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The electroweak theory elegantly combines the electroetagand weak forces, explaining a
wide range of interactions using a gauge theory with justéhparameters. The theory predicted
the W andZ weak gauge bosons before they were directly observed in,1888its detailed
predictions oW andZ boson properties have been tested to such precision thahtve serve
as probes for new particles through loop-level interactio@urrently, the limiting parameter in
these probes is th& boson mass, whose uncertainty has been recently reduceddsunements
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by measurements at the Tevatron and HERA include theirceeiplings and couplings to quarks.
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1. The Electroweak Theory

All observed interactions can be described in terms of a gaygmetry. The fundamental
electroweak symmetry has the group structure SU{2)(1)y [1], but this symmetry is broken by
the non-zero masses of the fermions and weak gauge bosotise Btandard Model (SM), the
vacuum expectation value)(of the Higgs scalar field breaks the electroweak symmetrijxiyg
the relative direction between points in the SY(a8hd U(1) spaces. However, there is a residual
rotational symmetry (U(Bv) that becomes the observed electromagnetic force.

Using this model, all known electroweak interactions arscdbed with only three input pa-
rameters: the strengths of the SY(2)) and U(1) (¢’) couplings, and the mass scale of the broken
symmetry ¢). The SU(2) W andZ gauge bosons were discovered in 1983 [2], so the remaining
unobserved particle of the model is the Higgs boson, whasmdery would confirm the details of
symmetry breaking in the SM.

There is a wide range of electroweak observables that haae fipeasured to high precision,
determining the values d, ¢/, andv, and verifying the model's predictions. For example, the
mixing between the two gauge groups is determined by the dditihe couplings, which defines
the Weinberg angle8y = tan1(g'/g), or sirf 8y = g2/(g? + g?). This angle and the fermion
charges under SU{R)and U(1) set the coupling between tlZeboson and fermions. Since the
weak gauge group SU(@2xouples only to left-handed fermionz,boson production ate~ and
pp colliders results in an asymmetry between outgoing paditimnd negatively charged fermions,
as a function of the angle with respect to the beam line. Measents of these asymmetries at the
Large Electron Positron collider (LEP) and the StanfordeainCollider (SLC) have verified the
predictions to high experimental precision [3].

The precision of the current measurements provides satsiid loop corrections from as-
yet unobserved particles, such as the Higgs boson and gapeedric particles [4]. The limiting
uncertainty on this sensitivity comes from the measureroétite W boson massnfy). The tree-
level relation,my = gv/2, predicts &V boson mass of 7964+ 0.005 GeV, whereas the current
world average is 88399+ 0.023 GeV [5]. A significant correction to the tree-level pitiin arises
from thetb loop [6], and was used to predict the top quark mass befodisitevery. An additional
correction comes from Higgs boson loops, such that a fadtowa increase in the Higgs boson
mass reducemy by 41 MeV [7]. The current uncertainty any from published measurements
is 25 MeV [8], and a preliminary result from D@ [9] reduces threertainty to 23 MeV. A further
reduction by a factor of three is expected from future meaments at the Tevatron and the Large
Hadron Collider (LHC).

2. W Boson Mass Measurements and Constraints

The four experiments at LEP have publisheg measurements with precision ranging from
50— 63 MeV [10]. Final results are pending completion of studigs the effects of color recon-
nection. The current combined LEP measurememtyjs= 80.37640.033 GeV.

The two Tevatron experiments have measurggdin the three collider runs (0, I and Il). The
first Run Il measurement has been published by the CDF Col#iba, with the resulmy =
80.413+0.048 GeV in 200 pb! of \/s= 1.96 TeV pp collision data [8]. This is the single most
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precise published measurement, recently surpassed byetmipary D@ measurement ofyy =
80.401+0.043 GeV in 1 fbr! of data [9]. Since the dominant uncertainties on these measants
are statistical, the precision is expected to significambtrease with the full Run Il data set of
0(10) fb~ L.

These measurements have been translated into constmaitfts Higgs boson mass and super-
symmetric particles. The results favor a low-mass Higgebasy = 8332 GeV, when combined
with other precision electroweak data [11].

