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ABSTRACT

An overview of recent electroweak physics results from the
Tevatron is given. Properties of the W+ and Z° gauge bosons
using final states containing el ectrons and muonsbased on large
integrated luminosities are presented. In particular, measure-
ments of the W+ and Z° production cross sections, the W -
charge asymmetry and the measurement of the W-mass are sum-
marized. Gauge boson self interactions are measured by study-
ing gauge boson pair production and limitson anomal ous gauge
boson couplings are discussed.

. INTRODUCTION

The Standard Modd of electrowesk interactions (SM) has
taken a very prominent position in today’s description of ex-
perimental results. Perhaps the most compelling reason for this
dtate of affairs is that the experimental results have reached a
level of precision which require a comparison with theory be-
yond the Born cal culations, which the SM is able to provide. It
iswidely anticipated, though, that the SM isjust an approximate
theory and should eventually be replaced by a more complete
and fundamental description of the underlying forces in nature.
Sincethehighest center of massenergiesarereached at the Teva
tron, the measurements at this accelerator provide natural tools
to probe the SM at the highest energy scale.

In this summary the most recent electroweak results from the
Tevatron will be described, with the emphasis on results from
the collider experiments CDF and D@. The CDF and DY de-
tectors are large multi-purpose detectors operating at the Fer-
milab Tevatron pp Collider [1, 2]. The DJ 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. During the 1992-1993
run, generally called Run 1a, the CDF and D& experiments have
collected ~20 pb~! and ~15 pb~?! of data, respectively. For
the 1994-1995 run (Run 1b) both experiments have collected
~90 pb~! of data. The CCFR experiment at Fermilab stud-
ies v,-nucleon interactions. The measurement of the ratio of
charged and neutral current cross sections providesadirect mea
surement of the weak mixing angle. Results onthe 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
moments of the gauge boson are discussed.
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1. 1VB PRODUCTION CROSS SECTIONS

In Bp collisionsintermediate vector bosons are produced pre-
dominantly by quark-antiquark annihilation. In approximately
80% of theinteractionsa valence quark isinvolved. Sea-seain-
teractions contribute ~220% to the total cross section. The lep-
tonic decay modes of the W and Z-bosons are easily detected
because of their characteristic decay signatures: for aW decay
a high p7 lepton accompanied by large missing transverse en-
ergy (Er ), indicating the presence of a neutrino, and two high
pr leptonsfor Z-decays. The measurement of theW and Z pro-
duction cross sections probesthe SM of dectroweak and strong
interactions and provides insight in the structure of the proton.
With the large increase in integrated luminosity the new mea-
surements have a significantly improved precision. A persistent
uncertainty on any cross section measurement at a zp collider,
however, is the large uncertainty on the integrated luminosity
dueto the uncertainty on the effective total pp cross section seen
by the detectors. This uncertainty cancels completely inthera
tioof the W and Z production cross sections, aquantity that can
be used to extract the width of the W-boson, T'(W). The event
selection isthus geared towards maximizing the cancellation of
the different uncertainties in the ratio of the two cross section
measurements.

DD CDF
e 7] e 7]
W cand. 59579 2472 13796 6222
Aw (%) 434+ 15 | 201407 || 342408 | 163+ 04
ew (%) 700+ 12 | 247415 || 720+ 11 | 7424+ 27
Bkg (%) 81409 | 186+20 || 141+ 13 | 151+ 22
SL(pb™t) | 759+ 64 | 320+27 || 197407 | 180+07
Z cand. 5702 173 1312 423
Az (%) 342405 | 574+05 || 409+05 | 159403
ez (%) 759+ 12 | 432+30 || 696+ 17 | 747+ 27
Bkg (%) 48405 | 80+21 | 16+£07 | 04+02
J£(pb=') | 891+ 75 | 320+£27 || 197+07 | 180+ 0.7

Tablel: Andysisresultsfor the W and Z-production cross sec-
tion measurement for CDF and D@. Ay, ey and Bkg stand for
acceptance, detection efficiency and Bkg, respectively, for vec-
tor boson V.

W and Z events are normally recorded using a common sin-
gleleptontrigger. The event selection for W-bosonsrequiresan
isolated lepton with transverse momentum pr > 25 GeV and
Er > 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 | lists the kinematic
and geometric acceptance (Ay ), trigger and event selection ef-
ficiency (ey) and background (Bkg) for the electron and muon
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decay channdl for the two experiments (V = W or 7) [3, 4, 5].
The vector boson inclusive cross section times decay branch-

ing ratio followsfrom the number of background subtracted ob-

served candidate events, corrected for efficiency, acceptance and

[uminosity:

Nobs - ka_q

.B =
d Ael

Here N, isthe observed number of eventsand Ny, the num-
ber 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 Ta:
blell and are compared with thetheoretical predictionin Fig. 1.
Thetheoretical predictionsfor thetotal production cross section,
caculated to O(a?) [6], depend on three input parameters: the
mass of the W -boson, taken to be My, = 80.23 4+ 0.18 GeV/c?,
themass of the Z-boson, Mz = 91.188+0.002 GeV/c? [7], and
the structure of the proton. Using the CTEQ2M parton distribu-
tion functions [8], the prediction for the total cross sections are
ow =22.35nband oz =6.708 nb. Using theleptonic branching
ratio B(W — fv) = (10.84 &+ 0.02)%, as calculated follow-
ing reference [9] using the above quoted W-mass, and B(Z —
££) = (3.366 & 0.006)% as measured by the LEP experiments
[1Q], the theoretical predictions for the tota inclusive produc-
tion crosssection timesbranching ratioareow - B(W — fv) =
2.427313 nband oy - B(Z — ££) = 0.2267 3065 nb. Thetwo
largest uncertainties on the theoretical prediction are the choice
of parton distributionfunction (4.5%) and the uncertainty dueto
using aNLO parton distribution function with afull O(«?) the-
oretica calculation (3%). The experimenta error is dominated
by the uncertainty on the luminosity.

ow - B(W — ) oz -B(Z — )

1992-1993

Dd (e) 236+ 0.024+ 0.15 | 0.218 + 0.008 + 0.014
D@ () 2,09+ 0.06+ 0.25 | 0.178 £+ 0.022 + 0.023
CDF (e) 2494 0.024+ 0.12 | 0.231+ 0.006 + 0.011
CDF (u) 248 4+ 0.03+ 0.16 | 0.203+ 0.010+ 0.012
1994-1995

Dd (e) 2384+ 0.014+ 0.22 | 0.235+ 0.003 + 0.021
D@ (1) 2284+ 0.044+ 0.25 | 0.202 + 0.016 &+ 0.026

Tablell: Measured cross section times branching ratio in nb for
W and Z production based on integrated luminosities of 12.8
(11.4) pb~?! and 19.7 (18.0) pb~? for the el ectron (muon) chan-
nel for DG and CDF, respectively for the 1992-1993 data and
the preliminary D@ resultsfor 75.9 (32.0) pb~? of datafromthe
1994-1995 run.

Theratio of the cross section measurements in which theerror
on the luminosity, common to both the W and Z events, com-
pletely cancels measures the leptonic branching ratio of the W -
boson. It can be used, within the above framework, to extract
thetotal width of the W-boson:

_ ow - B(W — )
~ oz-B(Z — )

ow T(W —dv)T(2)
oz [(Z > o) T(W)
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Figure 1: Measurements of the W and Z inclusive cross section
compared with the theoretical prediction using the CTEQ2M
parton distribution function. The shaded bands indicate the un-
certainty on the predictions.

which gives

-1 _ow, b 1
BW—b) = Bz R

Using the SM prediction[9] for the partial decay widthT'(W —
£v) thetotal width T'y isgiven by

ow T(W—dv) 1
Tw = W

oz B(Z—#) 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 domi-
nated by the choice of parton distribution functions. Note that
in theratio the theoretical uncertaintiesalso largely cancel. Us
ing, as before, the measured branching ratio B(Z — ££) =
(3.366 + 0.006)% and the theoretical prediction for the par-
tial decay width T'(W — ¢v) = 2252 + 1.5 MeV [9] the W
leptonic branching ratio, as determined from the combined DJ
electron and muon 1992-1993 data, is (11.02 + 0.5)%; the CDF
measured branching ratio, based on the 1992-1993 el ectron data
is (10.94 + 0.33 £+ 0.31)%. Using the calculated partial lep-
tonic branching ratio, these measurements yield for the width
Fw = 2.044 + 0.093 GeV [5] and 'y = 2.043 + 0.082
GeV [3], respectively. The CDF vaue differs from their pub-
lished value due to the use of more recent experimental mea
surements in evauating the input parameters. Figure 2 shows
the world W -width measurements together with the theoretical
prediction[3, 5, 11, 12].

