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The electroweak theory elegantly combines the electromagnetic and weak forces, explaining a

wide range of interactions using a gauge theory with just three parameters. The theory predicted

the W andZ weak gauge bosons before they were directly observed in 1983, and its detailed

predictions ofW andZ boson properties have been tested to such precision that they now serve

as probes for new particles through loop-level interactions. Currently, the limiting parameter in

these probes is theW boson mass, whose uncertainty has been recently reduced by measurements

of
√

s = 1.96 TeV pp̄ collision data produced by the Fermilab Tevatron. Future measurements at

the Tevatron and the Large Hadron Collider will result in nearly a factor of three reduction in the

uncertainty on theW boson mass, significantly constraining the Higgs boson massand the masses

and couplings of supersymmetric particles. OtherW andZ boson properties recently constrained

by measurements at the Tevatron and HERA include their self-couplings and couplings to quarks.
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1. The Electroweak Theory

All observed interactions can be described in terms of a gauge symmetry. The fundamental
electroweak symmetry has the group structure SU(2)L×U(1)Y [1], but this symmetry is broken by
the non-zero masses of the fermions and weak gauge bosons. Inthe Standard Model (SM), the
vacuum expectation value (v) of the Higgs scalar field breaks the electroweak symmetry byfixing
the relative direction between points in the SU(2)L and U(1)Y spaces. However, there is a residual
rotational symmetry (U(1)EM) that becomes the observed electromagnetic force.

Using this model, all known electroweak interactions are described with only three input pa-
rameters: the strengths of the SU(2)L (g) and U(1)Y (g′) couplings, and the mass scale of the broken
symmetry (v). The SU(2)L W andZ gauge bosons were discovered in 1983 [2], so the remaining
unobserved particle of the model is the Higgs boson, whose discovery would confirm the details of
symmetry breaking in the SM.

There is a wide range of electroweak observables that have been measured to high precision,
determining the values ofg, g′, andv, and verifying the model’s predictions. For example, the
mixing between the two gauge groups is determined by the ratio of the couplings, which defines
the Weinberg angle,θW = tan−1(g′/g), or sin2θW = g′2/(g2 + g′2). This angle and the fermion
charges under SU(2)L and U(1)Y set the coupling between theZ boson and fermions. Since the
weak gauge group SU(2)L couples only to left-handed fermions,Z boson production ate+e− and
pp̄ colliders results in an asymmetry between outgoing positively and negatively charged fermions,
as a function of the angle with respect to the beam line. Measurements of these asymmetries at the
Large Electron Positron collider (LEP) and the Stanford Linear Collider (SLC) have verified the
predictions to high experimental precision [3].

The precision of the current measurements provides sensitivity to loop corrections from as-
yet unobserved particles, such as the Higgs boson and supersymmetric particles [4]. The limiting
uncertainty on this sensitivity comes from the measurementof theW boson mass (mW ). The tree-
level relation,mW = gv/2, predicts aW boson mass of 79.964±0.005 GeV, whereas the current
world average is 80.399±0.023 GeV [5]. A significant correction to the tree-level prediction arises
from thetb loop [6], and was used to predict the top quark mass before itsdiscovery. An additional
correction comes from Higgs boson loops, such that a factor of two increase in the Higgs boson
mass reducesmW by 41 MeV [7]. The current uncertainty onmW from published measurements
is 25 MeV [8], and a preliminary result from DØ [9] reduces theuncertainty to 23 MeV. A further
reduction by a factor of three is expected from future measurements at the Tevatron and the Large
Hadron Collider (LHC).

2. W Boson Mass Measurements and Constraints

The four experiments at LEP have publishedmW measurements with precision ranging from
50−63 MeV [10]. Final results are pending completion of studiesinto the effects of color recon-
nection. The current combined LEP measurement ismW = 80.376±0.033 GeV.