2.1 Hadron-Collider Measurements

The my measurement at hadron colliders focuses on the electromandW-boson decay
channels. Since the initial energy of the colliding parteanknown, only momenta transverse
to the beam line are used in the measurement. The neutrincentam is inferred from the mo-
mentum imbalance in the event, and is combined with the elablgpton momentum to calculate

the transverse massy = \/ 2p'T Pt (1—cosAg), whereAg is the angle between the leptons in the
transverse plane.

The primary experimental issues are calibration of the gagwdtepton momentum and the
sources of the additional momenta in the event (‘recoitnt which the neutrino momentum is
inferred. In the CDF measurement, muon momenta are measuttethe tracker and calibrated
with 3/ — uu, Y — pu, andZ — pu resonances. Electron momenta are calibrated with the ratio
of the measured energy in the calorimeter to the track mamenThe D@ measurement is based
on the electron decay channel only, and uges ee events for its electron and recoil calibrations.
The CDF measurement relies on b@h- pp andZ — ee events for its recoil calibration. Since
these calibrations are performed in-situ, their precigigproves with statistics and will scale with
increases in data.

Details of the production and decay\Wfbosons are external inputs to timg; measurement,
with uncertainties that do not directly scale with incregsstatistics. However, the components
based on non-perturbative QCD rely on parameters fit from, gatd can thus become more pre-
cise with Tevatron measurements. Several measurememtethee the uncertainty any have
recently been performed by the CDF and D@ experiments.

2.1.1 W Boson Production

TheW-boson momentum is separately modelled in the longitudinal the transverse direc-
tions. Along the beam axis, the momentum is determined byr#wtion of (anti-)proton energy
carried by the colliding partons. This fraction is predittey the parton distribution functions
(PDFs), which encapsulate the probability for a given pattmhave a particular fraction of the
(anti-)proton momentum. Parton distribution functione defined at a low center-of-mass energy
squared Q) and evolved to highe®? using the DGLAP equations [12]. Parameters in the func-
tions are fit using a wide array of deep-inelastic scattedaig. Perpendicular to the beam axis, the
momentum is determined by QCD radiation that is calculablihé perturbative regime, and can
otherwise be resummed to obtain a functional form with a favameters fit from data.
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W Boson Longitudinal Momentum

TheW boson longitudinal momentum affects timg; measurement through lepton acceptance.
The CDF and DY measurements accept electrons and muonsdaritral detector region, up to
In| < 1.1. In a decay with n&V/-boson momentum, the acceptance is purely determined by the
decay angle. When there is longitudinal momentum, somenesphat would have been measured
at the edges of the detector are no longer accepted, whigesothat would have been outside the
detector are measured. Since the lepperdistribution is largely determined by the decay angle
with respect to the beam line, the longitudinal momentumifiexdthe leptonpr distribution and,
in turn, themy distribution. In order to obtain the correaty in a fit, this effect must be correctly
modelled. Uncertainties on the PDFs, which determine tls®idongitudinal momentum, result
in dmy = 13 MeV for the CDFmy measurement, andmy = 9 MeV for the D@ measurement
obtained from a fit to theny distribution.

W bosons are predominantly produced via valen@ndd quarks at the Tevatron (Fig. 1).
Theu quark has a higher fraction of the proton’s momentum on aethan thel quark, sONV™
bosons are produced with average longitudinal momentuheiditection of the proton momentum
(and vice versa fokW~ bosons, as shown in Fig. 2). This charge asymmetry as a éunofi
longitudinal momentum has been measured at the Tevatrostraining the ratio ofi/d PDFs.
Recent measurements of tBdoson rapidity also constrain theandd PDFs.

d

u
d x E

d (u)

Figure 1: The dominant production mechanisms¥WgrandZ bosons at the Tevatron.

