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The gauge boson pair production proces®ég, WW, WZ, and Zy were studied usinga?collisions
corresponding to an integrated luminosity of approximately 14 'pht a center-of-mass energy ¢6=1.8
TeV. Analysis of Wy production with subsequell¥ boson decay t&’v (/'=e,u) is reported, including a fit
to the pr spectrum of the photons which leads to limits on anomaM(4&/y couplings. A search fotWwW
production with subsequent decayA"o7vv_(/: e,u) is presented, leading to an upper limit on tWav
production cross section and limits on anomal@g/y andWWZ couplings. A search for hight W bosons
in WW and WZ production is described, where oli¢ boson decays to an electron and a neutrino and the
secondW boson or the&Z boson decays to two jets. A maximum likelihood fit to fyespectrum ofW bosons
resulted in limits on anomaloug/Wy and WWZ couplings. A combined fit to the three data sets which
provided the tightest limits on anomaloWWy andWWZ couplings is also described. Limits on anomalous
ZZvy andZvyy couplings are presented from an analysis of the ph&tpepectrum inZy events in the decay
channels ée, uu, and vv) of the Z boson.[S0556-282(97)01123-5

PACS numbsgs): 14.70.Fm, 13.40.Em, 13.85.Rm, 14.70.Hp
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[. INTRODUCTION and the mass of th&/ boson. A more detailed discussion of
Interactions between gauge bosons,\Weoson,Z boson the effective Lagrar_wglan for t_hWWy and WWZ interac
. tions can be found in Appendix A.
and photon, are a consequence of the non-Abelian gauge . . .
The Wy production process has the highest cross section
symmetry of the standard modéEM). The gauge boson . .
gmong the gauge boson pair production processes at the

self-interactions are described by the trilinear gauge boso i —
vertices and contribute to gauge boson pair productigngn Teva_ltron. Feynmar_l d|_agrams for they’ —Wy process are
gbtained by substituting/o=V;=W and V,=7y in Figs.

collisions. The cross sections of these processes are rel ; 1
tively small within the SM. The inclusion of non-SM 1(@-1(c). A delicate cancellation takes place between the

(anomalous couplings at the trilinear gauge boson vertices@Mplituded 9] that correspond to the- andt-channel quark
enhances the production cross sections of gauge boson paifXchange, shown in Figs(d and 1b), ands-channel pro-
especially at large values of the gauge boson transverse m@uction with aW boson as the mediating particle, shown in
mentumpy, and at large values of the invariant mass of theFig. 1(c). A W boson is identified by its leptonic decay prod-
gauge boson pair system. Observation of anomalous gaugets: a highpy charged lepton’(/'=e,u); and large miss-
boson pair production would indicate physics beyond thdang transverse energy¢) due to the undetected neutrino.
SM. Feynman diagrams for gauge boson pair production argingle W boson production, followed by radiation of a pho-
shown in Figs. (a)—(c), whereV,, V,, andV, are theW  ton from the charged lepton from th& boson decay, also
boson, theZ boson, or the photon. Figuregal and 1b) are  contributes to the vy final state. This process is shown in
described by well-known couplings between the gaugerig. 2. The photon from the radiative decay is preferentially
bosons and quarks. Figurécl shows the trilinear coupling  emitted along the direction of the charged lepton; the process
diagram. Numerous phenomenological studié$ of the  can be suppressed by imposing a minimum separation re-
characteristics of gauge boson self-interactions have beQﬁUirement,AR/y, between the charged lepton and the pho-
performed in anticipation of hadron ared'e™ collider ex-  ton whereAR,, is the distance in pseudorapidity and azi-

periments where direct measurements of the coupling paramys, , For /s=1.8 TeV pp collisions, the predicted cross
eters are possible by studying gauge boson pair productlogection times branching fraction foW—ewv or wv for Wy

