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Abstract

Results from the CDF and D� experiments are presented on properties of the W�

and Z0 gauge bosons using �nal states containing electrons and muons based on large

integrated luminosities. In particular, measurements of the W� and Z0 production cross

sections, theW -charge asymmetry and the CDF measurement of theW -mass are summa-

rized. Gauge boson self interactions are measured by studying di-gauge boson production

and limits on anomalous gauge boson couplings are discussed.
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1 Introduction

The CDF and D� detectors are large multi-purpose detectors operating at the Fermilab Teva-

tron pp Collider [1, 2]. The D� detector has a non-magnetic inner tracking system, compact,

hermetic uranium liquid-argon calorimetry and an extensive muon system. The CDF detector

has a magnetic central detector, scintillator based calorimetry and a central muon system. Dur-

ing the 1992-1993 run, generally called Run 1A, the CDF and D� experiments have collected

about 20 pb�1 and 15 pb�1 of data, respectively. For the ongoing 1994-1995 run (Run 1B) both

experiments have collected about 70 pb�1 of data. Results on the W - and Z- production cross

sections, the W -width, W -charge asymmetry and the mass of the W -boson are presented. In

the last section limits on possible anomalous gauge boson couplings are discussed.

2 IVB Production Cross Sections

In pp collisions intermediate vector bosons are predominantly produced by quark-antiquark
annihilation. In approximately 80% of the interactions a valence quark is involved. Sea-sea
interactions contribute �20% of the total cross section. The leptonic decay modes of theW and
Z-bosons are easily detected because of their characteristic decay signatures: a high pT lepton

accompanied by large missing transverse energy (E/T ) for W -decays indicating the presence of a
neutrino, and two high pT leptons for Z-decays. The measurement of the W and Z production
cross sections probes the standard model of electroweak and strong interactions and provides
insight in the structure of the proton. With the large increase in integrated luminosity the
new measurements have a signi�cantly improved precision. A persistent uncertainty on any

cross section measurement at a pp collider, however, is the large uncertainty on the integrated
luminosity due to the uncertainty on the e�ective total pp cross section seen by the detectors.
This error cancels completely in the ratio of the W and Z production cross sections which can
be used to extract the width of theW -boson, �(W ). The event selection is thus geared towards
maximizing the cancellation of the di�erent uncertainties in the ratio of the two cross section

measurements.
The W and Z events are recorded using a common single electron trigger. The event

selection forW -bosons requires an isolated lepton with transverse momentum pT > 25 GeV and
E/T > 25 GeV. Leptonic decays of Z-bosons are selected by imposing the same lepton quality
cuts on one lepton, and looser requirements on the second lepton. Table 1 lists the kinematic

and geometric acceptance (AV ), trigger and event selection e�ciency (�V ) and background

(Bkg) for the electron and muon decay channel for the two experiments (V =W or Z) [3, 4, 5].
The vector boson inclusive cross section times decay branching ratio is calculated as

� �B =
Nobs �Nbkg

A �L
where Nobs is the observed number of events and Nbkg the calculated number of expected

background events. B indicates the branching ratio of the vector boson for the decay channel

under study. The measured cross sections times branching ratio are listed in table 2 and
are compared with the theoretical predictions in �gure 1. The theoretical predictions for the

total production cross section, calculated to O(�2s) [6], depend on three input parameters: the

mass of the W -boson, taken to be MW = 80:23 � 0:18 GeV/c2 [7], the mass of the Z-boson,
MZ = 91:19 � 0:004 GeV/c2 [8], and the structure of the proton. Using the CTEQ2M parton

distribution functions (pdf) [9], the prediction for the total cross sections are �W = 22.35 nb



D� CDF

e � e �

W candidates 10338 1665 13796 6222

AW (%) 46.0 � 0.6 24.8 � 0.7 34.2 � 0.8 16.3 � 0.4

�W (%) 70.4 � 1.7 21.9 � 2.6 72.0 � 1.3 74.2 � 2.7
Bkg (%) 5.7 � 0.4 22.1 � 1.9 12.3 � 1.2 13.1 � 2.0R L (pb�1) 12.8 � 0.7 11.4 � 0.6 19.6 � 0.7 18.0 � 0.7

Z candidates 775 77 1312 423
AZ (%) 36.3 � 0.4 6.5 � 0.4 40.9 � 0.5 15.9 � 0.3

�Z (%) 73.6 � 2.4 52.7 � 4.9 69.6 � 1.7 74.7 � 2.7

Bkg (%) 4.0 � 1.4 10.1 � 3.7 2.1 � 0.7 0.4 � 0.2R L (pb�1) 12.8 � 0.7 11.4 � 0.6 19.6 � 0.7 18.0 � 0.7

Table 1: Analysis results for the W and Z-production cross section measurement for CDF and
D� for the 1992-1993 data. AV , �V and Bkg stand for acceptance, detection e�ciency and Bkg,

respectively, for vector boson V .