W Boson Charge Asymmetry

D@ has recently measured the charge asymmetry of electrons\WW boson decays, as a
function of electron pseudorapidity [13]. The D@ measunenextends tdn| < 3.2, the widest
coverage of such a measurement. In addition, D@ separaeddbtrons into twder bins, 25<
Er < 35 GeV andey > 35 GeV. The higher bin has greater sensitivity to PDFs, since the decay
direction tends to be transverse to the beam line, pregethig/V-boson longitudinal momentum.
At lower Er the decay is closer to the beam line, and the left-handedliogupf the electron to
theW boson results in a decay opposite to the direction oi¥hboson longitudinal momentum.
This effect counters the&/-boson charge asymmetry, as shown in Fig. 2. The PDF unagttiai
the high&r region is thus considerably larger than in the IBy+egion, and will be significantly
reduced by the D@ data (Fig. 3).
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Figure 2: TheW-boson and decay-electron rapidity distributions (leftil @harge asymmetries (right) at
the Tevatron.
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Figure 3: The measured charge asymmetry for electrons fvédrboson decays at D@ as a function of
electron pseudorapidity.

To obtimize sensitivity to PDFs, CDF has applie&aboson-mass constraint to the kinemat-
ics of each event and calculated two values of the longialdimomentum of the neutrino. The
values are assigned weights based on the measured andegildebbson kinematic and decay
distributions. Using these weighted solutions, Weboson charge asymmetry is directly deter-
mined up to boson rapiditly| < 3 (Fig. 4) [14]. The measurement has higher precision thegnte
PDF fits from the CTEQ [15] and MRST [16] collaborations usimext-to-leading order (NLO)
and next-to-next-leading order (NNLO) QCD correctionspetively.

Z Boson Rapidity

Measurements & bosons have the advantage of a fully reconstructable fiatd.sThe boson
rapidity can be precisely measured and compared to predicfrom PDFs. However, the —
|1~ production cross section is about a factor of 10 lower thans | v cross section. In addition,
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Figure 4: The measured charge asymmetry\0bosons at CDF, as a function\df boson rapidity.

the Z boson rapidity provides sensitivity to an average overrdfial-state quarks, rather than the
more specific sensitivity ta/d obtained from th&V boson charge asymmetry.

CDF and D@ have measured tAdoson rapidity distribution using Run Il data (Figs. 5 [17]
and 6 [18]). The measurements currently have larger unogemthan the PDFs, but could provide
constraints with the full Run Il data set.

W Boson Transverse Momentum

TheW boson transverse momentum affects measurememtg,dhat use the leptopr dis-
tributions. For these measurements, non-perturbative @@ation is the most relevant source of
W bosonpr. CDF and D@ modep¥ using theResBOS[19] event generator, which is based on a
next-to-leading log (NLL) calculation. The calculationsh®vo parameters that are measured from
data. The relevant parameter for measurmgis g», which determines the shape of the boggn
as a function of center-of-mass energy. This parameter egrdxrisely measured usiagboson
production at the Tevatron. The new D&}y measurement uses a valueggfobtained from &
bosonpr measurement in D@ dielectron and dimuon data. The@@neasurement maximizes
sensitivity to the non-perturbative parameters by defibwvmgperpendicular axesy anda, , where
ar bisects the decay electrons. Figure 7 shows the shagefof two values ofg,. The measured
ar distributions and comparisons to prediction fpr= 0.63 are shown in Fig. 8.
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Figure 5: TheZ boson rapidity distribution measured by CDF (left) and #hgorwith respect to prediction
(right).
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Figure 6: TheZ boson rapidity distribution measured by D@ (left) and tHatiee uncertainties compared
to the CDF Run | prediction and the PDF uncertainties deteechby CTEQ (right).
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Figure 7: TheZ bosonat distribution for two values of thg, parameter.
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Figure 8: The distributions oZ-bosonar measured by D@ compared to the predictiongpe= 0.63.

2.1.2 W Boson Decay

Initial-state QCD radiation affects thi-boson polarization, and thus the decay-angle distri-
bution. This distribution is modelled witkesBosusing the NLO prediction. Final-state photon
radiation from the charged lepton reduces the measore@nd would cause aw (150 MeV)
bias if it were not accounted for. D@ models this radiatiothwiHoTOS[20], which calculates
the leading-logarithmic contributions, and compares t@x-to-leading order calculation imple-
mented iNWGRAD [21]. A combined NLO-LL calculation has been implementedHiDRACE
[22], promising a reduced uncertainty in future measurdme@urrent uncertainties from QED
radiation aredmy = 12 MeV for the CDFmy measurement andmy = 7 MeV for the D@my
measurement.