Processes. final states with photon transverse energy)>10 GeV and

This paper describes studies of gauge boson pair produ%—R 0.7 is 12.5 pb. Figure 3 shows tig spectrum of
tion and the corresponding trilinear gauge boson COUp"n%ho/t(y)ns .for the 'SM aﬁd %on—SM production processes pre-
parameters using data frqd§= 1.8 TeVpp collisions taken  gjicted by the leading order theofg0]. The distributions for
with the DO detector during the 1992-1993 Tevatron col- hon.SMWWy couplings exhibit a large increase in the cross
Ilder_run at Fermilab. Four processes were studWd:pro-  goction at highE2. The Wy process is sensitive only to
duction, where th&V boson decayed intev or uv; W bo- —\y\\n, couplings, not taWWzcouplings. It is more sensitive

son pair production, where both Qf th bosons decayed ;)\ " than toAx , since the amplitudes related %o, and
into ev or wv; WWandWZ production, where on&/ boson Y 7 - = .
Ak, are proportional te and \/g respectively.

decayed inteev and the second boson decayed hadronically;” 7. < o : .
Limits on the WWy trilinear couplings from studies of

andZy production, where th& boson decayed inte*e™, ) .
N _7 produc 4 W1y production have been report¢til,12,7 previously by
Hop o orvw. the UA2, CDF, and DOCollaborations. In this paper, the

This paper presents the details of analyses whose resu'h?‘sults from the DCCollaboration, with the most restrictive

haye already been pup!|she§ﬁ—6]. 'T‘ addition, it presents WWy limits, are presented in more detail than in the recent
limits on anomalous trilinear couplings from the Comb'nedpublication[Z]

Wy, WW, andWZ analyses. — . .
Y y The procesp p—WW+ X is predicted to have a cross
section of 9.5 ph13] at next-to-leading order af’s=1.8
A. WWy and WW?Z trilinear gauge boson couplings TeV. The Feynman diagrams for thw'W production pro-

i , cesses are obtained by substituting=y or Z, V,=W™" and
A formalism has been developgd) to describe th&VWy V,=W~ in Figs. 1a)—1(c). Destructive interference, similar

and WWZ interactions for models beyond the SM using any," 4t gccurring inWy production, occurs between the
gﬁectlve Lagrang!an. The/Wy andWWZvertlces that sat- 54 t-channel amplitudes and theechannel amplitud¢14]
isfy Lorentz invariance and conservation@fandP can be . o photon or aZ boson as the mediating particle. The

described by a Lagrangian with two overall coupling fomer processes contain the well-known couplings between
strengthsywy, = —€ andgywz= —ecotd, and six coupling ey hosons and quarks and the latter W&Vy and WWZ
par\?me\t/ersgl Ky, and \y, where V=y,Z. In the SM,  {rjinear couplingsW boson pair production is sensitive to
Ag;=9;—1=0, Axy=«y—1=0, and\y=0. The anoma- poth of thewWy andWWZcouplings. It is approximately a
lous couplings are parametrized as form factors with a scal@gctor of 2 more sensitive to thayWZ couplings, due to the
A, in order to avoid unitarity violation of the gauge boson nigher value of the overall couplingyw,= — € coté,,, than
pairA cross sec}ion at asymptotically high energies: e.04g the WWy couplings with gww,=—€ and is therefore
N, (S)=\,/(1+s/A?)2 The WWy andWWZ coupling pa- complementary t&'y production. The predicteflL5] cross
rameters, in the static limit, are related to the magnetic dipolgection forWW production, as a function of anomalous cou-
moments fy) and electric quadrupole moment®{) of  pling parameterss=\ ,=\; and Ak=A«x,=Akz, where
the W boson:  puw=(e2My)(1+k+N\) and the WWy andWWZcouplings are assumed to be equal and
QW= —(e/M\ZN)(K—)\) [8], wheree andM, are the charge A =1000 GeV, is shown in Fig. 4.
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The details of the recently published analy$8, in  duction process. The Feynman diagrams for dftg —Zy
which an upper limit on th&/W cross section was obtained ,qcesses are obtained by substitutiig= y or Z, V,=2Z

from the observed number of signal events in the dileptor, V,=1 in Figs. X8-1(c). There are n&Zy and Zyy