Taking into account that the ratio of the total cross sec-
tionsow /oz isdightly different at a center of mass energy of
630 GeV (ow /oz(+y/s = 630 GeV) = 3.26 + 0.09), and ac-
counting for the correlation between the measurements at dif-
ferent center of mass energies through the choice of parton dis-
tributionfunctions, the different values of I'yy can be combined
to give aworld average of ['yy = 2.062 £ 0.059 GeV, amea-
surement at the 3% level. Thisisin good agreement with the
SM prediction of T'(W) = 2.077 £ 0.014 GeV. The com-
parison of the measurement with the theoretica prediction can
be used to set an upper limit on an “excess width” AT’y =
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I'w (meas) — Ty (SM), alowed by experiment for non—-SM de-
cay processes, such as decays into supersymmetric particles or
into heavy quarks. Comparing the above world average value
of I'yy with the SM prediction a95% C.L. upper limit of AT <
109 MeV on unexpected decays can be set.

—-|| |~ Theory, 95%
® Muon UAL
m Electron UA2
CDF 89
CDF 89
CDF 93
e
CDF 93
D@ 93
D@ 93
CDF 93, Direct
World Average
NN
| . | |
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(W) (GeVv)

Figure 2: Measurements of I'yy compared with the SM expec-
tation.

Since the intermediate vector bosons are produced through
a Breit-Wigner resonance the line shape of the mass distribu-
tion contains information about the width of the boson. For -
bosons, the high tail of the transverse mass distribution, where
the Breit-Wigner shape dominates over the detector resol utions,
can be used to extract I'yy. Using a binned log-ikelihood
method, CDF has fit the transverse mass® (my) distribution far
abovethe W pole (mr > 110 GeV/c?) to Monte Carlo gener-
ated templates with varying W-width [13]. Using this method
the W-width has been determined tobe I'yy = 2.11 £ 0.28 £+
0.16 GeV, where the systematic error (8%) is dominated by un-
certaintiesin modelling the W transverse momentum distribu-
tion (6%) and the Er resolution (5%). Although the precision
of this method is currently not competitive with the extraction
of thewidth fromtheratio of cross sections, it has the advantage
that it isrelatively independent of SM assumptions.

[11. DRELL-YAN PRODUCTION

One of the unique features of pp collisionsis the large range
of available partonic center of mass energies. Thisallowsfor a
study of the Z line shape through the Drell-Yan process (g —
(v,Z —) £7£7) over alarge di-lepton invariant mass region.

ITransverse massis defined as the invariant mass of the lepton and the neu-
trino of the W -decay in the transverse plane (see section V).

Drell-Yan differential cross—section
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Figure3: Doubledifferentia crosssectiond?s/dM dy for CDF
electron and muon data combined. The open symbols are from
the 88/89 data. The solid symbols correspond to the full Run |
data. The curves arethe theoretical predictionsfor different A _
values.

The low invariant mass region allows access to the small = re-
gion of the parton distribution functions down to z = 0.006,
where z is the fraction of the proton momentum carried by the
parton. The region well above the Z pole is the region where
the v Z interference effects are strongest. A possible substruc-
ture of the partons would manifest itself most prominently in a
modification of theinterference pattern. Substructure of partons
is most commonly parametrized in terms of a contact interac-
tion [14], characterized by a phase, 7, leading to constructive
(n = —1) or destructiveinterference (n = +1) withthe SM La
grangian, and a compositeness scale, A,, indicative of the en-
ergy scale a which substructure would be reveaed. By fitting
thedi-leptoninvariant mass spectrum to various assumptionsfor
the compositeness scal e and the phase of theinterference, lower
[imits on the compositeness scale can be set.

The CDF experiment has measured the double differential
Drell-Yan crosssection d2o /d M dy for electron and muon pairs
inthemass range 11 < My < 150 GeV/c? for the Run la
data[15], and 40 < My < 550 GeV/c? for the Run 1b data.
The di-electron invariant mass spectrum is measured over the
rapidity interval |n| < 1. Due to a more restricted coverage,
the muon cross section has been determined only over therange
|n| < 0.6 . Figure 3 shows the measured cross section for elec-
tronsand muons combined. The curves correspond to aleading-
order calculation of the Drell-Yan cross section with in addition
acontact interaction of left-handed quarks and | eptonswith pos-
itiveinterferencefor different values of the compositeness scale.
Higher order effects have beenincluded throughthe use of acon-
stant k-factor of & = 1.12 . Thecurvefor A_ = 1000 TeV in-
dicates the SM prediction. The datais clearly inconsistent with
low A_ values. Performing a maximum likelihood fit yields
scale factors for the electron dataof A_ > 3.4 TeV, AL > 24
TeV and for the muon data of A_ > 35 TeV, AL > 29 TeV.
Combining both channelsyields Ay > 29 TeV and A_ > 3.8
TeV. Thisimpliesthat up to adistance of < 10~17 cm theinter-
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acting particlesreveal no substructure.

V. FORWARD-BACKWARD ASYMMETRY

Because the left-handed and right-handed coupling of
fermions to the Z boson are not the same, the angular distri-
bution of the outgoing fermion with respect to the incoming
fermion in the parton center of mass frame, has a term linear
in cos ¥* [16]. The angular distributionis thus asymmetric and
will exhibit a forward-backward asymmetry, defined as

where o r isthe cross section for fermion productionin the for-
ward hemisphere (0° < 9* < 90°) and, correspondingly, o
for the backward hemisphere (90° < 9* < 180°). Due to the
changing polarization of the Z boson as function of center of
mass energy, Arg has a strong energy dependence. Since the
couplingsof thefermionsto the Z boson depend on the fermion
weak isospin and charge, Apg is different for different initial
and final states. For the Drell-Yan processpp — £1 4~ no dis-
tinction can be made between vz and dd initial states and there-
fore the asymmetry measured will be a convolution of both. It
isinteresting to note that this process isthe time-reversal of the
corresponding process a e T e~ -machines and the measurements
are complementary. At LEP and SL C the measurements are free
from parton distribution function uncertainties, whereas at the
Tevatron, the light quark asymmetries are free from fragmenta-
tion uncertainties.

The CDF experiment has measured Apg using the full Run |
data set for di-electron final states with |n,, | < 1.1 and |n,| <
2.4 [17]. The data sample is divided into two invariant mass
regions: apole region, 75 < M., < 105 GeV/c? with 5463
events and a high mass sample, M., > 105 GeV/c? with 183
events. Figure 4 shows the event count in cos ¢* for the high
mass sample. The dashed lineis the raw data distribution and
already showsaclear forward-backward asymmetry. The points
are the corrected data compared to the SM prediction using the
MRSA parton distributionfunction[18]. The background inthe
pole-regionis dominated by QCD di-jet events where both jets
either contain or fake an eectron. It has been estimated to be
110 + 36 events. In the high mass region the background is
relatively small but has alarge uncertainty, 072" events, which
dominatesthe systemati c uncertainty on the measurement inthis
mass region. Because of the finite mass resolution, events will
migrate between the two mass regions. The deconvolution of
the mass resolutionis performed with aMonte Carlo simulation
and resultsin a correction on Agg Of A 4., = +0.07 £ 0.03
in the high mass region and A4, = —0.010 £ 0.003 in the
pole region. The corrections for angular acceptance have also
been determined from Monte Carlo simulations. The analysis
yidds App = 0.07 & 0.016 for 75 < M,, < 105 GeV/c?, and
App = 0.4340.10 for M,, > 105GeV/c?, compared tothe SM
predictionsof App = 0.054+0.001and Arp = 0.528+0.006,
respectively.