and �Z = 6.708 nb. Using the leptonic branching ratio B(W ! `�) = (10:84 � 0:02)%,
as calculated following reference [10] using the above quoted W -mass, and B(Z ! ``) =
(3:367 � 0:006)% as measured by the LEP experiments [8], the theoretical predictions for the

total inclusive production cross section times branching ratio are �W �B(W ! `�) = 2:42+0:13�0:11

and �W �B(Z ! ``) = 0:226+0:011�0:009. The two largest uncertainties on the theoretical prediction
are the choice of parton distribution function (4.5%) and the uncertainty due to using a NLO
parton distribution function with a full O(�2s) theoretical calculation (3%). The experimental
error is dominated by the uncertainty on the luminosity.

The ratio of the cross section measurements, in which the error on the luminosity cancels
completely, measures the leptonic branching ratio of the W -boson. It can be used, within the
framework of the standard model, to extract the total width of the W -boson:

R =
�W �B(W ! `�)

�Z �B(Z ! ``)
=

�W

�Z
� �(W ! `�)

�(Z ! ``)

�(Z)

�(W )

which gives

B�1(W ! `�) =
�W

�Z
� 1

B(Z ! ``)
� 1
R

Using the standard model prediction [10] for the partial decay width �(W ! `�) the total
width �W is given by

�W =
�W

�Z
� �(W ! `�)

B(Z ! ``)
� 1
R

The ratio of the cross sections, using again the calculation of [6], is determined to be 3.33 � 0.03.

The error is again dominated by the choice of parton distribution functions. Note that in the

ratio, also the theoretical uncertainties largely cancel. Using, as before, the measured branching
ratio B(Z ! ``) = (3:367� 0:006)% and the theoretical prediction for the partial decay width

�(W ! `�) = 225.2 � 1.5 MeV [7, 10] the branching ratio, as determined from the combined D�



�W �B(W ! `�) �Z �B(Z ! ``)

1992-1993
D� (e) 2.36 � 0.02 � 0.15 0.218 � 0.008 � 0.014

D� (�) 2.09 � 0.06 � 0.25 0.178 � 0.022 � 0.023
CDF (e) 2.49 � 0.12 0.231 � 0.012

CDF (�) 2.48 � 0.031 � 0.16 0.203 � 0.010 � 0.012

1994-1995
D� (e) 2.24 � 0.02 � 0.20 0.226 � 0.006 � 0.021

D� (�) 1.93 � 0.04 � 0.20 0.159 � 0.014 � 0.022

Table 2: Measured cross section times branching ratio for W and Z production based on
integrated luminosities of 12.8 (11.4) pb�1 and 19.6 (18.0) pb�1 for the electron (muon) channel
for D� and CDF, respectively for the 1992-1993 data and the preliminary D� results for 25.1

(30.7) pb�1 for the 1994-1995 data.

electron and muon 1992-1993 data, is (11.02 � 0.5)%; the CDF measured branching ratio, based

on the 1992-1993 electron data is (10.94 � 0.33 � 0.31)%. Using the calculated partial leptonic
branching ratio, these measurements yield for the width �W = 2:044 � 0:093 GeV [5] and
�W = 2:043 � 0:082 GeV [3], respectively. The CDF value di�ers from their published value
due to the use of more recent experimental measurements in evaluating the input parameters.
Figure 2 shows the world measured W -width values together with the theoretical prediction
[3, 5, 11, 12].
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Figure 1: Measurements of the W and Z inclusive cross section compared to the theoretical
predictions using the CTEQ2M parton distribution function. The shaded bands indicate the

uncertainty on the predictions.

Taking into account that the ratio of the total cross sections �W=�Z is slightly di�erent at

a center of mass energy of 630 GeV (�W=�Z(
p
s = 630 GeV) = 3.26 � 0.09), and accounting

for the correlation between the measurements at di�erent center of mass energies through the

choice of parton distribution functions, the di�erent values of �W can be combined to give a



Figure 2: Measurements of �W compared with the standard model expectation.

world average of �W = 2:062 � 0:059 GeV, a measurement at the 3% level. This is in good
agreement with the standard model prediction of �(W ) = 2:077� 0.014 GeV. The comparison
of the measurement with the theoretical prediction can be used to set an upper limit on an
\excess width" ��W � �W (meas) � �W (SM), allowed by experiment for non{standard model

decay processes, such as decays into supersymmetric particles or into heavy quarks. Comparing
the above world average value of �W with the standard model prediction a 95% C.L. upper
limit of �� < 109 MeV on unexpected decays can be set.