2.1.3 D@W Boson Mass Measurement

The D@ my measurement calibrates the detector response to elecisamg a sample of
18,7257 — ee events. Using the precisely knovboson mass, D@ obtains a scale and an offset
of the measured energy with respect to the true energy. &@shows th& boson mass after the
calibration.

A model of the detector response to the remaining particies/V-boson event, from which
the neutrino transverse momentum is inferred, is develope@)GEANT [23] and events collected
at a fixed rate from a zero-bias trigger. The parameters ahtbdel are tuned wit — ee events.

As with the electron energy calibration, the precision & treutrino calibration is determined by
Z boson statistics and will improve with additional data.

Themyy fits to theW-bosonmy (Fig. 10), p§, andpy distributions result in a combined mea-
surement ofmy = 80.401+ 0.02144 + 0.038ys. Table 1 show the uncertainties associated with
each fit. With a total uncertainty of 43 MeV, this is currenthg single most precisey measure-
ment.
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Figure 9: The measured dielectron mass spectrum and comparisondictiwa after electron energy cali-
bration.

omy (MeV)
Source mr p§ Py
Electron energy calibration 34 34 34
Electron resolution model 2 2 3

Electron shower modeling 4 6 7
Electron energy loss model 4 4 4

Hadronic recoil model 6 12 20
Electron efficiencies 5 6 5
Backgrounds 2 5 4
Experimental Subtotal 35 37 41
PDF 10 11 11
QED 7 7 9
Bosonpr 2 5 2
Production Subtotal 12 14 14
Total 37 40 43

Table 1: Systematic uncertainties on the D&j; measurement.
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Figure 10: Themy spectrum measured by D@ compared to prediction after fittngwy.

2.1.4 Future Measurements

Given recent measurements and theoretical developmaeaitgthrove theN-boson produc-
tion model at the Tevatron, futura, measurements by CDF and D@ are expected to have signif-
icantly reduced uncertainties. Measurements with pratibetter than 25 MeV are expected with
2.3 (5.0) fio! of CDF (D@) data. At the LHC, the ATLAS experiment expects teasurany to
7 MeV precision with 45 (4.5) millioW (Z) boson events collected in 10fthof data [24].

2.2 Constraints

The D@my measurement has been combined with previous Tevatron negasuts to pro-
duce a new Tevatron averagemfy = 80.420+ 0.031 GeV [5]. The 31-MeV precision exceeds
that of LEP, whose combined average of four experimentsyjis= 80.376+ 0.033 GeV.

The Gfitter collaboration has incorporated the new D@ measant into its global elec-
troweak fits [11]. The inferred Higgs boson masgis= 8333 (Fig. 11), more thand below the
direct limit from LEP [25]. Themy measurement alone prefers a lower mass Higgs bosdégAZ
If the mass value does not change with more precise measntgntige consistency with the SM
would decrease, suggesting the presence of new particlgging to theW boson (Fig. 12 [4]).
There is one B¢ outlier in themy fit: the measurement of the forward-backward asymmetry of
b-quark production in polarized beams at SLC [3]. The Gfitterug finds a 1.4% probability to
find an outlier at least as deviant as this one, assuming n@hgsics beyond the SM.

10
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Figure 11: The Gfitter determination of the Higgs boson mass from imllisl measurements and from the
combined electroweak measurements.
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Figure 12: The best-fitW-boson and top-quark masses, with 95% uncertainty ellfasesriousmy uncer-
tainties. The hashed regions show the SM rangagfandm for various values of the Higgs boson mass,
and the corresponding range in the minimal supersymmetaet(MSSM).