decay modes, are presented. The limit on the cross sectiq . R . .
was translated into the limits on anomalous coupling param(—:%UpIIngS of the type shown in Fig(d in the SM; thus,

eters. there is no destructive interference of the and t-channel

For pp_collisions at\S=1.8 TeV, the cross section pre- amplitudes, such as occurs\ivty, WW, andW Z production.
dicted[ 16] at next-to-leading order foNZ production is 2.5 A Z boson is identified by its leptonic decay products, a pair

pb. The Feynman diagrams f#¥Z production are obtained of high py I(_aptons ¢'=e or u), or by the !mbalance Of.
by substitutingVo=V,=W and V,=Z in Figs. 1a—1(c). momentum in the event due to not detecting the neutrino

While WW production is sensitive to both tH&/Wy and pair. The Drell-Yan _prpduction of @ boson or virtual pho-
WW2Z couplings,WZ production depends only on tNg¢Wz ton, followed by radrqnon of a photon off the charged lepton
couplings. ThaVW andWZ decay channels in which o ToM theZ boson or virtual photon decay products, also con-
boson decays into an electron and a neutrino and the secofdPUtes (o the charged lepton final states, as shown in Fig. 6.
W boson or theZ boson decays hadronically were studied inAAS with the final state radiation fror&/ boson dece}y prod-
order to obtain an upper limit on the cross section and t¢/CtS: the photon from th& boson decay products is prefer-
restrict possible anomalies in the coupling parameters. Igntially emitted along the charged lepton direction; the pro-
these processes, thé andZ bosons that decay hadronically €SS ¢an be suppressed by imposing a cut on the separation
to produce two jets in the detector cannot be differentiatet!?ewveen the charged Ie_pton_and the phot_on. The_ most gen-
due to the limitations of jet energy resolution. Figure 5€ral Lorentz and gauge |n\\5a.r|am/y vertex is described by
shows thep; spectrum forW bosons inWW andWZ pro-  €ight coupling parametety’(i=1, . .. ,4)[18]. The anoma-
duction from the leading-order theoretical predicticks]. ~ '0us couplings —are parametrized as form factors
This paper describes in detail an analysis summarized in Reh)=ho/(1+s/A?)", wheres is the square of the invariant
[4], in which theE; spectrum of theW bosons, produced mass of theZy system,n=3 for h\lfs, andn=4 for h‘z”4.
with two or more jets which could have come from a had-This is discussed in more detail in Appendix A. Figure 7
ronic W or Z boson decay, was compared to the expecteghows theE; spectra of photons predicted for the SM and
SM signal plus background to set limits on anomal@dig/y  the non-SM model production processes. The distributions
and WWZ couplings. The Collider Detector at Fermilab for the non-SMZZy andZyy couplings exhibit a large in-
(CDF) Collaboration has studied tHe’ jet-jet decay mode crease of the cross section at high. Limits on the anoma-
and reported17] limits on anomalousVWy andWWZcou-  lous coupling parameters are obtained from a maximum like-
plings. lihood fit to the E; spectrum of the photons, as Wy

A new result on the anomalous couplings from a com-production. Previously, CDF has published limits on the
bined fit is presented. Since tWdy, WW to dileptons, and ZZvy andZyy anomalous couplingkl9] using theee and
WWW?Z to electron plus jets analyses measured the samgu final states. Recent results from the R®periment are
coupling parameters, a combined fit to all three data sets wagsresented here in more detail than in the previ@y§] sum-
performed, yielding improved limits on the anomalous cou-maries and include thee, «u, and neutrino final states.
plings compared to the individual analyses.