Since the intermediate vector bosons are produced through a Breit{Wigner resonance the
lineshape of the mass distribution contains information about the width of the boson [13]. For

W -bosons, the high tail of the transverse mass distribution, where the Breit-Wigner shape
dominates over the detector resolutions, can be used to extract �W . Using a binned log{

likelihood method, CDF has �t the transverse mass� (mT ) distribution far above the W pole

(mT > 110 GeV/c2) to Monte Carlo generated templates with varying W -width [14]. Using
this method the W -width has been determined to be �W = 2:11� 0:28� 0:16 GeV, where the
systematic error (8%) is dominated by uncertainties in modelling the W transverse momentum

distribution (6%) and the E/T resolution (5%). Although the precision of this method is cur-

rently not competitive with the extraction of the width from the ratio of cross sections, it has
the advantage that it is relatively independent of standard model assumptions.

�Transverse mass is de�ned as the invariant mass of the lepton and the neutrino of the W -decay in the

transverse plane, see section 4.



3 W -charge Asymmetry

The uncertainty in the structure of the proton is one of the largest errors in the theoretical

prediction of the total vector boson production cross section. It also a�ects the uncertainties

on other measurements, like the measurement of the W -mass and the cross section of di-boson

production. Fortunately, the structure of the proton can be constrained at the appropriate

Q2-scale by measuring the charge asymmetry in W -production itself. The two sources that

contribute to the W -charge asymmetry are the production and decay processes. Since on

average a u-quark carries more momentum than a d-quark, more W+-bosons are produced

along the proton direction than along the anti-proton direction resulting in a production charge

asymmetry de�ned as

A(yW ) =
dN+(yW )=dy � dN�(yW )=dy

dN+(yW )=dy + dN�(yW )=dy
/ d(x2) = u(x2) � d(x1) = u(x1)

d(x2) = u(x2) + d(x1) = u(x1)
(1)

where x1 (x2) is the momentum fraction carried by the parton in the proton (antiproton).
The W -rapidity yW , however, cannot unambiguously be reconstructed because of the two-
fold ambiguity in the longitudinal momentum of the neutrino. The quantity that is measured
experimentally is the decay lepton charge asymmetry, de�ned as

A(y`) =
dN+(y`)=dy` � dN�(y`)=dy`

dN+(y`)=dy` + dN�(y`)=dy`

where N+(�) is the number of positively (negatively) charged leptons detected at pseudorapidity
y`. Since the rapidity of the decay leptons is measured there is an additional contribution from
the V�A coupling of theW , which partially undoes the production asymmetry. SinceW -bosons
are produced through ud-quark annihilation they are almost fully polarized and the lepton from,
for example, the W+-decay is preferentially emitted along the anti-proton direction. Because
of CP symmetry A(+y) = �A(�y) and the measured asymmetries at positive and negative

rapidities can be combined.
Since the V �A structure of the W -decay is very well understood, the charge asymmetry

measurement probes the structure of the proton in the x range 0.007 to 0.27 . In particular, the
measurement is sensitive to the slope of the ratio of the u and d parton distribution functions

(cf. eq. (1)).

The CDF experiment, based on an integrated luminosity of about 20 pb�1 measured the

charge asymmetry forW -decays into electrons and muons and signi�cantly constrained the then
current parton distribution functions [15]. For this analysis the lepton transverse momentum,
p`T , and the missing transverse momentum, p/T , were both required to be greater than 25 GeV/c.
The leptons were detected in a pseudorapidity range j�j < 1:0 and j�j < 2:4 for muons and

electrons, respectively. Since the measurement is a ratio measurement, many systematic errors

cancel and the total systematic error is about 20% of the statistical error. Figure 3a shows
the measured asymmetry for electrons and muons as a function of the lepton rapidity together

with the theoretical prediction for di�erent parton distribution functions. The predictions were
obtained using the DYRAD NLO Monte Carlo [16].

Since the asymmetry measurement was not included in the determination of any of these

parton distribution functions it provides an independent discriminator. The disagreement be-
tween theory and experiment can be quanti�ed by de�ning the signi�cance of the disagreement



(a)

(b)

Figure 3: (a) CDF run 1a measured lepton charge asymmetry compared to NLO predictions
for di�erent parton distribution functions. The error bars are the total errors. The systematic

errors are indicated on the null-asymmetry line. (b) Preliminary run 1a and run 1b CDF (�)
and D� (�) measured lepton charge asymmetry compared to NLO predictions for recent parton
distribution functions.

between the weighted mean asymmetry (A) from theory and experiment as

� =
Apdf � A data

�(Adata)
(2)

Here A data is determined over the range 0:2 < j�j < 1:7 with corresponding error �(Adata).
The measurement clearly favors the MRS [17] parton distribution functions over the CTEQ2
[9] distributions. This constraint on the parton distribution functions can then be used to limit
the error on the W -mass measurement, as will be discussed in the next section.