Even though in the high mass region the asymmetry is mea
sured with arather large error, these measurements still serve as

a) Electron Pairs, High Moss Region

80 - — Standard Model (MRSA)
« CDF DATA (110 pb™") <4

o b Raw event count

60

Number of Events / 0.1

Figure 4. Distributionsin cos¥* for events from the process
pp — Z/y+ X, Z/y — ete™ for the di-eectron invariant
mass region M., > 105 GeV/c2. The points are the fully cor-
rected data and thelineisthe SM calculation, normalized to the
number of events observed inthe data. The dashed histogramis

the raw event count.

aprobe of extensions of the SM because model s with additional
heavy neutral gauge bosons can substantially ater Apg. For ex-
ample, Fig. 5 from [19] shows Apg for dd — ete~ asfunction
of the partonic center of mass energy for the SM (solid line) and
for variousmodel swith an additional neutral heavy gauge boson
with amass of 500 GeV/c?. A modest event sample at a center
of mass energy of v/s = M allowingan unambiguoussign de-
termination of Apg, would already put constraints on extended
gauge sectors in the SM.
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Figure5: Partonlevel forward-backward asymmetry asfunction
of center of mass energy for dd — et e~ for theSM (solidline),
and for models with an additional Z; (dashed-dotted line), Z,,
(dashed line) or Z,, (dotted line) boson of 500 GeV/c? [19].
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V. W-MASS

The mass of the W-boson is one of the fundamental parame-
ters of the SM. A precision measurement of the W-boson mass
allowsfor astringent test of the radiative correctionsin the SM.
Combined with the measurement of the mass of the top-quark
and precision measurements from ete~ and neutrino scatter-
ing experiments, inconsi stencies between the different measure-
ments can be looked for, possibly indicating processes beyond
the SM.

In W eventsproduced inahadron collider in essence only two
guantities are measured: the lepton momentum and the trans-
verse momentum of the recoil system. The latter consists of
the“hard” W -recoil and the underlying event contribution. For
W -events these two are inseparable. The transverse momen-
tum of the neutrino isthen inferred from these two observables.
Since the longitudinal momentum of the neutrino cannot be de-
termined unambiguously, the W-boson massisdetermined from
the line shape in transverse mass, defined as

mp = \/pr_,,pl_’,,(l—coscp“’).

Here ¢*¥ is the angle between the lepton and neutrino in the
transverse plane.

Both the transverse mass and lepton transverse momen-
tum are, by construction, invariant under longitudinal Lorentz
boosts. The quantity transverse mass is preferred over the lep-
tontransverse momentum spectrum becausetofirst order itisin-
dependent of the transverse momentum of the W. Under trans-
verse Lorentz boostsaong adirection ¢*, mz and pk transform
as
M3?

M} — 8% cos? o* M;?

R

2

.1 .
Py pr + 55 cos ™ My

with M7 = My sind*, M; = Mw cosd* and 3 = LW
The asterisks indicate quantitiesin the W rest frame. The Iep-
tontransverse momentum dependslinearly on 3 whereasthe de-
pendence of thetransverse massissecond orderin 8. Thedisad-
vantage of using the transverse massisthat it uses the neutrino
transverse momentum which isa derived quantity. The neutrino
transverse momentum is equated to the missing transverse en-
ergy in the event, which is given by

ZPT =

where p7.*¢ is the transverse momentum of the W-recoil and
iy (L) thetransverseenergy flow of theunderlying event, which
dependson theluminosity. It then followsthat the magnitude of
themissing E vector and the true neutrino momentum are re-
lated as Er Yy + %%. This relation can be interpreted
as the definition of the neutrino momentum scale. Note that the
underlying event gives rise to a bias in the measured neutrino
momentum with respect to the true neutrino momentum. When
there are more interactions per crossing |ir | behaves as a two-
dimensional randomwalk and is proportional to /I, where I

T Eec

T — Pr

— Ur(L)

isthenumber of interactionsper crossing. The shiftin measured
neutrino momentum is thus directly proportional to the number
of interactions per crossing. The resolution increases as +/I¢.
At highluminositiesalternate methodsto determinethe W-mass
may therefore be advantageous[20].

Since there is no analytic description of the transverse mass
distribution, the W-mass is determined by fitting Monte Carlo
generated templates in transverse mass for different masses of
the W -boson to the data distribution. This distribution exhibits
a Jacobian edge characteristic of two-body decays which con-
tains most of the mass information. For the W-mass determina-
tion both the energy scalefor thelepton and recoil system, which
determine the peak position of the transverse mass distribution,
as well as the resol utionson the measured variabl es, which con-
trol the steepness of the Jacobian edge, are crucial.

The CDF mass analysis discussed hereisbased onthe Run 1a
data [21]. The D@ mass analysis aso includes a preliminary
result from the Run 1b data [22]. In the CDF W-mass analy-
sis the momentum scale of the central magnetic tracker is set
by scaling the measured J/4-mass to the world average value
using J/¢¥ — ptu~ decays. Based on a sample of approxi-
meately 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 tra
verse. This procedure establishes the momentum scale at the
J /¢-mass, where the average muon pr is about 3 GeV/c, and
needs to be extrapol ated to the momentum range appropriatefor
leptonsfrom W -decays. Theerror dueto possiblenonlinearities
in the momentum scale is addressed by studying the measured
J /¢-mass asfunctionof (1/p%), extrapolated to zero curvature.
This extrapol ation, which includes an uncertainty on a possible
non-linearity of the momentum measurement, increases the er-
ror on the momentum scale to 0.00058 at the W-mass. Thisre-
sultsin an error on the W-mass of 50 MeV/c2.

Having established the momentum scale, the calorimeter en-
ergy scale is determined from a line shape comparison of the
observed E/p distribution with a detailed Monte Carlo predic-
tion as shown in Fig. 6. A two-dimensiona fit of Monte Carlo
generated E /p distributionsin the energy scale and the electron
momentum resol ution isused to establish the absol ute cal orime-
ter energy scale. The scale factor is extracted from afit over the
range0.9 < E/p < 1.1. Since the momentum measurement
isvery sensitive to bremsstrahlung effects, the energy scale de-
termination is critically dependent on an accurate modelling of
the amount of material the electronstraverse. Using the ratio of
eventsintheregion 1.3 < E/p < 2.0 tothe eventsin the range
0.8 < E/p < 1.2 theamount of material is determined to be
(8.940.9)% X, consistent with independent checks using pho-
ton conversionsand Z-events but dightly higher than from adi-
rect accounting of the material. Thelimited statisticsinthehigh
E /pregionisthedominant source of the systematic error on the
amount of materia traversed by electrons and thus on the en-
ergy scale determination. The uncertai nty of 10% onthe amount
of materia in front of the calorimeter contributes a 70 MeV/c?
uncertainty on the W-mass. The other two main contributions
to the total energy scae error are a 65 MeV/c? error due to the
statisticsinthe E /p-peak and a50 MeV/c? error fromthe uncer-
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Figure 6: The E/p distribution for electrons in the W-sample
(points) with the best fit from the simulation (histogram).

tainty on the electron resolution. Thetota error on the W-mass
from setting the energy scale using the momentum scale isthus
110 MeV/c? which, combined with the 50 MeV/c? momentum
scale uncertainty, gives a total energy scale uncertainty on the
W -mass of 120 MeV/c? for the measurement using W — ev
decays.

The energy and momentum scales are verified by measuring
the masses of known resonances, the Z-mass and the masses
of the T resonances. They are al in good agreement with the
world average values. The width of the Z-resonance provides
a congtraint on the momentum resolution that resultsin a sys-
tematic error on the W-mass from the uncertainty on the mo-
mentum and energy resol ution of 60 MeV/c? and 80 MeV/c? for
the muon and el ectron measurement, respectively. Thehadronic
energy scale does not need to be determined separately since
Z — ete collider events are used to model the W -recoil sys-
tem.

At D@ the W-mass is measured from W — ev decays. The
electromagnetic (EM) energy scaleis determined by calibrating
tothe Z — ee resonance. Since the absolute energy scale of
the EM calorimeter isnot known withtherequired precision, the
ratio of the measured W and Z masses and the world average
Z mass are used to determine the W boson mass. The W mass
mesasured is de facto the ratio of the measured W and Z mass,

scaledtothe LEP Z mass: My = %m x MZEP . A number of

systemati c effects, common to both measurements cancdl inthe
ratio. Most notably, as shall be discussed in more detail below,
theratioisto first order insensitive to the absol ute energy scale.

Test beam measurements have demonstrated the EM
calorimeter to be linear to better than 0.5% for el ectron energies
exceeding 10 GeV. To establish the energy scale with the preci-
sion required for this measurement, it is necessary to determine
to which extent a potential offset in the energy response, as
opposed to a scale factor, is responsible for the deviation of

the ratio MLEP

the measured Z mass with the measurements of 7° — v
and J/v — ete~ decays and comparing them to their known
values[23]. If the electron energy measured in the calorimeter

from unity. This was achieved by combining

and its true energy are related by Freas = @ Eiye + 6, the
measured and true mass values are, to first order, related by
Mmeas — @ Myiue + 8 f. Thevariable f depends on the decay
topology and isgiven by f = Msm v/2, where v is
the opening angle between the two decay products and F; and
E; aretheir measured energies.