The two Tevatron experiments have measuredmW in the three collider runs (0, I and II). The
first Run II measurement has been published by the CDF Collaboration, with the resultmW =

80.413±0.048 GeV in 200 pb−1 of
√

s = 1.96 TeV pp̄ collision data [8]. This is the single most
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precise published measurement, recently surpassed by the preliminary DØ measurement ofmW =

80.401±0.043 GeV in 1 fb−1 of data [9]. Since the dominant uncertainties on these measurements
are statistical, the precision is expected to significantlyincrease with the full Run II data set of
O(10) fb−1.

These measurements have been translated into constraints on the Higgs boson mass and super-
symmetric particles. The results favor a low-mass Higgs boson,mH = 83+30

−23 GeV, when combined
with other precision electroweak data [11].

2.1 Hadron-Collider Measurements

The mW measurement at hadron colliders focuses on the electron andmuonW -boson decay
channels. Since the initial energy of the colliding partonsis unknown, only momenta transverse
to the beam line are used in the measurement. The neutrino momentum is inferred from the mo-
mentum imbalance in the event, and is combined with the charged-lepton momentum to calculate

the transverse mass,mT =
√

2pl
T pν

T (1−cos∆φ), where∆φ is the angle between the leptons in the
transverse plane.

The primary experimental issues are calibration of the charged-lepton momentum and the
sources of the additional momenta in the event (‘recoil’), from which the neutrino momentum is
inferred. In the CDF measurement, muon momenta are measuredwith the tracker and calibrated
with J/ψ → µµ , ϒ→ µµ , andZ → µµ resonances. Electron momenta are calibrated with the ratio
of the measured energy in the calorimeter to the track momentum. The DØ measurement is based
on the electron decay channel only, and usesZ → ee events for its electron and recoil calibrations.
The CDF measurement relies on bothZ → µµ andZ → ee events for its recoil calibration. Since
these calibrations are performed in-situ, their precisionimproves with statistics and will scale with
increases in data.

Details of the production and decay ofW bosons are external inputs to themW measurement,
with uncertainties that do not directly scale with increasing statistics. However, the components
based on non-perturbative QCD rely on parameters fit from data, and can thus become more pre-
cise with Tevatron measurements. Several measurements that reduce the uncertainty onmW have
recently been performed by the CDF and DØ experiments.

2.1.1 W Boson Production

TheW -boson momentum is separately modelled in the longitudinaland the transverse direc-
tions. Along the beam axis, the momentum is determined by thefraction of (anti-)proton energy
carried by the colliding partons. This fraction is predicted by the parton distribution functions
(PDFs), which encapsulate the probability for a given parton to have a particular fraction of the
(anti-)proton momentum. Parton distribution functions are defined at a low center-of-mass energy
squared (Q2) and evolved to higherQ2 using the DGLAP equations [12]. Parameters in the func-
tions are fit using a wide array of deep-inelastic scatteringdata. Perpendicular to the beam axis, the
momentum is determined by QCD radiation that is calculable in the perturbative regime, and can
otherwise be resummed to obtain a functional form with a few parameters fit from data.
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W Boson Longitudinal Momentum

TheW boson longitudinal momentum affects themW measurement through lepton acceptance.
The CDF and DØ measurements accept electrons and muons in thecentral detector region, up to
|η | < 1.1. In a decay with noW -boson momentum, the acceptance is purely determined by the
decay angle. When there is longitudinal momentum, some leptons that would have been measured
at the edges of the detector are no longer accepted, while others that would have been outside the
detector are measured. Since the leptonpT distribution is largely determined by the decay angle
with respect to the beam line, the longitudinal momentum modifies the leptonpT distribution and,
in turn, themT distribution. In order to obtain the correctmW in a fit, this effect must be correctly
modelled. Uncertainties on the PDFs, which determine the boson longitudinal momentum, result
in δmW = 13 MeV for the CDFmW measurement, andδmW = 9 MeV for the DØ measurement
obtained from a fit to themT distribution.