Figure 3b shows the updated CDF charge asymmetry, including the preliminary run 1b data,

based on an integrated luminosity of 50 pb�1, together with the D� measurement. Because the
D� experiment has an outer toroidal magnetic �eld, the measurement is based on muons only.
To minimize any detector induced bias, equal amounts of data are taken with reversed magnet

polarity. The D� measurements have a larger pseudorapidity coverage, but still su�er from

smaller statistics. The three theoretical predictions are based on the MRSA [18], CTEQ3M
[9] and GRV94 [19] parton distribution functions, all of which include the published CDF

asymmetry measurement shown in �gure 3a in the structure function determination. There is
obviously an excellent agreement between the data and the theory and between the CDF and

D� measurements.

4 W -mass

The mass of the W -boson is one of the fundamental parameters of the standard model. A

precision measurement of the W -boson mass allows for a stringent test of the radiative correc-

tions in the standard model. Combined with the measurement of the mass of the top-quark

and precision measurements from e+e� and neutrino scattering experiments, inconsistencies



between the di�erent measurements and the theoretical predictions can be looked for, possibly

indicating processes beyond the standard model. In the following, the measurement of the

W -mass by the CDF experiment will be described [20].

In essence, only two quantities are measured in W -events, namely the lepton momentum

and the transverse momentum of the recoil system. The latter consists of the \hard" W -recoil

and the underlying event contribution, which for W -events are inseparable. The transverse

momentum of the neutrino is inferred from these two observables. Since the longitudinal mo-

mentum of the neutrino cannot be determined unambiguously, theW -boson mass is determined

using the transverse mass:

mT =
q
2 peT p

�
T (1 � cos'e�)

where 'e� is the angle between the electron and neutrino in the transverse plane. Since there

is no analytical description of the transverse mass distribution, the W -mass is determined by

�tting Monte Carlo generated templates in transverse mass for di�erent masses of theW -boson
to the data distribution. The quantity transverse mass is preferred over the lepton transverse

momentum spectra because it is, to �rst order, independent of the transverse momentum of
the W .

The determination of the momentum and energy scale for the leptons, and the detector
response to the recoil system is crucial for theW -mass determination. For the CDF experiment,
the momentum scale of the central magnetic tracker is set by scaling the measured J=	-mass
to the world average value using J=	 ! �+�� decays. Based on a sample of approximately

60,000 events a scale factor of 0.99984 � 0.00052 has been derived. The dominant contribution
to the error comes from the uncertainty in the amount of material the muons traverse. This
procedure establishes the momentum scale at the J=	-mass, where the average muon pT is
about 3 GeV/c, and needs to be extrapolated to the momentum range appropriate for leptons
from W -decays. The error due to possible nonlinearities in the momentum scale is addressed

by studying the measured J=	-mass as function of h1=p2T i, extrapolated to zero curvature.
This extrapolation, which includes an uncertainty on a possible non-linearity of the momentum
measurement, increases the error on the momentum scale to 0.00058 at the W -mass. This
results in an error on the W -mass of 50 MeV/c2.

Having established the momentum scale, the calorimeter energy scale is determined from a

lineshape comparison of the observed E=p distribution with a detailed Monte Carlo prediction
as shown in �gure 4. A two-dimensional �t of Monte Carlo generated E=p distributions in the

energy scale and the electron momentum resolution is used to establish the absolute calorime-

ter energy scale. The scale factor is extracted from a �t over the range 0:9 < E=p < 1:1.
Since the momentum measurement is very sensitive to bremsstrahlung e�ects, the energy scale

determination is critically dependent on an accurate modelling of the amount of material the
electrons traverse. Using the ratio of events in the region 1:3 < E=p < 2:0 to the events in

the range 0:8 < E=p < 1:2 the amount of material is determined to be (8.9�0.9)% X0, consis-
tent with independent checks using photon conversions and Z-events but slightly higher than

from a direct accounting of the material. The limited statistics in the high E=p region is the
dominant source of the systematic error on the amount of material traversed by electrons and

thus on the energy scale determination. The uncertainty of 10% on the amount of material in

front of the calorimeter contributes a 70 MeV/c2 uncertainty on the W -mass. The other two
main contributions to the total energy scale error is a 65 MeV/c2 error due to the statistics

in the E=p-peak and a 50 MeV/c2 error from the uncertainty on the electron resolution. The

total error on the W -mass from setting the energy scale using the momentum scale is thus
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Figure 4: The E=p distribution for electrons in the W -sample (points) with the best �t from
the simulation (histogram).

110 MeV/c2 which, combined with the 50 MeV/c2 momentum scale uncertainty, gives a total
energy scale uncertainty on the W -mass of 120 MeV/c2.