C. Outline of paper

B. Zyy and ZZy trilinear gauge boson couplings The paper is organized as follows. In Sec. Il thé¢ D&

The interactions of pairs of neutral gauge bosons,zhe tector and the techniques used to identify particles from the
boson and the photon, can be studied throughZlyepro-  collisions are discussed. Section Il is a summary of various
Monte Carlo modeling tools used in these analyses. Section

e Vi 1 Vi IV discusses the 1992-1993 collider run and data samples.
Section V describes a measurement of W&Vy coupling
parameters using/y events where thg/ boson decays into
a high p electron or muon and a neutrino. In Sec. VI the

_ _ q Y

7 (a) V2 7 (b) V2

" v wo !
Vo
7 |4 7
© ’ q v

FIG. 1. Leading-order Feynman diagrams for vector boson pair FIG. 2. The leading-order radiative Feynman diagram\iby
production. The assignment bf, V,, andV, depends on the final production where the photon is the result of bremsstrahlung from a
state:Wy, WW, WZ, or Zy. final state lepton.
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FIG. 3. The predicted spectrum of photons in theé/y pro- -3 -3 Ak
duction for SM and anomaloug/Wy couplings. Radiative dia- . . .
grams are included. The requirements th#,,>0.7 andE}>10 ; F'_G' 4'f The pr(ledlcted crlc_)ss section f/W é)rzductlon as a
GeV have been made to avoid the collinear and infrared singulari-unctlon ol anomalous coupling parametar.san K, assuming
ties. the WWZandWWy couplings are equal, with =1000 GeV.

results of a search SNW—(/ v)(/'v') process are pre- ments, the position of the interaction vertex along the beam
sented. This is followed by a description and the results oflirection was determined with a resolution of 8 mm. The
the analysis folWW and WZ production with subsequent presence of a CD track or hits pointing towards a shower was
decay toev and at least two jets in Sec. VII. Section VIII the key element for distinguishing electrons from photons.
describes the combined limits on the anomalous couplingghe CDC and FDC'’s also provided ionization energy loss
from all of the Wy and WWWZ analyses. Section IX pre- measurement for separating single electrons from closely-
sents a measurement 87y andZyy coupling parameters spaced photon conversion pairs where the photon converted
using Zy production events where th& boson decays into before it reached the tracking detector.
ee uu, or vy, The results are summarized and reviewed in  The calorimeter was divided into three parts, each en-
Sec. X. Appendix A contains a detailed review of trilinear closed in a steel cryostat to contain the liquid argon: the
gauge boson couplings and the effective Lagrangian. Finallycentral calorimete(CC) and two end calorimeter&C'’s) as
Appendix B contains a discussion of the binned likelihoodshown in Fig. 10. Each consisted of an inner electromagnetic
fitting procedure used in determining the anomalous cou¢EM) section, a finely segmented hadronic sectiBH) and
plings limits. a coarsely segmented hadronic sectigitH). The
scintillator-based intercryostat detect¢lf€D’s), which im-
Il. DETECTOR proved the energy resolution for jets that straddled the cen-

The major components of the D@etector[20] were a tral and end calorimeters, were inserted into the space be-
nonmagnetic central tracking detector system, a hermetitVeen th.e- cryostats. The calorlmetgr covered the
liquid-argon uranium calorimeter and a muon spectrometepSeudorapidity rangen|<4.2. The boundaries between the
system with a toroidal magnetic field. A perspective view of €C and EC’s were chosen to be approximately perpendicular
the detector is shown in Fig. 8, depicting the three majort© the beam direction and to match the transition between the
systems. CDC and FDC's.

The central tracking detectd€D), shown in Fig. 9, in- Each EM section was divided into four longitudinal layers
cluded the Vertex Drift ChambelTX), the Transition Ra- forming a thickness of 21 radiation lengths. The hadronic
diation Detector(TRD), the Central Drift ChambefCDC)  sections were divided into foyCC) or five (EC) layers and
and two Forward Drift Chamber@&DC's). The VTX, TRD, were 7—10 nuclear interaction lengths thick. The calorimeter
and CDC were arranged in three concentric layers around theas transversely segmented into projective towers with
beam line, from the beam pipe out to the central calorimeterA X A $=0.1X0.1, where¢ is the azimuthal angle. The
The wires in the FDC's were oriented perpendicular to thethird layer of the EM calorimeters, where the maximum en-
beam line. The entire CD was contained in the cylindricalergy deposition from EM showers was expected to occur,
volume =76 cmz==x135 cm) bounded by the calorim- was segmented more finely into cells with
eter cryostats. The CD measured the trajectory of charged X A ¢=0.05x0.05. The azimuthal position resolution for
particles with a resolution of 2.5 mrad ih and 28 mrad in  electrons with energy above 50 GeV was approximately 2.5
0, where¢ and 6 are the azimuthal and polar angles of themm.
track, respectively, and covered the regjeh<3.2 in pseu- The calorimeter provided the energy measurement for
dorapidity, wheren= —In[tan(#/2)]. From these measure- electrons, photons, charged hadrons, and jets. The energy
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FIG. 7. Thep? spectrumda/dp?, for SM Zy events from final
state radiatior{dashed ling initial state radiatior{dotted ling, the
combination of initial state and final state radiati@olid line), as
ell as for two anomalouZZy couplings.