X/ndt_8392 ] o7
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Figure 7: The M,y,, mass spectrum obtained from 70 — gy
decays.

Figure 7 shows the background subtracted mass spectrum of
thedecay 7° — 4. Thetwo photonsin the decay of the neutral
pion are not resolved in the cal orimeter, but by selecting events
in which both 4’s convert into an et e~ -pair, and produce dis-
tinctive doubly ionizing tracks in the central detector, the open-
ing angle can be reconstructed. The “mass’ plotted in Fig. 7
(data pointswith error bars) is

Msym:E-sing, (@D}
where FE is the cluster energy, equal to the sum of the pho-
ton energies, and 9 is the opening angle of the two photons.
M,y isequal to theinvariant mass for symmetric decays. The
shape compares well with the Monte Carlo simulation shown
as the solid line. The measured mass is Myo = (135.4 +
10.0) MeV/c2. The sensitivity to the energy scale and offset is
determined by varying both parametersin a Monte Carlo simu-
lation and performing a x? fit to the data. This procedure maps
out an alowed region in the (e, §)-plane shown as the dashed
lineinFig. 8.

Similarly, a J/¢ signa with a significance of about 50 has
been extracted from the data, which yields an additional, inde-
pendent constraint on « and é (dashed-dotted line in Fig. 8).
The strongest constraint on the energy scale uncertainty comes
fromthe Z data. The fact that electrons from Z decays are not
monochromatic is exploited by studying the invariant mass dis-
tribution as function of the variable f. Small values of f corre-
spond to the decay of highly boosted Z bosonswith, on average,
higher energies. The dependence of the observed Z boson mass
as function of f thusdirectly trandates into a constraint on the
energy scale and offset, shown asthesolidlinein Fig. 8. Each of
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themass stateshasadifferent sensitivity to« and 6 and, taken to-
gether, provide a powerful tool for establishing the energy scale
insitu. When combined, these three constraintslimit & and é to
the shaded elliptical region. Test beam measurements permit a
small nonlinear term in the energy response, which affects both
o and 6 and alterstheratio Mw /M largely through the effect
oné. Theallowedregioninthe (e, §)-planewhen nonlinearities
areincluded isindicated by the dotted linein Fig. 8.

Using the measured masses for the observed resonances, the
energy scale factor determined for the Run la data is «
0.9514 4 0.0018%:55°1 and the offset is 6 (—0.158 +
0.01573:53) GeV, where the asymmetric errors are due to pos-
sible calorimeter nonlinearities. The measured offset is consis-
tent with that determined from test beam data, and has been con-
firmed by a detailed Monte Carlo study of energy lossin the cen-
tral detectors. The dependence of the measured ratio of the W
mass to Z mass on « and § may be estimated from

[1 +
true

It should be noted that the W mass is insensitiveto « if § =
0. The offset resultsin a5 MeV /c? correction to the mea
sured W mass. The uncertainty on the absolute energy scae re-
sults, for the Run la data sample, in an uncertainty on My, of
160MeV/c?, of which 150 MeV/c? isduetothelimited Z statis-
tics. For theRun Ib datasample, with atotal integrated luminos-
ity of approximately 76 pb—!, theenergy scale uncertainty onthe
W massis80 MeV/c2.

MW (a, 5)

b6 fw Mz — fz Mw
Mz(a,5)

Mz - Mw

= —MZ

meas

5 0.958

0.956 [
0.954 [
0.952 |-

095 [

0.948 L—

Figure 8: Constraintson slope & and intercept 6 from observed
J/¥ — eTe~ (dashed-dotted ling), 7° — v (dashed line),
and Z — ete~ decays (solid ling). The shaded inner contour
showsthe combined result. Thedotted lineindicatestheallowed
areawhen nonlinear terms, as constrai ned by test beam measure-
ments, are included.

The W event sample is selected by placing very stringent
kinematic and fiducia cuts. Both the CDF and D@ mass anal-
yses are currently based on event samples with central leptons
only. The main difference in event selection is the treatment of
the hadronic activity in the event. The CDF event selection ex-
cludes events with jetswith Ez > 30 GeV. In addition pI_’FV is
required to be less than 20 GeV/c, whereas D@ only requires
py¥ < 30 GeV/c. These sets of sdlection criteriayield event

samples of 8049 and 4663 events for the el ectron and muon de-
cays, respectively, for CDF and 7234 W — ev decaysfor thela
and 32856 for the |b data set for DQ.

The W-mass is then determined from a maximum likelihood
fit of Monte Carlo generated templatesin transverse mass to the
data distributions. In the Monte Carlo model of W -production,
eventsare generated accordingto arelativistic Breit-Wigner res-
onance, with alongitudina momentum distribution as given by
the chosen parton distribution function. The CDF choice for
nominal parton distribution functionisthe MRSD’- pdf [18]. In
their model the transverse momentum of the W is generated ac-
cording to the measured pr distribution of Z-events. This pro-
cedure can be justified because of thesimilarity between W and
Z-productionand because there are large uncertainties, both the-
oretical aswell as experimenta, on the W pr-distribution. The
procedure hasan added advantagethat therecoil system doesnot
need to be modeled independently, sinceit istaken directly from
Z-events with the two leptons removed. This recoil distribu-
tionfrom Z-eventsis corrected for thelepton remova and mod-
ified to match data and Monte Carlo with respect to the width
of the distribution of the projection of the pr of the recoil sys-
tem perpendicular to the lepton direction. The disadvantage of
the method isthat very few events (555 events to be precise) are
used to model therecoil with adlightly different acceptance than
for W-events, and it ignores the correlation between the trans-
verse and longitudinal momenta and the difference in mass be-
tween the W and Z-bosons.

The DY experiment generates W bosons using the doubl e dif-
ferential production cross section in pr and rapidity calcul ated
at next to leading order [24] using the MRSA parton distribu-
tion functions [18], thus including the correlation between the
longitudinal and transverse momentum. Minimum bias events
are used to mode the underlying event, mimicking the debris
in the event due to spectator parton interactions and the pile-up
associated with multiple interactions, and including the resid-
ual energy from previousbeam crossings. Therelative response
of the hadronic and EM caorimetersis established by studying
Z events. To ensure an equivalent event topology between the
W and Z events, Z decays in which one electron isin the end
calorimeter are included in this study. The transverse momen-
tum balancein Z eventsisgiven by p7* + p72 + pp®¢ + tr =
— Er. Onefindsfor theaverage |5 +522 + Ex |2 = «2 |pge|>+
|tir|? assuming |pre¢| = «|pge|, where p2e is the transverse
momentum of the Z measured from thetwo el ectrons. The cross
term on theright hand side averages to zero since the underlying
event vector israndomly distributed with respect to the Z recoil
system. Figure 9a shows the distribution of |52 + 55* + Er|?
versus |p£¢|?. The data showsalinear relation between the EM
and hadronic energy scale, and yields « = 0.83 + 0.04. The
intercept yields the magnitude of the underlying event vector,
|ér| = 4.3 £ 0.3 GeV/c, consistent with the vaue obtained
from minimum bias events. The uncertainty on My, dueto the
uncertainty on the hadronic energy scale is 50 MeV/c? for the
Run ladata.

The modeling of the recoil and underlying event are verified
and constrained by comparing the pr of the Z obtained fromthe
two electrons, p7°, to that obtained from the rest of the event:
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Figure9: a) Distributionof |p;* +p;2 + Er |? versus [pge|? for
Z events, b) Sensitivity of thewidth of the distributionin p;:* +
p7°¢+ Uz, projected aong the bi-sector of the two el ectrons, on
the number of minimum bias events. The band corresponds to
the + 1o uncertainty on this measurement.

—pp*¢ — dr. To minimize the contribution from the electron
energy resolution, the vector sum of these two quantitiesis pro-
jected along the bisector of the two electron directions. Since
@ israndomly oriented and has a magnitude ~ pZ, the width
of the distributionis sensitive to the underlying event contribu-
tion while the mean islargely unaffected. The sensitivity of the
width of this distribution to the mean number of minimum bias
events that mimic the underlying event is determined by vary-
ing the number of minimum bias eventsin the Monte Carlo, as
shown by the pointsin Fig. 9b. For the la data, the number of
minimum bias events preferred is 0.98 + 0.06, consistent with
one. The uncertainty on My, from the underlying event model
is60 MeV/c?.