W bosons are predominantly produced via valenceu and d quarks at the Tevatron (Fig. 1).
Theu quark has a higher fraction of the proton’s momentum on average than thed quark, soW+

bosons are produced with average longitudinal momentum in the direction of the proton momentum
(and vice versa forW− bosons, as shown in Fig. 2). This charge asymmetry as a function of
longitudinal momentum has been measured at the Tevatron, constraining the ratio ofu/d PDFs.
Recent measurements of theZ boson rapidity also constrain theu andd PDFs.

d (u)
u
u (d)

p Epx

u
u
d

p
 E

p
x

)0 (Z+W
Q

+l

)- (lν

Figure 1: The dominant production mechanisms forW andZ bosons at the Tevatron.

W Boson Charge Asymmetry

DØ has recently measured the charge asymmetry of electrons from W boson decays, as a
function of electron pseudorapidity [13]. The DØ measurement extends to|η | < 3.2, the widest
coverage of such a measurement. In addition, DØ separates the electrons into twoET bins, 25<
ET < 35 GeV andET > 35 GeV. The high-ET bin has greater sensitivity to PDFs, since the decay
direction tends to be transverse to the beam line, preserving theW -boson longitudinal momentum.
At lower ET the decay is closer to the beam line, and the left-handed coupling of the electron to
theW boson results in a decay opposite to the direction of theW -boson longitudinal momentum.
This effect counters theW -boson charge asymmetry, as shown in Fig. 2. The PDF uncertainty in
the high-ET region is thus considerably larger than in the low-ET region, and will be significantly
reduced by the DØ data (Fig. 3).
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Figure 2: TheW -boson and decay-electron rapidity distributions (left) and charge asymmetries (right) at
the Tevatron.

|eη|
0 0.5 1 1.5 2 2.5 3

A
sy

m
m

et
ry

-0.8

-0.6

-0.4

-0.2

-0

0.2

-1(a) DØ, L=0.75 fb

<35 GeVT
e25<E

>25 GeVT
νE

CTEQ6.6 central value

MRST04NLO central value

CTEQ6.6 uncertainty band

|eη|
0 0.5 1 1.5 2 2.5 3

A
sy

m
m

et
ry

-0.2

-0.1

0

0.1

0.2

-1(b) DØ, L=0.75 fb
>35 GeVT

eE

>25 GeVT
νE

CTEQ6.6 central value

MRST04NLO central value

CTEQ6.6 uncertainty band

Figure 3: The measured charge asymmetry for electrons fromW boson decays at DØ as a function of
electron pseudorapidity.

To obtimize sensitivity to PDFs, CDF has applied aW -boson-mass constraint to the kinemat-
ics of each event and calculated two values of the longitudinal momentum of the neutrino. The
values are assigned weights based on the measured and expected W -boson kinematic and decay
distributions. Using these weighted solutions, theW boson charge asymmetry is directly deter-
mined up to boson rapidity|y|< 3 (Fig. 4) [14]. The measurement has higher precision than recent
PDF fits from the CTEQ [15] and MRST [16] collaborations usingnext-to-leading order (NLO)
and next-to-next-leading order (NNLO) QCD corrections, respectively.

Z Boson Rapidity

Measurements ofZ bosons have the advantage of a fully reconstructable final state. The boson
rapidity can be precisely measured and compared to predictions from PDFs. However, theZ →
l+l− production cross section is about a factor of 10 lower thanW → lν cross section. In addition,
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Figure 4: The measured charge asymmetry ofW bosons at CDF, as a function ofW boson rapidity.

theZ boson rapidity provides sensitivity to an average over all initial-state quarks, rather than the
more specific sensitivity tou/d obtained from theW boson charge asymmetry.

CDF and DØ have measured theZ boson rapidity distribution using Run II data (Figs. 5 [17]
and 6 [18]). The measurements currently have larger uncertainties than the PDFs, but could provide
constraints with the full Run II data set.