The energy and momentum scales are veri�ed by measuring the masses of known reso-

nances, like the Z-mass and the masses of the � resonances. They are all in good agreement
with the world average values. The width of the Z-resonance provides a constraint on the
momentum resolution that results in a systematic error on the W -mass from the uncertainty
on the momentum and energy resolution of 60 MeV/c2 and 80 MeV/c2 for the muon and elec-
tron measurement, respectively. The hadronic energy scale does not need to be determined

separately since Z ! e+e� collider events are used to model the W -recoil system.
The W -mass is determined from a maximum likelihood �t of Monte Carlo generated tem-

plates in transverse mass to the data distribution. In the Monte Carlo model of W -production,
events are generated according to a relativistic Breit-Wigner resonance, with a longitudinal mo-

mentum distribution as given by the chosen parton distribution function. The nominal parton

distribution function is the MRSD0- pdf. The transverse momentum of theW is then generated
according to the measured pT distribution of Z-events. This procedure can be justi�ed because

of the similarity between W and Z-production and because there are large uncertainties, both
theoretical as well as experimental, on the W pT -distribution. This procedure has an added

advantage that the recoil system does not need to be modeled independently, since it is taken
directly from Z-events with the two leptons removed. This recoil distribution from Z-events

is corrected for the lepton removal and modi�ed to match the width of the distribution of the
projection of the pT of the recoil system perpendicular to the electron direction in data and

Monte Carlo. The disadvantage of the method is that very few events (555 events to be pre-

cise) are used to model the recoil with a slightly di�erent acceptance than for W -events and it
ignores the correlation between the transverse and longitudinal momenta and the di�erence in

mass between the W and Z-boson.

To avoid any detector biases, very tight �ducial cuts are applied in the selection of the
data sample. For the electron and the muon data samples, only central leptons are selected
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Figure 5: Transverse mass distribution of (a) W ! e� and (b) W ! �� decays. The points

are the data and the histogram is the best �t to the data. The arrows indicate the range used
to extract the W -mass.

(j�j < 1) with E`
T > 25 GeV and E/T > 25 GeV. In addition no jets with ET > 30 GeV should

be present in the event. Events with tracks with pT > 10 GeV/c in an isolation cone around
the lepton are excluded and the total transverse momentum of the W , pWT , is required to be
less than 20 GeV/c. This event selection yields 8049 and 4663 events for electron and muon
decays of the W , respectively. The mass of the W is obtained from a �t over 65 < mT < 100

GeV/c2. Figure 5 shows the transverse mass distribution for the data together with the best
�t of the Monte Carlo for the muon and electron channel. The W -mass is determined to be
M

�
W = 80:310 � 0:205(stat) � 0:130(sys) GeV/c2 based on 3268 W ! �� events in the mass

�tting window and M e
W = 80:490 � 0:145(stat)� 0:175(sys) GeV/c2 based on 5718 events.

Source e � common

Statistical 145 205 |

Energy scale 120 50 50
E or p resolution 80 60 |

pWT and recoil model 75 75 65
pdf's 50 50 50

QCD/QED corr's 30 30 30

W -width 20 20 20

Backgrounds/bias 30 40 5
Fitting procedure 10 10 |

Total 230 240 100

Combined 180

Table 3: Errors on MW
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Figure 6: Correlation between �MW and �, the signi�cance of the di�erence between data and
theory for the W -charge asymmetry, for various parton distribution functions for the W ! e�-

and W ! ��-sample, where �MW =M
pdf
W �MMRSD0�

W .

Table 3 lists the systematic errors on the individual measurements and the common errors.
Of the errors not discussed so far, the error due to the pWT and recoil model and the proton
structure are the dominant ones. The error due to the parton distribution inside the proton
is constrained by the W -asymmetry measurement. Figure 6 shows the correlation between
�MW and the signi�cance of the deviation of the theoretical prediction and the data for the

W -asymmetry for the electron and muon channel separately (cf. eq. (2)). The error on MW

is the symmetrized spread in masses for �2 < � < 2. The error from the recoil model is
mainly due to the statistical 
uctuations arising from the �nite size of the Z ! e+e� sample
and is evaluated by Monte Carlo simulation. Skewing the pWT -spectrum, the error from the
uncertainty of the input pWT -spectrum is determined. The total error from the pWT and recoil

model is 75 MeV/c2.

5 Gauge Boson Pair Production

Gauge boson self-interactions are the direct consequence of the non-Abelian SU(2)�U(1) gauge
symmetry. A direct measurement of the self-interactions, possible through the study of di-gauge
boson production, is one of the remaining crucial tests of the standard model. Deviations
from standard model predictions could signal new physics. The cross sections for di-boson

production, however, are all extremely small. For example, the predicted cross section for W -

pair production with WW ! ``�� (` = e; �) is about 0.5 pb and large integrated luminosities

would be needed for a signi�cant measurement of the gauge couplings. The standard model

process ofW -pair production, however, is characterized by large cancellations between the s and

t channel production processes. The contributions from the t channel diagrams by themselves
would violate unitarity. This implies that if the couplings deviate from their standard model

values the gauge cancellations are destroyed and a large increase of the cross section is observed.