FIG. 5. Thept spectrum ofW bosons inWWWZ production
corresponding to approximately 10 pbof collisions. The theoret-
ical assumptions for the anomalous coupling spectra are that
N, =\z andAk,=Akz, with A=1000 GeV. . ) . o

drift tubes(PDT’s). It provided identification of muons and

luti f the DOcalorimet di i tdetermination of their trajectories and momenta. Since
resolution ot the cajorimeter was measured in a test ., ,,ng from decays AoV andZ bosons are primarily in the

beam for electrons and pions. The energy resolution for elec-

= central region, the analyses presented here used only the
trons and photons WasE/E—lS%/V'E(GeV)@OA%. For  wide angle muon spectromet@V/AMUS) which subtended

: the region| »|<2.5. The WAMUS system consisted of three
50%/VE(GeV) and 80%{E(GeV), respectively[20,21.  |5yers: the ‘A layer” with four planes of PDT's, located

The transverse energy of a neutrino was inferred from the wveen the calorimeter and the toroid magnets; and the
undetected transverse enerds, which i_s th_e negative of «p» 504 “C layers” each with three planes of PDT's, lo-
the vector sum of the transverse energies in all of the calogaieq outside the toroid magnets. The toroids were magne-
rimeter cells. Using a minimum bias data sample, the resog,eq 1o +1.9 T. The wires in the drift tubes and the mag-
lution for each component of the missing transverse energyyeyic field lines in the toroids were oriented transversely to

E, and £y, was measured to be 1.1 GeV.02(CEy),  the heam direction. The muon system mounted on the central
where ZEt is the scalar sum of transverse energies in a"(forward) muon toroid, covering approximatelyz|<1

calorimeter cells. For one ana!ysﬂsee Sec. IX Cthe Et (1<|5|<1.7) is referred to as the “CEEF)” region.
was calculated from the negative of the vector sum of the  rhe total material in the calorimeter and iron toroids var-
transverse energies in towers wih>200(400) MeVinthe ;o4 from 13 to 19 interaction lengths, making background

EM (FH1) calorimeters. The hadronic calorimeter scale Wasyom hadronic punchthrough negligible. Because of the small
determined by comparing the transverse energy of the recoﬂ}acking volume, the background to prompt muons from in-
agains@ that of the electron pair ih—ee+ X events. The flight decays ofr andK mesons was also negligible.
resolution of thex and y components of theEr was The muon momenturp was determined from its deflec-
o=1/(4.88 GeVy+(1.34 PT)2, tion angle in the magnetic field of the toroid. The momentum

The muon spectrometer system, shown in Fig. 8, conresolution was limited by multiple scattering in the calorim-
sisted of solid-iron toroidal magnets and sets of proportionakter and toroid, knowledge of the magnetic field integral, and
the accuracy of the deflection angle measurement. The mo-
mentum resolution, determined frodhy— uu andZ— uu
events, wasr(1/p)=0.18(p—2)/p?©0.008 ( in GeVk),
where@ indicates addition in quadrature.

q q

A. Trigger

7 A multilevel, multidetector trigger system was used for

FIG. 6. The leading-order radiative Feynman diagramsZfgr ~ Selecting interesting events and recording them to tape. A
production where the photon is the result of bremsstrahlung from goincidence between hits in two hodoscopes of scintillation
final state lepton. This decay mode only applies to final states incounters(level 0, centered around the beam pipe, was re-
volving charged leptons. quired in order to register the presence of an inelastic colli-
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Muon Toroids

Central Tracking . - and PDT’s

System

FIG. 8. Perspective view of the D@etector.
Also shown are the movable support platform,
the Tevatron beam pipe centered within the de-
tector, and the Main Ring beam pipe which pen-
etrates the muon system and calorimeter above
the detector center.