The mass of the W is obtained from a maximum likelihood
fit over the transverse mass range 65 < mgy < 100 GeV/c?
(60 < mr < 90 GeV/c?) for CDF (D@). Figures 10 and 11
show thetransverse mass distributionsfor the datatogether with
the best fit of the Monte Carlo for the Run Ib eectron data
for DG and for the muon and eectron channel for Run l1afor
CDF, respectively. The W-mass is determined to be M}y,
80.31040.205(stat)+0.130(sys) GeV/c? based on 3268 W —
pv events in the mass fitting window and My, = 80.490 +
0.145(stat) & 0.175(sys) GeV/c? based on 5718 events for
CDF. DGfinds Mg, = 80.35040.140 (stat.)+0.165 (syst.) £
0.160 (scale) GeV/c? based on 5982 events in the mass fitting
window using the ladata, and M, = 80.380+0.070 (stat.) +
0.130 (syst.) £0.080 (scale) GeV/c? based on 27040 eventsfor
thelb data. Tablelll liststhe systematic errors on theindividual
measurements and the common errors.

The dominant theoretical uncertainty in this measurement
comes from the pY model and the uncertainty on the proton
structure. Parton distributionsand the spectrumin p¥ are corre-
lated. The DG experiment has addressed this correlation in the
determination of itsuncertainty onthe W mass. Intheir analysis
new parametrizations of the CTEQ 3M parton distributionfunc-
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Figure 10: D@ transverse mass distribution of W — ev decays
collected during the 1994-1995 run. The points are the data and
thelineisthe best fit.
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Figure 11: Transverse mass distribution of W — ev (top) and
W — uv (bottom) decays from CDF. The points are the data
and the histogram is the best fit to the data. The arrows indicate
the range used to extract the W-mass.

tion were obtained that included in the fit the CDF W asymme-
try datafrom Runla[25], where al data points had been moved
coherently up or down by one standard deviation. In addition
one of the parameters, which describes the Q?-dependence of
the parametrization of the non-perturbativefunctionsdescribing
thep? spectrum[24], wasvaried. The constraint on thisparam-
eter was provided by the measurement of the pZ spectrum. The
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CDF DY
e & common | la Ib  common
Statistical 145 205 — | 140 70 —
Energy scale 120 50 50 | 160 80 25
Anglescae —_ — — | 50 40 40
E or p resolution 80 60 — | 70 25 10
py andrecoil model | 80 75 65| 110 95
pdf’'s 50 50 50| 65 65 65
QCD/QED corr’s 30 30 30| 20 20 20
W-width 20 20 20| 20 10 10
Backgrounds 10 25 — | 3 15 —
Efficiencies 0 25 — ] 30 25 —
Fitting procedure 10 10 — 5 5 —
Total 230 240 100 | 270 170 80
| Combined | 180 | 150 |
Tablel11: Errors on My, in MeV/c2.

uncertainty due to parton distribution functions and the p¥ in-

put spectrum was then assessed by varying simultaneously these

new parton distribution function and the parameter describing

the non-perturbative part of the pI_’FV spectrum. A total error on 100 st

the W -mass of 65 MeV/c? has been assigned dueto these uncer- 5 (W —> ey

tainties.

The CDF experiment uses their measurement of the W charge
asymmetry as the sole constraint on the uncertainty due to the
py and parton distribution functions. Figure 12 shows the cor-
relation between A My, and the significance of the deviation
of the theoretical prediction for the W-asymmetry and the data
for the electron and muon channel separately (cf. eg. (2)). The
uncertainty on My, is taken to be the symmetrized spread in
masses for —2 < ¢ < 2, being 50 MeV/c2.

Combining [26] these measurements with previous W mass
measurements [27], assuming the only correlated uncertainty
between the measurementsisdueto the parton distributionfunc-
tions, givesaworld average of My = 80.356 & 0.125 GeV/c2.

An indirect measurement of the W-mass, through the mea-
surement of the wesk mixing angle sin? 9y, is obtained from
the study of vN deep inelastic scattering experiments. The
CCFR experiment studies v,,-nucleon interactions and the ra-
tio of charged and neutral current cross sections provides a di-
rect measurement of the weak mixing angle. The cross sections
have large contributionsfrom el ectroweak radiative corrections.
Inthe“on shel” scheme, however, wheresin? ¥y isdefined as

1— %‘Z" toall orders, thesecorrectionslargely cancel intheratio,

thus réduci ng the dependence on the top mass and Higgs mass
significantly and providing an indirect measurement of My, . A
preliminary vaue of sin® 9y 0.2213 4 0.0021(stat.) +
0.0027(syst.) + 0.0034(model) has been reported [28], corre-
spondingto a W mass value of My, = (80.46 + 0.25) GeV/c?.
The largest contribution to the systematic uncertainty comes
from the uncertainty on the flux of background v.’'s. The model
uncertainty is dominated by the turn-on of the charm quark pro-
duction cross section. The latter uncertainty is expected to be
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Figure12: Correlationbetween A My, and ¢, the significance of
the difference between data and theory for the W-charge asym-
metry, for various parton distributionfunctionsfor the (@) W —
ev- and (b) W — pv-sample. The nominal mass measurement
uses the MRSD' — parton distribution function.

reduced substantialy with the follow-up experiment NuTeV,
which will be able to measure the cross sections with neutrino
and anti-neutrino beams separately.

VI. W-CHARGE ASYMMETRY

AsFig. 12 shows, the W mass is strongly correlated with the
parton distribution functions. The parton distribution functions
can be constrained at the appropriate Q%-scale by measuring
the charge asymmetry in W-production itself. The two, partly
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compensating, sourcesthat contributeto the W -charge asymme-
try are the production and decay processes. Since on average
au-quark carries more momentum than a d-quark, more W+ -
bosons are produced along the proton direction than aong the
anti-proton direction resulting in a production charge asymme-
try defined as

dN*(yw)/dy — dN~ (yw)/dy
dN*(yw)/dy + dN~(yw)/dy

The W -rapidity, yw, however, cannot be reconstructed unam-
biguously because of the two-fold ambiguity in thelongitudinal
momentum of the neutrino. The quantity that is measured ex-
perimentally isthe decay lepton charge asymmetry, defined as

dN*(ys)/dys — AN~ (yz)/dys

~ dN*t(y)/dys + dN~(yz)/dys

Alyw)

A(ye)

where N+(=) is the number of positively (negatively) charged
leptons detected at pseudorapidity y,. Since the rapidity of the
decay lepton is measured, there is an additional contribution
fromthe V' — A coupling of the W. Since W -bosons are pro-
duced through ¢g annihilation they are amost fully polarized
and the lepton from, for example, the W*-decay is preferen-
tially emitted along the anti-proton direction, which partialy
undoes the production asymmetry. Because of CP symmetry,
A(+y) = — A(—vy), themeasured asymmetries at positiveand
negative rapidities can be combined to get a statistically more
powerful measurement. The V- — A structure of the W-decay
isvery well understood. Thus, the charge asymmetry measure-
ment can be used to probe the structure of the proton in the z
range 0.007 t0 0.27 .

The CDF experiment, based on an integrated luminosity of
about 20 pb~! measured the charge asymmetry for W-decays
into electrons and muons and constrained the then current par-
tondistributionfunctions[25]. The lepton pseudorapidity range
inthat analysiswas |n| < 1.0 for muonsand || < 2.4 for elec-
trons. It was limited by the rapidity coverage provided by the
central tracking chamber. The analysis has been updated [29]
using the full Run 1 data set with a total integrated luminos-
ity of 110 pb~!. The rapidity coverage for muons has been
extended by utilizing the forward muon toroids [30] covering
1.95 < |n| < 3.6, which collected 72 pb~! of data. The effi-
ciency for electronsin the plug calorimeter (1.1 < |p| < 2.4)
was also substantially improved. In the previous analysis only
the central tracking chamber was used in the electron identifica-
tion. Because of thelimited coverage of thistracking system al-
most no trackswere reconstructed beyond || ~~ 1.8. Inthenew
analysis, utilizingthesilicon vertex detector (SV X) and the ver-
tex chamber, an average track finding efficiency of 60%, almost
uniformin ), has been obtained out to rapidities of || ~ 2.3.
For the high n region, though, the electron charge cannot be de-
termined by the tracking system alone. In thisregion the charge
is determined from a comparison of the p-angle as determined
fromthe SV X track, and from the cal orimeter energy deposition.
At the location of the calorimeter an average displacement of
0.5 cm isexpected in the pseudorapidity range 1.2 < |n] < 1.8,
which is measured with aresolution of 0.15 cm.
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Figure 13: CDF Run | measured |epton charge asymmetry from
W — £v events compared to NLO predictionsfor different par-
ton distribution functions.