Moreover, the di�erential distributions will be modi�ed giving rise to gauge bosons with a large

transverse boost since the largest gauge cancellations occur for highly boosted gauge bosons.

The vertex of interest for the study of gauge boson self couplings is the coupling of a photon

or Z-boson to a pair of W -bosons. For pp interactions the sensitivity to the self interactions

is, to �rst order, only through s-channel interactions. The most general e�ective Lagrangian,

invariant under U(1)EM , for the electroweak gauge interactions contains eight independent cou-

pling parameters, the CP{conserving parameters �V and �V and the CP{violating parameters

~�V and ~�V , where V = 
 or Z. The CP{conserving parameters are related to the magnetic

dipole (�W ) and electric quadrupole (Qe
W ) moments of theW boson, while the CP{violating pa-

rameters are related to the electric dipole (dW ) and the magnetic quadrupole (Qm
W ) moments:

�W = (e=2mW )(1 + �
 + �
); Q
e
W = (�e=m2

W )(�
 � �
); dW = (e=2mW )(~�
 + ~�
); Qm
W =

(�e=m2
W )(~�
 � ~�
) [21].

In the standard model the couplings at tree level are uniquely determined by the SU(2) �
U(1) gauge symmetry: �V = 1 (��V=�V -1=0), �V=~�V=~�V=0. Because of the similarity of
the CP{conserving and CP{violating terms in the Lagrangian, the kinematic behavior of these
terms is similar and the limits on both sets of anomalous couplings will be approximately the
same. Therefore CP-violating terms will not be discussed explicitly. Also, unless stated, it will

be assumed that ��
 = ��Z and �
 = �Z.
A WWV interaction Lagrangian with constant, anomalous couplings violates unitarity at

high energies and therefore the coupling parameters must be modi�ed [22] to include form
factors, that is, ��(ŝ) = ��=(1+ ŝ=�2)2 and �(ŝ) = �=(1+ ŝ=�2)2, where ŝ is the square of the
center of mass energy of the subprocess. � is a form factor scale to avoid violating unitarity.

The ZZ
 and Z

 trilinear gauge boson couplings are described in a way analogous to the
WWV couplings. The most general Lorentz and gauge invariant ZV 
 vertex is also in this case
described by eight coupling parameters, hVi ; (i = 1:::4) [23], where V = Z; 
. Combinations
of the CP{conserving (CP{violating) parameters hV3 and hV4 (hV1 and hV2 ) correspond to the
electric (magnetic) dipole and magnetic (electric) quadrupole transition moments of the ZV 


vertex. In the standard model all the ZV 
 couplings vanish at tree level. Partial wave unitarity
of the general f �f ! Z
 process restricts the ZV 
 couplings uniquely to their vanishing SM
values at asymptotically high energies [24]. Therefore, the coupling parameters have to be

modi�ed by form-factors hVi = hVi0=(1 + ŝ=�2)n, where ŝ is the square of the invariant mass of
the Z
 system and � is the form-factor scale. The energy dependence of the form factor is

assumed to be n = 3 for hV1;3 and n = 4 for hV2;4 [25]. Such a choice yields the same asymptotic
energy behavior for all the couplings.

D� has searched for W -boson pair production pp ! WW + X ! ``0��0 [26]. The chan-

nels considered are ee; e� and ��. The standard selection cuts for W -events have an overall
e�ciency for W -pair production of � 0.07 and with an integrated luminosity of L � 14 pb�1

NWW
exp = 0:47 � 0:08 are expected from standard model processes. The most signi�cant back-

ground to this process is tt production. Because of the additional two b-jets in tt events, this

background can be eliminated relatively easily by a cut on the hadronic activity in the event.

D� applies a cut on the pT of the WW -system, EHAD
T = j � ( ~E`1

T + ~E`2
T + ~E/T )j, which is

required to be less than 40 GeV. This requirement rejects about 75% of the tt background with

an e�ciency of 95% (see �g. 7a). The searches in the ee��, e��� and ���� channels yield

one signal event with an anticipated background of 0.56 � 0.13 events. An upper limit on the
W -pair production cross section of �(WW ) < 87 pb�1 has been set at 95% CL. Since the cross

section increases very rapidly when the couplings deviate from their standard model values, the

measured 95% CL upper limit on the cross section can be used to set limits on anomalous cou-
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Figure 7: (a) Distribution of EHAD
T = j � ( ~E`1

T + ~E`2
T + ~E/T )j for WW ! e� (histogram) and

tt ! e� events (hatched). (b) Contour limits on �� and � from the measured WW ! ``0��

event rate.

plings. The limits on �� and � are shown in �gure 7b for a form factor scale of � = 900 GeV.
In general, limits on the couplings are quoted by varying only one independent coupling at a
time, while keeping the other couplings �xed to their standard model value. The limits on ��
and � from this analysis are then �2:6 < �� < 2:8 (� = 0) and �2:1 < � < 2:1 (�� = 0),
where �
 = �Z and ��
 = ��Z is assumed.

