainty
for a speci ¢ analysis.

4.3. Inclusive Production Cross Sections

Because many electroveak measuremets at the
Tevatron are sensitive to_uncertainties in the PDF
model, both CDF and DA perform studies of boson
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production to constrain the PDF model. The sim-
plest of these studies are measuremets of the inclu-
sive boson production cross sections. The Tevatron
experiments measureinclusive W and Z crosssections
using ead of the lepton (e, *, and ¢) decay chan-
nels. The dominant uncertainty in theseresults is as-
sociated with the integrated luminosity measuremets
made by ead experiment (» 6%). Within this uncer-
tainty, the measuredcrosssectionsare found to be in
good agreemem with the NNLO theoretical calcula-
tions [9]. The agreemen betweenCDF and DA mea-
sured values and theoretical predications are showvn
in Figures 17 and 18. Sincethe theoretical uncertain-
ties are signi cantly smaller than the measuremeh
uncertainties, no additional constraints on the boson
production model can be obtained from these mea-
suremerts.

4.4. Forward W Boson Cross Section

Di®erertial crosssection measuremets cortain ad-
ditional information that can be used to constrain
PDFs. CDF performs a simple di®erertial measure-
ment by independertly evaluating the W bosoncross
sectionusing W ! e° evernts with electronsobsened
in the certral and forward regionsof the detector. Fig-
ure 19 shaws the W boson acceptanceas a function
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Figure 17: Summary of Tevatron inclusive W boson cross
section measuremerts as a function of Ecm compared to
a NNLO theoretical calculation (solid black line).
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Figure 18: Summary of Tevatron inclusive Z boson cross
section measuremers as a function of Ecm compared to
a NNLO theoretical calculation (solid black line).

of the bosonrapidity, de ned as

1 E+p;.
yw = 2IogEi 0, (16)

for the CDF W ! e° crosssection measuremets us-
ing events with electronsreconstructed in the certral

and forward calorimeter modules. Since W bosons
producedat di®eren rapidities probe di®erert regions
of xp, the ratio of certral to forward cross sections
measuremets can be a useful tool for placing con-
straints on PDFs.

The selection of forward electron candidates is
based on electromagnetic clusters in the calorimeter
matched with tracks reconstructed primarily from sil-
icon detector hits [10]. Given the selection criteria,
CDF obsenes48,165candidate everts in a 223 pbi *
data sample. The Mt spectrum of the candidate
everts is shawn in Figure 20, alongwith the combined
expectation for signal and badkground. The obsened
agreemen indicates a good understanding of the for-
ward detector systems.

The measuredforward (1:2 < j % < 2:8) cross
sectionis

Y4°" = 27968 13(stat) %y (syst) pb;  (17)
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Figure 19: W boson acceptanceas a function of rapidit y
for the CDF W ! e° crosssection measuremens using
events with reconstructed electrons in the certral and
forward parts of the detector.
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Figure 20: Mt distribution for candidate events in the
CDF crosssection measuremert basedon W ! e° events
with electrons in the forward detector region.

neglecting the luminosity uncertainty which will can-
celin the crosssectionratio. The previously measured
certral (j" %) < 0:9) crosssection[11] has a value of
¥5e" = 27718 14(stat) G (syst) pb;  (18)
also neglecting the luminosity uncertainty. The re-
maining systematic uncertainties on the measure-
ments are dominated by those assaiated with elec-
tron identi cation and the PDF model. In order to
separate these, CDF usesvisible cross sections, de-
ned as
Yais = Yoot £ A (19)
where A" s for examplethe kinematic and geomet-
ric acceptancefor W ! e° ewerts in the certral cross
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section measuremen Using this de nition the PDF
model uncertainties are removed from the measured
ratio of crosssections,
Rexp = %2"=%2 = 0:9258 0:033  (20)
CDF then compares the measured ratio with the
equivalent theoretical ratio of acceptances
Rth — Acen:Af or (21)
determined from simulated event samplesgenerated
using both the CTEQ (Ry = 0:9248 0:037) and
MRST (Ry, = 0:9418 0:012) PDF distributions. The
uncertainties on the acceptanceratios are obtained
from the error PDF setsusingthe previously described
method. The uncertainty on the measuredratio is of
the sameorder as the PDF uncertainties on the the-
oretical ratio, suggestingthat a similar measuremen
with additional statistics would help to constrain the
PDF models.

4.5. Differential Z Boson Cross Section

Measuring the di®erertial boson production cross
sectionover the full rapidity rangecanfurther improve
PDF model constraints. The dilepton decay modesof
the Z bosonallow for precisemeasuremets, sincethe
backgroundsin these nal statesare small and the full
evert kinematics can be precisely reconstructed. The
rapidity of the Z bosonis closely related to the pro-
ton momertum fractions carried by the two colliding
quarks. As shown in Figure 21, W or Z bosonsare
produced at high rapidity when the proton momen-
tum fraction of one quark is signi cantly larger than
that of the other. Therefore, the measureddi®erertial
cross section at high rapidity is a good probe of the
PDF distributions at high xp.