Figure 13 shows the measured asymmetry as afunction of the
lepton rapidity together withthetheoretical predictionfor differ-
ent parton distributionfunctions. The predictionswere obtained
using the DYRAD NLO Monte Carlo [31]. Compared to the
previous anaysisthe new measurements at high rapidity should
be noted. Since the measurement is aratio measurement, many
systematic errors cancel and the total systematic error is about
20% of the statistical error.

The asymmetry measurement provides an independent dis-
criminant between different parton distribution functions. The
disagreement between theory and experiment can be quantified
by defining the significance of the disagreement between the
weighted mean asymmetry (A) from theory and experiment as

Zpalf - Zdma
U(A data)

The ¢ valueslisted in Table IV seem to prefer the recent MRS
parton distribution functions [18] over other distributions [8,
32]. The congtraint which the W charge asymmetry provides
on the uncertainty on the W mass measurement, however, isnot
expected to scale with event statistics, since the measurement is
mainly sensitivetothed opeof theratio of thew and d parton dis-
tribution functions and does not probe the full parameter range
describing them.

(= )

PDF Set ¢

CTEQ3M | 1.16
MRSA, G | 1.75
MRSH -0.51
MRSD’- | 0.68
GRV 94 | 259
GRV92 | 413

Table 1V: Comparison between measured and predicted asym-
metry for different parton distribution functions.
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VIl. RARE W DECAYS

Thestudy of rare decays providesaprecisiontest of theunder-
lying theory since in general the predictions of rare decay rates
involvehigher order calculations. W decaysinto apseudoscal ar
meson and a photon, W — P+, are particularly attractive since
they are sensitive to new physics which affects the W+ ver-
tex. A search for W — P+ decays thus complements di-boson
analyses described in detail in the foll owing section.

Currently, experiments have only looked for the rare decay
W — my [33, 34, 35] with the strongest limit coming from the
latest CDF andysis. Inthisanalysis, based on an integrated lu-
minosity of 16.7 pb~?!, events were selected with an energetic
photon and a single central jet with Ex > 15 GeV with a
matching isolated track. The track was required to have pr >
15 GeV/c with no other charged tracks with pz > 1 GeV/cin
acone of radius AR = 0.7. By initially not placing a cut on
the el ectromagnetic fraction of the pion jet, the sample is dom-
inated by isolated electrons and permits measurement of many
of the efficiencies from the dataitself. In thefinal selection the
el ectromagnetic fraction of thejet isrequired to belessthan 80%
of the total jet energy, and a sample of 79 events remains (see
Fig. 14) with one event in the search region | M (7y) — Mw | <
8.1 Gev/c2.

The background, primarily coming from jet production with
the jet opposite the photon candidate fragmenting into a single
charged particle, possibly associated with neutrals, has been es-
timated to be 2.6 + 1.0 + 1.3 events in the mass window. The
one event observed is thus consistent with background. With-
out background subtraction, the 95% confidence level limit is
4.9 events. Usingthemeasured W production cross section, this
resultsin a 95% CL upper limit on the partial decay width of

LW — 7%y)

—_— 2.1073
(W — ev) < !

to be compared with the theoretical prediction of [36] T(W —
7Ey)/T(W — ev) ~ 3-1078.

VIII. GAUGE BOSON PAIR PRODUCTION

Similar to a study of rare decays of vector bosons, a study
of the magnetic dipole and electric quadrupole moments of the
W boson probes the W interaction vertex. The non-Abelian
SU(2) x U(1) gauge symmetry of the SM implies that the
gauge bosons self-interact. These self-interactions give rise to
very subtleinterference effects in the SM and the couplings are
uniquely determined by thegauge symmetry in order to preserve
unitarity. The magnetic dipoleand el ectric quadrupole moments
of the W are, inthe SM at treelevel, given by:

€ —e€

o
My

The most genera effective electroweak Lagrangian, invariant
under U (1)gm, however, contains eight independent coupling
parameters, the C’P—conserving parameters ky and Ay and the
CP-violating parameters £y and Av, where V = vyorZ. The
CP—conserving parameters are related to the magnetic dipole
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Figure14: TheCDF distributionin M (#y) for thesearch for the
rare decay W — =y. The arrows indicate the search window.
The Gaussian, centered at My, correspondsto the 95% CL limit
of 4.9 events.

(uw ) and eectric quadrupol e (Q7,,) moments of the W boson,
while the CP-violating parameters are related to the electric
dipole (dw) and the magnetic quadrupole (Q7;-) moments [37]:

pw (e/2mw )(1+ Ky + Xy)
Qw = (—e/miy)(ky —Xy),
dw (e/2mw ) (Ry +Ay)
A = (—e/myy)(Ry —Xy).

In the SM the couplings a tree level are given by ky = 1
(Aky =ky-1=0), Ay =ky =Ay =0. Because of the similarity of
the CP—conserving and CP-violating termsin the Lagrangian,
the kinematic behavior of these terms is similar and the limits
on both sets of anomal ous couplings will be approximately the
same. Therefore CP-violating terms will not be discussed ex-
plicitly. Also, unlessstated, it will be assumed that Ak, = Axz
and )\7 = Az.

A direct measurement of the moments of the W boson, and
thus of the gauge boson sdf-interactions, is possible through
the study of gauge boson pair production. The cross sections
for di-boson production, however, are all extremely small. For
example, the predicted cross section times branching ratio for
W-pair production with WW — £Zvv (£ = e, p) is about
0.5 pb and large integrated luminositieswould be needed for a
significant measurement of the gauge couplings. The SM pro-
cess of W-pair production, however, is characterized by large
cancellations between the s and ¢ channel production processes.
The contributions from the ¢ channel diagrams by themselves
would violate unitarity. This implies that if the couplings de-
viate even modestly from their SM values, the gauge cancella-
tionsare destroyed and alargeincrease of the crosssection isob-
served. Moreover, thedifferentia distributionswill be modified
giving rise to gauge bosons with a large transverse boost since
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thelargest gauge cancellations occur for highly boosted bosons.

A WWYV interaction Lagrangian with constant anomalous
couplingswouldthusviolateunitarity at high energiesand there-
fore the coupling parameters must be modified to include form
factors [38], that is, Ax(8) = Ax/(1 + §/A%)2 and A(8) =
2/ (1+8/A?)?, where s isthesquare of the center of mass energy
of the subprocess. A isaunitarity preserving form factor scale
and indicates the scale at which the SM predictions are probed.
In the next subsections different types of gauge boson pair pro-
ductionwill be discussed.

A. W Pair Production

D@ has searched for W-boson pair productionpp — WW +
X — w0 = eefen/ppr) [39]. The standard selec-
tion criteria for W-events have an overall efficiency for W-
pair production of ~ 0.07 and with an integrated luminosity
of £ ~ 14 pb=! 0.47 & 0.07 events are expected from SM
processes. The most significant background to this process is
tt production. Because of the additional two b-jetsin t¢ events,
this background can be eliminated in a straightforward way by
acut on the hadronic activity in the event. DJ applies a cut on
thepr of theWW-system, EFAD = | (EY + EY + Eyr)),
which is required to be less than 40 GeV. This requirement re-
jects about 75% of the £z background and has an efficiency of
95% for the expected WW signal. The searches in the eevv,
epvy and ppvy channesyield one signal event with an antici-
pated background of 0.56 + 0.13 events. An upper limit on the
W-pair production cross section of o(WW) < 87 pb~! has
been set at 95% CL.

With larger integrated luminosities it is possible to measure
the W-pair production cross section. Based on an integrated lu-
minosity of £ = 108 pb~! CDF has done an analysis similar to
the DG analysis searching for W-pairsin the di-lepton channel
using ajet veto, that is, events with jetswith Ex > 10 GeV are
rejected. The selection yields5 signal eventson abackground of
1.2+ 0.3 events. Themeasured W -pair production cross section
iso(@p— WW) = (10.2753 4 1.6) pb, where the SM pre-
dictsosm (pp — WW) = (9.5 £ 1.0) pb. It should be pointed
out that the smallness of the cross sectionsinitself isabeautiful
demonstration of the gauge cancellationsin the SM.