With large integrated luminosities it is possible to measure the W -pair production cross
section. Based on an integrated luminosity of L = 67 pb�1 CDF has done an analysis similar
to the D� analysis searching for W -pairs in the di-lepton channel using a jet veto, that is,
events with jets with ET (uncorrected) > 10 GeV are rejected. The selection yields 5 signal
events on a background of 1.23 � 0.43 events. The measured W -pair production cross section

is �(pp ! WW ) = (13:8+9:2�7:4 � 2:9) pb, where the standard model predicts �SM (pp !WW ) =
(9:5� 1:0) pb.

Searches for particle production requiring two leptons in the �nal state always su�er in

rate because of the small leptonic branching ratios. Relaxing the requirements to a single

lepton gives a substantial increase in event rate, though normally at the cost of a much larger

background. CDF has looked for WW and WZ-production using hadronic decay channels [27].

The process pp ! WW=WZ ! `�qq0 has been studied by selecting events with one high pT
lepton, large E/T and 2 jets with ET > 30 GeV. Since the jets come from the hadronic decay of
the gauge boson, their invariant mass is required to be consistent with the gauge boson mass,

60 < mjj < 110 GeV/c2. Since no distinction can be made between WW and WZ-production

in this selection, the sensitivity of the study was increased by including pp ! WZ ! qq0``

events, requiring the di-lepton invariant mass to reconstruct to the Z-boson mass.
The background from W=Z+jet production to these processes is about 30 times higher than

for the signal production. Anomalous couplings, however, modify the di�erential distributions

dramatically, especially the transverse momentum distribution of the W -boson. The ratio
�WW (pW

T
=200 GeV)

�WW (pW
T
=20 GeV)

is about 10�3, whereas for only modest deviations from the standard model

couplings (�� = 0; � = 1:0) this ratio is about 0.5. By requiring a high pT di-jet system,



pT (jj) > 130 (100) GeV/c for the process `�jj (jj``) the background is completely eliminated

and a very good sensitivity to anomalous couplings is retained. One completely loses sensitivity,

however, to standard model WW=WZ-production. Figure 8a shows the mjj distribution of the

candidate events for WW=WZ ! `�jj after passing all selection cuts except the two-jet mass

and two-jet pT cuts. The pjjT spectrum of the events in the range 60 < mjj < 110 GeV/c2 is

plotted in �gure 8b. The dotted lines show the predicted standard model signal; the dashed

lines are the predicted signal plus expected multi-jet andW=Z+jet backgrounds. One candidate

event is observed with p
jj
T > 130 GeV. No events passed all selection criteria for the di-lepton

search.

Figure 8: Selection of WW=WZ ! `�jj candidates. The mjj distribution (a) of the events

(solid line) passing all selection cuts except the two-jet mass and two-jet pT cuts. The subset
of events from (a) passing the two-jet mass cut is shown in (b). The dotted lines show the
predicted standard model signal; the dashed lines are the predicted signal plus background
distributions.

For standard model couplings 0.13 events are expected forWW=WZ ! `�jj and 0.02 events
for WZ ! jj``. Taking the observed one event as signal event, and comparing it with the
rate expected for anomalous couplings, the limits on the anomalous couplings for a form factor
� = 1000 GeV are �1:11 < �� < 1:27 (� = 0) and �0:81 < � < 0:84 (�� = 0), where again
�
 = �Z and ��
 = ��Z is assumed. If this restriction is relaxed and limits on �
 and �Z are

derived, the constraint on �Z is about a factor 2 tighter because gWWZ=gWW
 = cot#w � 1:8 .

The study of the production of photons in association with a W also permits a study of the
WW
-vertex [28, 29]. Most photons produced in association with a W are from initial or �nal

state radiation, but the s-channel contribution of a photon radiated from a W directly probes
the tri-gauge boson vertex. W
 events are selected by requiring, in addition to the regular

W selection criteria, an isolated photon with transverse energy E


T > 7 (10) GeV for CDF

(D�). Photons are detected in the pseudo-rapidity range j�
j < 1:1 for CDF and j�
j < 1:1
or 1:5 < j�
j < 2:5 for D�. The photon identi�cation e�ciencies are approximately 80% for

CDF and 75% (58%) for D� for the central (end) region. To reduce the contribution from
radiative events the photon is required to be well separated from the lepton from the W -decay,

�R(`
) > 0:7 .