3. Measurements of Gauge-Boson Couplings

The electroweak gauge-boson self-couplings and couptmdsrmions have been measured
to high precision at LEP and SLC. These experiments havetllirmeasured these couplings up
to the kinematic limit of 209 GeV center-of-mass energy. di&ts of gauge-boson couplings at
HERA and the Tevatron directly probe these couplings to dnigienter-of-mass energies, and are
thus sensitive to deviations from the SM at higher mass scale

11
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3.1 Forward-Backward Asymmetry at the Tevatron

The scattering amplitude for thief — e~ e’ process is [26]
— s
j=Afif vee)=-Qf+—5————

A'J (I — i ) Q +§—m§—|—|mzrz
wherei and j are the fermion helicitied (R), Q is the electromagnetic charge of fermiéyC; ;(f)
are the fermion couplings to theboson,m; (I'z) is theZ boson mass (width), argis'the squared
center-of-mass energy of the collision. Using this amgétuthe differential angular cross section
is

Ci(f)Cj(e)> (31)

do 1 (
dcosB* 1283

where 6% is the angle of the electron with respect to the incoming@ratirection in the boson
rest mass frame. By measuring the difference in cross selatitween positive and negative éjs
(forward and backward electron directions) as a functiomedriant mass, the fermion couplings
to theZ boson can be measured. Writing the vectg) @nd axial &¢) couplings as,

IALLI2 4 |ARR|) (1+c0s8")2 + (JALRIZ + |ARL) (1 —cosB%)?],  (3.2)

vi = I3 —2esir’ By (3.3)
as = 12, (3.4)

wherel? is the fermion weak charge, measurements of the couplingsmime sif .

D@ has performed a measurement of the electron forwardwesadkasymmetryAgg) with
1.1 fbo1 of dielectron data (Fig. 13), and extracted’@y from the measurement [27]. The result
of sinf 6y = 0.2326+ 0.0018;4 + 0.0006ys can be compared to the SM value determined from
previous measurements, %a}v = 0.231494-0.00013. While the D@ measurementxislO times
less precise than the SM value, a combined dielectron andafirmeasurement with the full Run
Il data set for CDF and D@ could give precision within a faabr: 3 of the SM value.

D@ 1.1 fot
¥x3d.o.f. = 10.6/14

o
L
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a Statistical uncertainty
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Figure 13: The forward-backward asymmetfgg of electrons in 1.1 fb! of D@ e~ e* data, as a function
of dielectron mass.
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3.2 Global Fits at HERA

Data from electron-proton collisions at HERA are used tedeine the quark axial and vector
couplings to the neutral current through measurements| ef eq inelastic scattering [28]. The
data are fit globally for PDF and electroweak parameters asdlve the(vg,aq) sign ambiguity
from LEP measurements. Results from fits to the HERA datalawes in Fig. 14, along with
CDF and LEP measurements. The HERA results are the mossereeid the experiments have a
factor of two more data available to increase the precisiite CDF result uses 72 pb of data
[29]; analysis of the significantly larger available dathweuld make the Tevatron experiments
competitive in this measurement.
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Figure 14: The axial and vector couplings of up (left) and down (rightadcks toZ bosons, as predicted by
the SM and measured by ZEUS, H1, CDF, and LEP.

3.3 Diboson Production at Hadron Colliders

Boson pair production at the Tevatron includes a smglL0%,) contribution from vertices
with three gauge bosons (triple-gauge couplings). Stunfifsese processes provide sensitivity to
non-SM couplings at high center-of-mass energies, inolyittie only tests of individuAWWy and
WW?Z vertices. Single-boson production at HERA is sensitiverifig-gauge couplings through
the vector-boson fusion process, where the incoming quadlebectron radiate gauge bosons that
fuse into a single gauge boson.

3.3.1 Final States with Photons

CDF and D@ have measured &/ andZy production cross sections and set limits on non-
SM (‘anomalous’) couplings. A new D@ study &f— vv + y production in 3.6 fb of data [30]
is sensitive to the presence oZaZy vertex, which does not exist in the SM. The observed photon
Er distribution is consistent with the SM prediction (Fig. 15)
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Figure 15: The observed photoBr spectrum inZ — vv + y events, compared to SM expectation and a
model with anomalous triple-gauge couplings (ATGC).