Since the cross section increases very rapidly when the cou-
plingsdeviate from their SM values, the measured 95% CL up-
per limit on the cross section can be used to set limitson anoma:
lous couplings. Figure 15 shows the CDF 95% CL exclusion
contoursin Ax and A for two different form factor scales, as-
suming A, = Az and Ak, = Akgz. Itiscustomary to quote
limits on only one coupling, keeping the other couplings fixed
to their SM value. These, so called, axis limitsfor aform fac-
torscaleof A = 2 TeV ae—-1.0 < Ak < 1.3 (A = 0),
—0.9 < A < 0.9 (Ax = 0) for the CDF analysis, under the
assumptionthat Ay = Az and Ak, = Akz.

B. WW and W Z Production

Searches for particle production requiring two leptonsin the
fina state aways suffer in rate because of the small leptonic
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Figure 15: CDF exclusion contoursin Ax and A obtained from
the measurement of the W-pair production cross section in the
di-lepton channel for two different form factor scales, assuming
)\7 = Az ad AK;W = Akg.

branching ratios. When in the analysis described in the pre-
vious subsection only one lepton is required, a substantial in-
crease in event rate is obtained though at the cost of a much
larger background. The background from W/ Z +jet production
to these processes is about 30 times higher than for the signal
production. Given thedistinct characteristics of anomal ous cou-
plings, thisbackground can be dealt with. Anomal ous couplings
modify the differentia distributionsdramatically, especialy the
transverse momentum distribution of the W-boson. The ratio

gww (py =200 GeV/c) - _3
aww(:;":zo Gevjo) IS about 10—, whereas for only modest

deviationsfrom SM couplings (Ax = 0, A = 1.0) thisratiois
about 0.5. By requiring the vector boson to have high transverse
momentum the background iscompl etely eliminated and a good
sengitivity to anomalous couplingsis retained. One completely
loses senditivity, however, to SM WW/W Z-production.

Both CDF and D@ havelooked for WW and W Z-production
using hadronic decay channels[40, 41]. The CDF anaysis pro-
ceeds by selecting eventswith one high pr lepton, large B and
2jetswith Ex > 30 GeV. Sincethejets comefrom the hadronic
decay of the gauge boson, their invariant mass is required to
be consistent with the gauge boson mass, 60 < mj; < 110
GeV/c?. Since no distinction can be made between WW and
W Z-productionin thisselection, the sensitivity of thestudy was
increased by includingpp — W Z — qq’££ events, requiringthe
di-lepton invariant mass to reconstruct to the Z-boson mass. In
the data sample, corresponding to atotal integrated luminosity
of 110 pb~!, no events are observed with p}/ > 200 GeV/cin
the search region 60 < m;; < 110 GeV/c. A background of
0.8 eventsfrom W/ Z +jet eventsis expected and 0.1 events are
predicted from SM processes. Limits on anomalous couplings
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can then be set based on the event rateyielding, for A = 2 TeV,

(=0)
(Ak =0)

—0.5 < Ak < 0.6
—04<A<0.3

The DQ experiment has performed asimilar analysisbased on
their Run 1a data sample of 14 pb~!, usingonly W — ev de-
cays. The leptonic decays of the Z are not considered in this
analysis. Since gauge bosons produced from anomalous self-
interactions tend to have high p7, the jets from such a high pr
W or Z boson may not be well separated in space. In order to
maximi ze the detection efficiency of W and Z bosonswith high
pr,asmal jet conesizeof AR = (0.3 wasused inthisanalysis.
The detection efficiency for hadronic decays of W and Z bosons
was estimated asafunction of pr using Monte Carlo. Thedetec-
tion efficiency was found to be ~60%, approximately constant
uptop? = 350 GeV/c. Differencesintheestimated efficiencies
from different Monte Carlo generators were included in the sys-
tematic uncertainty. The p5” spectrum of thefinal event sample
of 84 events is of course dominated by background. The total
number of background events was estimated to be 75.5 + 13.3,
with 12.2 + 2.6 events coming from QCD multi-jet events and
62.2 + 13.0 from W+jet events. The remaining small back-
ground is mainly due to ¢ production. The SM prediction for
WW/W Z productionwas 3.2 + 0.6 events.

Because anomalous couplings not only affect the event rate
but also significantly alter differentia distributions, better lim-
its on anomal ous couplings are obtained when utilizing the full
spectrum. D@ has performed a maximum likelihood fit to the
p5 spectrum and, assuming equal WW Z and W W couplings,
obtai ned the following limits at 95% confidence level:

(=0)
(Ak=10) ,

—-09<Ar<11
—0.6 <A<0.7

using A = 1.5 TeV. Comparing theselimitsto those obtained by
CDFfor thesame process, but with fivetimesthe statisticsusing
both e ectron and muon decays, shows the additiona constraint
that can obtai ned from the shape of the distribution.

Since thisanalysis probes both WW+ and WW Z couplings,
information can be obtained on the WW Z coupling aone by
setting the W W+ couplingsto their SM vaues. Fig. 16a shows
the contour limits when SM WW+ couplings are assumed,
whereasthe W W Z couplingwas set toitsSM valuein Fig. 16b.
The contours indicate that the analysis is more sensitive to the
WW Z coupling than the W W+ coupling as expected from the
larger coupling strength of the WW Z vertex. Also notewor-
thy isthe observation that the data confirms the existence of the
WW Z vertex.

C. W+ Production

The study of the production of photonsin association with a
W also permits a study of the WW y-vertex [42, 43, 44]. Most
photons produced in association with a W, however, are radi-
ated off theinitial or final state fermion. The only channel that
allowsfor adirect probe of the triple gauge boson vertex is the
s-channel contribution of a photon radiated from a W. In the
analyses W+ events are selected by requiring, in additionto the

(a) (b)
1 3
/_;—M\ SM\
oo x <0
\_/ _/
1 -3
22 1 0 1 2 s 3 0 3 &
K, Ak

Figure 16: Contour limits on anomal ous coupling parameters at
the 95% CL (inner curves) and unitarity contours (outer curves)
for D@ assuming A = 1.5 TeV for the process WW/WZ —
evjj. SM couplings have been assumed for (a) WW+ and (b)
WW Z vertex.

regular W selection criteria, an isolated photon with transverse
energy E}. > 10 (7) GeV for D@ (CDF). Photons are detected
in the pseudo-rapidity range |n,| < 1.1 for CDF and |n,| < 1.1
or 1.5 < |ny| < 2.5 for D@. The photon identification efficien-
ciesare approximately 80% for CDF and 75% (58%) for D for
the central (end) region. To reduce the contribution from radia-
tive events the photon isrequired to be well separated from the
lepton from the W-decay, AR(¢y) > 0.7.

D@ Preliminary 1B data (89 pb

> oo T L B B B
360 |- W—>(evy
Te) L 4
} r + Data (127 events)
*E 50 r 3
g [ Bl SM + Background
W
40 |- -
r Background
30 - .
20 - .
10 - .
010 20 30 40 50 60 70 80
Photon Transverse Energg/Gev/ ¢

Figure 17: p}. distribution of D@ W+ candidate events.

The number of signa events, after background subtraction,
and the number of expected eventsfrom SM processes arelisted
in table V for the electron and muon channels separately. Fig-
ure 17 showsthedistribution of the photon pr-spectrum for DG,
together withthe SM expectation. Good agreement withthe pre-
diction is observed and limits could be set based on the event
rate. Asseenintheprevioussection, if theevent statisticsallows
it, better limitson anomal ous couplingsare obtai ned by perform-
ing a maximum likelihood fit to a differentia distribution. For
W+ production a binned maximum likelihood fit is performed
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D@ CDF
87 pb~1 67 pb~?!
Wy —evy Wy — pvy Wy —evy Wy — pvy
Naata 57 70 75 34
Nowg | 152+25 274+47 16.1+ 2.4 103+ 12
Niig 41.81%2 42,6797 | 58.949.04£2.6 23.7+£594 1.1
Nsm | 436+31 382+28 53.5 + 6.8 21.8 + 4.3

Table V: Number of W+ events observed inthe data, expected background and signal events. Also listed isthe number of expected

eventsfor SM couplings.

to the E.-spectrum as function of the coupling constants. The
last databinisexplicitly taken to be azero-event bin. Thelimits
thus obtained for aform-factor scalle A = 1.5 TeV are

~10<Ak<1.0 (A=0) (D)
~18<Ak<20 (A=0) (CDF)
—03<A<03 (Ak=0) (DD)
—0.7<A<0.6 (Ax=0) (CDP).