W Boson Transverse Momentum

TheW boson transverse momentum affects measurements ofmW that use the leptonpT dis-
tributions. For these measurements, non-perturbative QCDradiation is the most relevant source of
W bosonpT . CDF and DØ modelpW

T using theRESBOS[19] event generator, which is based on a
next-to-leading log (NLL) calculation. The calculation has two parameters that are measured from
data. The relevant parameter for measuringmW is g2, which determines the shape of the bosonpT

as a function of center-of-mass energy. This parameter can be precisely measured usingZ boson
production at the Tevatron. The new DØmW measurement uses a value ofg2 obtained from aZ
bosonpT measurement in DØ dielectron and dimuon data. The DØpZ

T measurement maximizes
sensitivity to the non-perturbative parameters by definingtwo perpendicular axes,aT andaL, where
aT bisects the decay electrons. Figure 7 shows the shape ofa2 for two values ofg2. The measured
aT distributions and comparisons to prediction forg2 = 0.63 are shown in Fig. 8.
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Figure 5: TheZ boson rapidity distribution measured by CDF (left) and the ratio with respect to prediction
(right).
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Figure 8: The distributions ofZ-bosonaT measured by DØ compared to the prediction forg2 = 0.63.

2.1.2 W Boson Decay

Initial-state QCD radiation affects theW -boson polarization, and thus the decay-angle distri-
bution. This distribution is modelled withRESBOSusing the NLO prediction. Final-state photon
radiation from the charged lepton reduces the measuredmT and would cause anO(150 MeV)
bias if it were not accounted for. DØ models this radiation with PHOTOS [20], which calculates
the leading-logarithmic contributions, and compares to a next-to-leading order calculation imple-
mented inWGRAD [21]. A combined NLO-LL calculation has been implemented inHORACE

[22], promising a reduced uncertainty in future measurements. Current uncertainties from QED
radiation areδmW = 12 MeV for the CDFmW measurement andδmW = 7 MeV for the DØmW

measurement.

2.1.3 DØW Boson Mass Measurement

The DØ mW measurement calibrates the detector response to electronsusing a sample of
18,725Z → ee events. Using the precisely knownZ-boson mass, DØ obtains a scale and an offset
of the measured energy with respect to the true energy. Figure 9 shows theZ boson mass after the
calibration.

A model of the detector response to the remaining particles in aW -boson event, from which
the neutrino transverse momentum is inferred, is developedusingGEANT [23] and events collected
at a fixed rate from a zero-bias trigger. The parameters of themodel are tuned withZ → ee events.
As with the electron energy calibration, the precision of the neutrino calibration is determined by
Z boson statistics and will improve with additional data.

ThemW fits to theW -bosonmT (Fig. 10),pe
T , andpν

T distributions result in a combined mea-
surement ofmW = 80.401± 0.021stat ± 0.038sys. Table 1 show the uncertainties associated with
each fit. With a total uncertainty of 43 MeV, this is currentlythe single most precisemW measure-
ment.
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Figure 9: The measured dielectron mass spectrum and comparison to prediction after electron energy cali-
bration.

δmW (MeV)
Source mT pe

T pν
T

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
BosonpT 2 5 2

Production Subtotal 12 14 14

Total 37 40 43

Table 1: Systematic uncertainties on the DØmW measurement.
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Figure 10: ThemT spectrum measured by DØ compared to prediction after fittingfor mW .

2.1.4 Future Measurements

Given recent measurements and theoretical developments that improve theW -boson produc-
tion model at the Tevatron, futuremW measurements by CDF and DØ are expected to have signif-
icantly reduced uncertainties. Measurements with precision better than 25 MeV are expected with
2.3 (5.0) fb−1 of CDF (DØ ) data. At the LHC, the ATLAS experiment expects to measuremW to
7 MeV precision with 45 (4.5) millionW (Z) boson events collected in 10 fb−1 of data [24].

2.2 Constraints

The DØmW measurement has been combined with previous Tevatron measurements to pro-
duce a new Tevatron average ofmW = 80.420± 0.031 GeV [5]. The 31-MeV precision exceeds
that of LEP, whose combined average of four experiments ismW = 80.376±0.033 GeV.