3.3.2 Fully Leptonic Final States

CDF has updated its measurement of\td&/ — |vlv production cross section with 3.6h
of data and set limits on anomalowVy andWW?Z couplings. The measurement of pp —
WW) = 12.140.9(stay) “15(sys) is consistent with the SM prediction of 0.7 pb. Figure 16
shows thepr distribution of the highespr charged lepton ilVW — [vlv candidate events.

CDF and D@ have made the first observationZdfproduction at a hadron collider. Combin-
ing ZZ — |11l andZZ — Ilvv signatures, CDF obtains ad&r excess over background [31], while
D@ observegZ production with 570 significance [32].

CDF Run Il Preliminary [r=ssn®
L
%) 0% —+— Data - A2 =016
O E SI<
3 i e AGF=0.34
- SM WW ¢ =0.
~ 10 )
2 g =[— .
o [ sy \ Backgroun —m Ak =072
g -_—
1 E L'.
E LT | s
L -1
10" |
= = N
107
S S S SSN eSS N =

0 50 100 150 200 250 300 350 400 450 500
Lepton P, [GeVic]

Figure 16: The observed charged leptpin spectrum inW — lvlv events, compared to SM expectation and
two models with anomalous triple-gauge couplings (ATG@) the data exclude at 95% confidence level.
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3.3.3 Final States with Jets

The Tevatron experiments are making their first observatairheavy-boson decays to quark
pairs. D@ has observed4& evidence foWW /WZ — lvqq production (Fig. 17) [33], and set

limits on anomalous couplings. CDF has made3wSobservation o¥WZ/ZZ — qqvv production
(Fig. 18) [34].

t D@, 1.1 18 ~+- Data - Background
[l Diboson Signal
— 11 s.d. on Backgroun

Events / 10 GeV
o

il 2Prob 045
Ola % |'|
ol R, =
815 = -
Al -2c. o . .
0 50 100 150 200 250 300
Dijet Mass (GeV)

Figure 17: The background-subtracted dijet mass distribution in - bf D@ data. The peak centered on
~ 80 GeV represen®W /WZ — Ivqq signal, with a 440-significant excess above the background.

o
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— ] Diboson Signal

Events/8GeV/c?
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N0 I R MR

N
T T T ‘ T T 1\
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Figure 18: The observed CDF dijet mass distribution in events with ificant momentum imbalance.

Events from the process®éZ/ZZ — qqvv are clearly distinguished by their invariant masses closaxt
andmy.

3.4 W Boson Production at HERA

H1 has measured the cross sectioMbboson production in/s = 317 GeVep collisions
(Fig. 19) [35]. The cross section includes production viateeboson fusion (Fig. 20), where
the electron radiates a photon and the quark radiat&sb@son, and the two bosons fuse into a
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Figure 19: The observedny distribution (left) and the measur&dl boson production cross section as a
function of the hadronic recoil momentup .

q

Figure 20: The Feynman diagram for the productiorMdfbosons via vector-boson fusionép collisions.

W boson. The measurement has been used to set limits on anmW@&y couplings, and to
demonstrate the presence of this couplingvitnoson production at 95% confidence level.

4. Conclusions

Ongoing measurements at the Tevatron and HERA are makiniisamnt progress in probing
the electroweak theory at the loop level, and in testing the-Abelian electroweak gauge struc-
ture. Measurements of ttW¢ boson mass at CDF and D@ are constraining the mass of the Higgs
boson and the properties of hypothetical particles. Futueasurements from these experiments
and at the LHC promise a facter 3 improvement in precision amy. Ongoing electroweak mea-
surements at the Teavtron are reducing the systematictamters on input parameters for thgy
measurement. In addition, triple-gauge couplings aregosindied in new production and decay
modes, in particular hadronic decay modes at the Tevatrdhenvector-boson fusion production
mode at HERA. With significant quantities of data still to bealyzed, the Tevatron and HERA
experiments will continue to test the SM to unprecendergedl$.
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