DA hasmadea preliminary measuremen of the dif-
ferertial Z boson crosssection basedon a 337 pbi !
data sample. Using Z ! eecandidate everts, DA re-
constructs the di®erertial crosssectionshown in Fig-
ure 22. The measured cross section is obsened to
agreewell with the NNLO prediction. The measure-
ment is currently statistics-limited but can be usedto
constrain PDF models using additional data.

4.6. W Boson Charge Asymmetr y

A "nal measuremen usefulfor constraining PDFs is
the W bosonchargeasymmetry measuremet On av-
eragethe u quarks inside the proton cortain a higher
fraction of the proton's momertum than the d quarks.
Due to this imbalance,W* (W ) bosonsproducedat
the Tewvatron have a net positive (negative) rapidity,
asshown in Figure 23. The V-A structure of the elec-
troweak couplings dictates the angular distribution of
the leptons in the decass of the W bosons,which is
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Figure 21: The interacting partons’ momentum fractions
required to produce a W boson(Q = 80 GeV). The
larger the di®erencebetweenx, and xp, the greater the
rapidit y of the produced boson.
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Figure 22: Di®erertial Z boson cross section measured
by DA asa function of bosonrapidity. The measured
crosssection is in good agreemen with a NNLO
theoretical prediction basedon MRST PDFs (solid line).

preferertially opposite to the production asymmetry.
As shawn in Figure 23, the net e®ectof the decay
asymmetry is to partially reducethe obsenable pro-
duction asymmetry extracted from the lepton rapid-
ity distributions. Becausethe production asymmetry
originates from the imbalance of the momertum frac-
tions carried by u and d quarks within the proton,
charge asymmetry measuremets provide constraints
on the d=u ratio in the proton as a function of x.

Measuremens are typically performed using the
chargedleptons from the W bosondecas. The lepton
asymmetry is de ned as

d% =d"- | d% =d"-

AC)= W=d + d =

= AGw)- (Vi A);

(22)
Both CDF and DA have performed preliminary mea-
suremerts of the lepton charge asymmetry. The key
experimental issuesare understanding forward lep-
ton identi cation and charge misidenti cation rates,
which are neededto correct the obsened asymmetry.

11
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Figure 23: Rapidity distributions of positively and
negatively charged W bosonsproduced at the Tevatron,
and the pseudorapidity distributions of the positively and
negatively charged leptons produced in their decays.
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Figure 24: DA lepton charge asymmetry measuremer
basedon W ! 1° events. The measuremen is compared
to a theoretical calculation basedon the CTEQ and
MRST PDF models.

A DA measuremen of the lepton charge asymmetry
usingW ! 10 ewerts selectedfrom a 230 pbi ! data
sampleis shown in Figure 24. The measuredcharge
misidenti cation ratesfor this analysisare found to be
below 10' 4 out to muon pseudorapidities of 2. The
measuredasymmetry is comparedto atheoretical pre-
diction basedon the CTEQ PDF model. The mea-
suremert is obsenedto have somesensitivity to PDFs
even at the current level of statistical sensitivity. The
CDF measuremeh basedon W ! e° events selected
from a 170pbi ! data sampleare shavn in Figure 25.
Here the data is separatedinto two categoriesbased
onthe Et of the electron. Comparisonswith theoreti-

cal predictions using the CTEQ PDF model illustrate

the increasedsensitivity of the high E+ events to PDF

variations.

A new generation of Tevatron charge asymmetry
analysesare currently under dewvelopmert, with the
goal of fully exploiting the kinematic information in
W ewerts to directly reconstruct the underlying W
boson production asymmetry. Applying a W mass
constraint leadsto two kinematic solutions that can
be weighted by taking into accourt information about
the production and decay of the W bosons. Potential
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dependencieson the input model are resolved through
an iterativ e procedure. Preliminary CDF studies of
this approad indicate signi cantly increasedsensitiv-
ity to PDFs. The potential increasein sensitivity is
illustrated in Figure 26, which shavs a comparison
of hypothetical lepton charge asymmetry and direct
W boson charge asymmetry measuremets basedon
a common set of candidate everts obtained from a
400 pbi ! dataset.
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5. Conclusions

The large samplesof W and Z bosonsbeing col-
lected at the Tevatron accommalate a wide variety of
electroveak measuremets. In particular, the proper-
ties of the W bosoncan be measuredwith very high
precision by the CDF and DA experiments. In ad-
dition, detailed studies of boson production at the
Tevatron can be usedto constrain PDF models and
provide important information about the boson pro-
duction medanisms. The analysesreported here are
basedon only a small fraction of the expected data,
so there is signi cant room for improving the preci-
sion of the current measuremets. It is important to
note that obtaining similar precision results from the
Large Hadron Collider (LHC) will be challenging and
certainly require input (such asPDF constraints) from
the Tevatron experimerts.
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