The Gfitter collaboration has incorporated the new DØ measurement into its global elec-
troweak fits [11]. The inferred Higgs boson mass ismH = 83+30

−23 (Fig. 11), more than 1σ below the
direct limit from LEP [25]. ThemW measurement alone prefers a lower mass Higgs boson, 42+56

−22.
If the mass value does not change with more precise measurements, the consistency with the SM
would decrease, suggesting the presence of new particles coupling to theW boson (Fig. 12 [4]).
There is one 2.5σ outlier in themH fit: the measurement of the forward-backward asymmetry of
b-quark production in polarized beams at SLC [3]. The Gfitter group finds a 1.4% probability to
find an outlier at least as deviant as this one, assuming no newphysics beyond the SM.
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Figure 11: The Gfitter determination of the Higgs boson mass from individual measurements and from the
combined electroweak measurements.

160 165 170 175 180 185
mt [GeV]

80.20

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

SM

MSSM

M H
 = 114 GeV

M H
 = 400 GeV

light SUSY

heavy SUSY

SM
MSSM

both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’09

exp. errors: 95% CL, LEP2/Tevatron

δMW = 23 MeV

δMW = 15 MeV

δMW = 10 MeV

Figure 12: The best-fitW -boson and top-quark masses, with 95% uncertainty ellipsesfor variousmW uncer-
tainties. The hashed regions show the SM range ofmW andmt for various values of the Higgs boson mass,
and the corresponding range in the minimal supersymmetric model (MSSM).

3. Measurements of Gauge-Boson Couplings

The electroweak gauge-boson self-couplings and couplingsto fermions have been measured
to high precision at LEP and SLC. These experiments have directly measured these couplings up
to the kinematic limit of 209 GeV center-of-mass energy. Studies of gauge-boson couplings at
HERA and the Tevatron directly probe these couplings to higher center-of-mass energies, and are
thus sensitive to deviations from the SM at higher mass scales.
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3.1 Forward-Backward Asymmetry at the Tevatron

The scattering amplitude for thef f̄ → e−e+ process is [26]

Ai j = A( fi f̄ → e−j e+) =−Qe2+
ŝ

ŝ−m2
Z + imZΓZ

Ci( f )C j(e), (3.1)

wherei and j are the fermion helicities (L,R), Q is the electromagnetic charge of fermionf , Ci, j( f )
are the fermion couplings to theZ boson,mZ (ΓZ) is theZ boson mass (width), and ˆs is the squared
center-of-mass energy of the collision. Using this amplitude, the differential angular cross section
is

dσ
d cosθ∗ =

1
128π ŝ

[(|ALL|2+ |ARR|2)(1+cosθ∗)2+(|ALR|2+ |ARL|2)(1−cosθ∗)2], (3.2)

whereθ∗ is the angle of the electron with respect to the incoming proton direction in the boson
rest mass frame. By measuring the difference in cross section between positive and negative cosθ∗

(forward and backward electron directions) as a function ofinvariant mass, the fermion couplings
to theZ boson can be measured. Writing the vector (v f ) and axial (a f ) couplings as,

v f = I3
L −2esin2 θW (3.3)

a f = I3
L, (3.4)

whereI3
L is the fermion weak charge, measurements of the couplings determine sin2 θW .

DØ has performed a measurement of the electron forward-backward asymmetry (AFB) with
1.1 fb−1 of dielectron data (Fig. 13), and extracted sin2θW from the measurement [27]. The result
of sin2θW = 0.2326± 0.0018stat ± 0.0006sys can be compared to the SM value determined from
previous measurements, sin2 θW = 0.23149±0.00013. While the DØ measurement is≈ 10 times
less precise than the SM value, a combined dielectron and dimuon measurement with the full Run
II data set for CDF and DØ could give precision within a factorof ≈ 3 of the SM value.
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Figure 13: The forward-backward asymmetryAFB of electrons in 1.1 fb−1 of DØ 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 to determine the quark axial and vector
couplings to the neutral current through measurements ofeq → eq inelastic scattering [28]. The
data are fit globally for PDF and electroweak parameters and resolve the(vq,aq) sign ambiguity
from LEP measurements. Results from fits to the HERA data are shown in Fig. 14, along with
CDF and LEP measurements. The HERA results are the most precise, and the experiments have a
factor of two more data available to increase the precision.The CDF result uses 72 pb−1 of data
[29]; analysis of the significantly larger available data set would make the Tevatron experiments
competitive in this measurement.
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Figure 14: The axial and vector couplings of up (left) and down (right) quarks 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 smallO(10%) contribution from vertices
with three gauge bosons (triple-gauge couplings). Studiesof these processes provide sensitivity to
non-SM couplings at high center-of-mass energies, including the only tests of individualWW γ and
WWZ vertices. Single-boson production at HERA is sensitive to triple-gauge couplings through
the vector-boson fusion process, where the incoming quark and electron radiate gauge bosons that
fuse into a single gauge boson.