\ \   H : ‘ Pt Calorimeters
w

sion. These counters also served as the luminosity monitalectrons and photons by forming clusters, around level 1
for the experiment. The level 1 and level 1.5 triggers weretrigger towers, of transverse energy read out from the four
programable hardware triggers which made decisions basdayers of the EM calorimeter and the first layer of the FH
on combinations of detector-specific algorithms. The level Zalorimeter. The clusters were of si2epxX A ¢$=0.3X0.3,
trigger was a farm of 48 Vax 4000/60 and 4000/90 comput-centered on the higheBt tower in the cluster. The longitu-
ers which filtered the events based on reconstruction of thdinal and transverse profile of the cluster had to satisfy the
information available from the front-end electronics. Lossedollowing requirements which were designed to discriminate
from the Main Ring beam, usually involved in the produc- electrons and photons from hadronic showers. The fraction
tion of antiprotons, caused backgrounds in the muon systerof the cluster energy in the EM section had to exceed a value
and calorimeter. In the analyses presented here, triggemghich depended on the energy and location of the cluster in
which occurred at the times when a Main Ring proton bunchthe calorimeter. The transverse shape classification was
passed through the detector were not used. Similarly, triggeisased on the energy deposition pattern in the third EM layer.
which occurred during the first 0.4 s of the 2.4-s antiproton

production cycle were vetoed. These “Main Ring vetoes” III

accounted for approximately 25% trigger dead time.

At each level of the trigger, the D®igger system gath- I =
ered the results from each of the detector-specific triggers i
and filters. In this way, trigger decisions could be made from 5 I

LI T T
| N

combinations of different detector-specific results. Table | is=
a compilation of the triggers used in the various analyses I
presented in this paper.

i

|

1. Calorimeter trigger

based on analog sums of transverse energy in calorimete
tOWe'rS Wlth A 77>< A ¢: OZX 02 and W|th tWO |0ng'ltudlna| [0) @ Central Drift Vertex Drift ‘]‘ranvsil..ion Forward Drift
sections, EM and FH. The level 1 EM trigger required trans- Chanber Chaber ﬁ;idl““'tm” Chanber

. . . etector
verse energy in the EM section of a trigger tower to be above >

preselected thresholds. The level 2 EM algorithm identified FIG. 9. The DOcentral tracking detector system.

: : 4 A
The level 1 triggers for electromagnetic showers were T T
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The difference of the energy depositions in two regions, otrigger required a minimurp; of 3 GeVk and became fully
size ApXA¢$=0.25X0.25 and 0.1%0.15 and centered efficient at about 6 Ge\¢/ The level 1 trigger efficiency was
around the cell with highedEr, had to be within a range (79+3)% for the central region and (3612)% for the for-
which depended on the total cluster energy. ward region. At level 1.5, the hodoscopic elements had half-
Another calorimeter based trigger was the “misstg’  cell resolution, providing a sharper turn on. A three-layer
trigger. At level 2 theEr was formed from the negative of requirement made at this trigger level reduced the acceptance
the vector sum of th&; deposited in '_[he calorimeter and of the central muon system by approximately 15%.
ICD cells, corrected for the vertex position. At level 2, the first stage of the muon reconstruction al-
gorithm, which consisted of the pattern recognition and ini-
tial track fit, was performed. To minimize processing time,
The muon level 1 and level 1.5 triggers required coinci-the search for muon candidates in the forward region was
dences of hits in the PDT’s consistent with a muon originatsestricted to the sectors which had a level 1 trigger. A valid
ing from the collision region. The level 1 algorithm com- level 2 trigger was a three-dimensional muon track with hits
bined coincidences of hits in PDT cells into 60-cm-wide in at least two planes of two PDT’s. The level 2 muon trigger
hodoscopic elements. If a combination of hodoscopic eleprogram calculated several quantities that provided informa-
ments matched a preprogramed pattern of a muon track, th&n on the quality of the muon track including the goodness
event was accepted. In the central region, three layers aif track fit in the PDT drift view and along the PDT wire, the
PDT's, each with at least two hit planes, were required exprojections of the track to the interaction point in both views,
cept in regions where detector services and support limitednd the number of hits used to fit the track. A track quality
the coverage of one of the layers. In the forward regionyariable was defined as the number of these quantities that
defined approximately as ¥(#|<2.5, three layers of failed the standard criteria. In addition, in the forward region,
PDT’s were required, with at least three hit planes in#he muon candidates formed with less than six hits on the track
layer and two hit planes in both th® and C layers. The were discarded, since they were likely to be random back-