The number of signal events, after background subtraction, and the number of expected
events from standard model processes are listed in table 4 for the electron and muon channels

separately. Figures 9a and b show the distribution of the transverse cluster mass and photon
pT -spectrum for the CDF and D� data, respectively. The transverse cluster mass, de�ned as



Transverse Cluster Mass

CDF Preliminary 1A+1B Data (67 pb-1)

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120 140 160 180 200

  Data (109 events)

W(e and µ) + γ

MC + Background
101.7 +/- 5.6 events

Background
26.4 +/- 3.1 events

GeV/c2

E
ve

nt
s/

10
G

eV
/c2

(a)

(b)

Figure 9: Distribution of the (a) transverse cluster mass and (b) photon transverse momentum
spectrum for the CDF and D� data.

M2
CT = [(M2

`
 + j~p 
T + ~p `T j2)
1

2 + p�T ]
2� j~p 
T + ~p `T + ~p �T j2, is the minimum 3-body invariant mass of

the lepton, photon and neutrino. Radiative events tend to populate the lower end of the MCT

and p
T distribution; W
-production events populate the high end of these distributions. Good
agreement with the standard model predictions is observed.

In general, if the event statistics allows it, better limits on anomalous couplings are obtained
by performing a maximum likelihood �t to a di�erential distribution rather than from the event

rate. For W
 (and Z
) production a binned maximum likelihood �t is performed to the E

T -

spectrum as a function of the coupling constants. The last data bin is explicitly taken to
be a zero-event bin. The limits thus obtained for a form-factor scale of � = 1:5 TeV are
�1:6 < �� < 1:8 (� = 0) and �0:6 < � < 0:6 (�� = 0), for D� based on 14 pb�1 [29]. The

preliminary limits from CDF are �1:8 < �� < 2:0 (� = 0) and �0:7 < � < 0:6 (�� = 0),

based on 67 pb�1. The D� limits are slightly stronger, even though based on less integrated
luminosity, because of the larger detector acceptance and because of the absence of very high

pT photons. The corresponding contours in �� and � are shown in �gure 10a. A vanishing
magnetic dipole moment and electric quadrupole moment of theW , corresponding to �� = �1

2

and � = �1
2
is excluded at 99% CL.

The decay rate for b! s
 can also be used to set limits on anomalous couplings since the

process is sensitive to photon radiation o� theW -boson in the penguin diagram. The branching

ratio has been measured by CLEO to be B(b! s
) = (2:32�0:57�0:35) 10�4 [30]. The upper

limit on this branching ratio excludes the outer regions in the (��; �)-plane in �gure 10a. The
narrow region between the two allowed CLEO bands is excluded by the lower limit.

The study of Z
 anomalous couplings follows the same lines as the W
 analysis [31, 32].

Table 4 lists the expected and observed number of signal events for both experiments. The
preliminary CDF limits on the anomalous couplings for a scale factor � = 500 GeV, obtained

from a likelihood �t to the p
T -spectrum, are �1:6 < hZ30 < 1:6 (hZ40 = 0) and �0:4 < hZ40 < 0:4



D� CDF
14 pb�1 67 pb�1

W
 ! e�
 W
 ! ��
 W
 ! e�
 W
 ! ��


Signal 9:0+4:2�3:1 � 0:9 7:6+4:4�3:2 � 1:1 58:9 � 9:0 � 2:6 23:7 � 5:9 � 1:1

SM 6:9 � 1:0 6:7 � 1:2 53:5 � 6:8 21:8 � 4:3

Z
 ! ee
 Z
 ! ��
 Z
 ! ee
 Z
 ! ��


Signal 3:6+3:1�1:9 1:9+2:6�1:3 17:1 � 5:7 12:5 � 3:6

SM 2:8 � 0:4 2:3 � 0:4 16:2 � 1:8 8:7� 0:7

Table 4: Number of signal and expected events for standard model couplings (SM) for W
 and

Z
 production.

(hZ30 = 0) for 67 pb�1 of data. The corresponding D� limits, based on 14 pb�1, are �1:9 <

hZ30 < 1:8 (hZ40 = 0) and �0:5 < hZ40 < 0:5 (hZ30 = 0) [32]. Figure 10b summarizes all limits
on hZ30; h

Z
40, including the preliminary result from the L3 experiment [33]. Its contour has a

di�erent orientation because of the di�erent subprocess center of mass energy at which the
events are produced in the e+e�-collisions.
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Figure 10: Limits on anomalous couplings (a) ��; � from W
-production from CDF, D� and
CLEO and (b) hZ30; h

Z
40 from Z
-production from CDF, D� and L3.

6 Conclusions

A wide variety of properties of the W and Z-bosons are now being studied at hadron colliders

with ever increasing precision. The mass of the W -boson is now measured to about two parts



per thousand. The magnetic moment of the W and its self-interactions are being probed

and all results so far appear to be in good agreement with the standard model. With the large

integrated luminosities collected by both the CDF and D� experiment all measurements should

bene�t greatly from the new data.
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