3.3.1 Final States with Photons

CDF and DØ have measured theW γ andZγ production cross sections and set limits on non-
SM (‘anomalous’) couplings. A new DØ study ofZ → νν + γ production in 3.6 fb−1 of data [30]
is sensitive to the presence of aZZγ vertex, which does not exist in the SM. The observed photon
ET distribution is consistent with the SM prediction (Fig. 15).
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Figure 15: The observed photonET spectrum inZ → νν + γ 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 theWW → lν lν production cross section with 3.6 fb−1

of data and set limits on anomalousWW γ andWWZ couplings. The measurement ofσ(pp̄ →
WW ) = 12.1±0.9(stat) +1.6

−1.4(sys) is consistent with the SM prediction of 11.7±0.7 pb. Figure 16
shows thepT distribution of the highestpT charged lepton inWW → lν lν candidate events.

CDF and DØ have made the first observations ofZZ production at a hadron collider. Combin-
ing ZZ → llll andZZ → llνν signatures, CDF obtains a 4.4σ excess over background [31], while
DØ observesZZ production with 5.7σ significance [32].
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Figure 16: The observed charged leptonpT spectrum inW → lνlν events, compared to SM expectation and
two models with anomalous triple-gauge couplings (ATGC) that 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 observations of heavy-boson decays to quark
pairs. DØ has observed 4.4σ evidence forWW/W Z → lνqq production (Fig. 17) [33], and set
limits on anomalous couplings. CDF has made a 5.3σ observation ofWZ/ZZ → qqνν production
(Fig. 18) [34].
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Figure 17: The background-subtracted dijet mass distribution in 1.1 fb−1 of DØ data. The peak centered on
≈ 80 GeV representsWW/WZ → lνqq signal, with a 4.4σ -significant excess above the background.
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Figure 18: The observed CDF dijet mass distribution in events with significant momentum imbalance.
Events from the processesW Z/ZZ → qqνν are clearly distinguished by their invariant masses close to mW

andmZ.

3.4 W Boson Production at HERA

H1 has measured the cross section ofW boson production in
√

s = 317 GeVep collisions
(Fig. 19) [35]. The cross section includes production via vector-boson fusion (Fig. 20), where
the electron radiates a photon and the quark radiates aW boson, and the two bosons fuse into a
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Figure 20: The Feynman diagram for the production ofW bosons via vector-boson fusion inep collisions.

W boson. The measurement has been used to set limits on anomalous WW γ couplings, and to
demonstrate the presence of this coupling inW boson production at 95% confidence level.

4. Conclusions

Ongoing measurements at the Tevatron and HERA are making significant progress in probing
the electroweak theory at the loop level, and in testing the non-Abelian electroweak gauge struc-
ture. Measurements of theW boson mass at CDF and DØ are constraining the mass of the Higgs
boson and the properties of hypothetical particles. Futuremeasurements from these experiments
and at the LHC promise a factor≈ 3 improvement in precision onmW . Ongoing electroweak mea-
surements at the Teavtron are reducing the systematic uncertainties on input parameters for themW

measurement. In addition, triple-gauge couplings are being studied in new production and decay
modes, in particular hadronic decay modes at the Tevatron and the vector-boson fusion production
mode at HERA. With significant quantities of data still to be analyzed, the Tevatron and HERA
experiments will continue to test the SM to unprecendented levels.
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