The corresponding contours in magnetic dipole and electric
guadrupole moment, in units of the SM prediction for the mo-
ments, are shown in Fig. 18. A vanishing magnetic dipole mo-
ment and e ectric quadrupole moment of the W, corresponding
tox = —1 and A = —1 isexcluded at 99% CL.

The decay rate for b — sy can aso be used to set l[imits on
anomal ous couplingssince the processis sensitive to photon ra-
diation off the W-boson in the penguin diagram. The branch-
ing ratio has been measured by CLEO to be B(b — sy) =
(2.324£0.57£0.35) 10~*[45]. The upper limit on thisbranch-
ing ratio excludes the outer regionsin Fig. 18. The narrow re-
gion between the two allowed CLEO bands is excluded by the
[ower limit.

D. Combined Result on W W~ Coupling

The studies of W+ and WW /W Z production are both sensi-
tivetothe same W W+ coupling. The analyses can thusbe com-
bined to improve on the limits on anomalous couplings. When
combining results, the correl ation between the different analyses
needs to be addressed. Some of the dominant common system-
atic uncertainties are due to the method of estimating the back-
ground and the uncertainty in structure functions and photon
identification. The D@ experiment has carried out a combined
fit to the three data sets corresponding to the WW, WW/W Z
and W+ anadysesfrom Run 1a. The significantly improved lim-
itsare:

—0.7< A< =09
—04<A<04

(h=0)
(Ak = 0),

where it was assumed that the WW Z couplingsand the W W
couplings were equa. Note that this combined result is more
stringent than the result from the D@ W+ analysis using the
complete Run 1 data sample, showing the reach when all Teva
tron results are combined.

4 T T T T
CLEO Allowed (b ~ syBR) "~
EO; |
(3

1 /:DF Preliminar)
DY

Prelimjnary 1

NI
1 05 0 05 1 15 2 25 3
WY v

Figure 18: Limits on anomalous magnetic dipole and elec-
tric quadrupole moments for the W boson from CDF, DG and
CLEO.

E. Z~ Production

The ZZ~ and Z++ trilinear gauge boson couplings are de-
scribed in away analogousto the W WV couplings. These cou-
plings, absent inthe SM, are suggested by sometheoretical mod-
elswhichimply new physics[46]. The most general Lorentz and
gauge invariant ZV « vertex is described by eight coupling pa-
rameters, Y, (i = 1...4), where V. = Z,v [47]. Combina-
tions of the CP—conserving (CP-violating) parameters hY and
RY (RY and hY) correspond to the electric (magnetic) dipole
and magnetic (electric) quadrupole transition moments of the
ZV vertex. Partial wave unitarity of the general ff — Zy
process restricts the ZV+ couplings uniquely to their vanish-
ing SM values at asymptotically high energies [48]. Therefore,
the coupling parameters have to be modified by form-factors
RY = RY/(1 + 8/A%)™, where § is the square of the invari-
ant mass of the Zv system and A isthe form-factor scale. The
energy dependence of the form factor isassumed toben = 3
for Y ; and n = 4 for h} , [49]. Suchachoiceyieldsthe same
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D@ CDF
89pb~1 67 pb~1!
e e I
Ndata 14 18 13
Nokg 16+ 05 09403 05401
Nsig | 124755405 171457 125436
Nsm 12.0 4 1.2 1624+ 1.8  8.7+0.7

Table VI: Number of Zv events observed in the data, expected
background and signal events. Also listed isthe number of ex-
pected events for SM couplings.

asymptotic energy behavior for all the couplings.

The study of anomalous couplingsin the process Zy — £y
follows the same lines as the W+ analysis [50, 51]. Table VI
lists the expected and observed number of signal events for
both experiments. The total cross section is seen to be in good
agreement with the SM prediction. The sensitivity to anoma
lous couplings lies in the high p). region. Three events with
py > 60 GeV/c are observed, one by CDF and two by D@. For
D@, the probability to observe at least two events with py. >
60 GeV/c, given a total of 14 events observed, is 8.2% and
the events are consistent with a signa or background fluctua-
tion within two standard deviations. Because of these high pr
events, however, small non-vanishing anomal ous couplings are
preferred in the DG analysis. Their resulting exclusion contour
fromthe Run 1b electron dataistherefore dightly distorted (see
Fig. 19). Preliminary limits on anomalous couplingsfor a scale
factor A = 500 GeV from the di-electron anaysis by D& and
the di-lepton analysisby CDF are, a 95% CL,

—1.8<hZ <18 (hRZ,=0) (DD)
—1.6 < hZ, <1.6 (hZ =0) (CDF)
—0.4 < hZ, <04 (RZ,=0) (DD)
—0.4 < hZ, <04 (k% =0) (CDF)

The D@ experiment has recently performed a new anaysis
looking for the decay Zy — wvwvy. This channd has pre-
viously been studied only in ete~-collisions [52]. Sensitiv-
ity to anomalous couplingsin this channel is much higher than
in the di-lepton decay modes due to the higher decay rate into
neutrinos and the absence of radiative Z decay background.
The overall background, however, is still extremely high, lead-
ing to very stringent event selection criteria.  To reduce the
background from W +jet events with the electron or jet being
misidentified as a photon the E,. and Er were required to ex-
ceed 40 GeV. In addition, eventswith at least onejet with EJ, >
15 GeV were rgected. The remaining background was domi-
nated by cosmic rays and muonsfrom beam hal o which radiated
inthecalorimeter. Thisbackground was suppressed by rejecting
events with a reconstructed muon or a minimum ionizing trace
inthe calorimeter closeto the photon cluster. The residual back-
ground, which had roughly equal contributionsfrom W — ev
decays and muon bremsstrahlung, was derived from data.

Four candidate events are observed on an expected back-
ground of 6.4 + 1.1 events and a SM prediction of 1.8 £+ 0.2

events. Althoughthesignal-to-backgroundratioislessthan one,
the sengitivity to anomalous couplings is still high, since the
background isconcentrated at low E, whilethe anomal ous cou-
pling contributionisalmost flat in E7. up tothekinematic thresh-
old of the reaction. Limits on anomalous couplings were set at
95% CL by afit to the EJ. spectrum and gives |rZ,| < 0.9,
|hZ,] < 0.2. This represents a factor of two improvement com-
pared to the combined D@ Run lalimitsfromthe di-leptonanal-
ysis, based on the same luminosity [51]. A summary of al the
limitsisshowninFig. 19[50, 51, 52]. The L3 contour has adif-
ferent orientation because of the different subprocess center of
mass energy at which the events are produced.

1 — ~
Nci’r 13195% CL limits (1995) s
1.2 955 Kiin ia PRELIMINAR A E = 5
1 95% CL e+p+vilimits:
0.8
A\
o6 o 1)
: ¥
Q)
04l Y - I\
0.2 CoUFRUNTa et /
o |9 CLlimits (1 9§>\ SM /\4 % Run la e+
)’ 95% CL limits (1995)
-0.2 D /
-0.4 / 'K— DZ Run la
: PRELIMIMARY
-0.6 504-€ L limit:
08 (L
—
-1 CDE.Run.la+lh.e+u @ .Run b electron
(67 pb*) PRELIMINAR PRELIMINARY
-1.2 ﬂu:ui..i.y 5%-GL-limit
-1.4 =
i

Figure19: LimitsonanomalousCP-conserving Z Z+~ couplings
from Z(£¢)y and Z (vv)~ production. Thedashed lineistheuni-
tarity contour for aform-factor scale A = 500 GeV.

IX. CONCLUSIONS

A wide variety of properties of the W and Z-bosons are now
being studied at hadron colliderswith ever increasing precision,
at thehighest energy scalesachievable. All results, includingthe
resultsfromet e~ colliders[53, 54], arein good agreement with
the SM. It iswidely anticipated, though, that the SM isjust an
approximatetheory and should eventual ly bereplaced by amore
complete and fundamental description of the underlying forces
in nature. With the new data from LEP 2, SLD and the Teva-
tron, and with the planned upgradesof the acceleratorsaswell as
the experiments, the proj ected uncertai nties[55] on some funda
mental parameters should providethe toolsto take another ever
more critical look at the SM, without any theoretical prejudice.
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