2. Muon trigger

TABLE I. Triggers used in the analyses presented in this paper. The ELE-2-MAX trigger was a subset of the ELE-2-HIGH trigger which
included shower shape cuts on the EM candidates.

Trigger name Level 1 Level 1.5 Level 2 Analyses
MU-MAX 1w, |n<s17 lu, |ns17 1w (tight), pr=15 GeV WW— uu
MU-ELE 1 EM tower,E;=7 GeV - leory, Et=7 GeV WW—eun
Lu,|n<s17 1u (loose, pr=5 GeVk Wy— uvy
Zy—ppy
ELE-HIGH 1 EM tower,E;=14 GeV - leor vy, Ey=20 GeV WWWZ—
ev jet jet
Zy—vvy
ELE-MAX 1 EM tower, E;=10 GeV - le or y, Ey=20 GeV Wy—evy

E; =20 GeV

ELE-2-HIGH 2 EM towersE;=7 GeV - 2e and/ory, E;=10 GeV WW—ee

ELE-2-MAX 2 EM towers,E;=7 GeV - 2e and/ory, Et=20 GeV Zy—eey
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TABLE Il. Summary of the various muon identification definitions used in the analyses presented in this paper.

Selection Tight | Tight Il Tight 1l Loose | Loose I
Analysis WWs gy Wy— uvy Zy—ppy WWoeuvy Zy—ppy
Muon quality J J J

Back-to-back
Muons removed J J J J J
Minimum

Field integral(T m) 2.0 2.0 1.9 2.0 -
3 layer required - - J - -
A layer required - J J - J
Isolation 2NN cut AR AR AR AR

u-jet w-jet w-jet w-jet
requirement Halo cut >0.5 >0.5 >0.5 >0.5
Impact parameter |3D|<22 cm |[RZ|<22 cm |RZ|<22 cm |3D|< 22 cm |IRZ< 22 cm
[XY]< 15 cm

to <100 ns =100 ns - - -
CD match 5¢=<0.45 5¢=<0.25 85¢<0.25 8¢<0.45 85¢<0.25

60=<0.45 60<0.30 60<0.30 60<0.45 60=<0.30
Cal confirm J J J J J
ground hits in coincidence. In the central region, cosmic ray 1. Muon track quality

muons were identified if there was evidence of a single muon  The muon reconstruction algorithm defined a muon track
penetrating the entire detector; muon candidates with atraqfua”ty, similar to that used in the level 2 trigger, which
within 20° in ¢ and 5° ing or hits within 60 cm(roughly  contained information about the number of hits on the track
5°) of the projection of the muon track into the opposite sidefrom each layer of muon PDT’s, the track impact parameters,
PDT's were rejected. The muon was accepted by level 2 ifind the goodness of the track fit. If the track did not satisfy
the pr was above the desired threshold and if the track qualeriteria on more than one of the above quantities, the muon
ity variable was zerd"tight” standards, or one(“loose” candidate was rejected. Figures(dland 11b) show the
muon standards The muon level 2 trigger efficiency was impact parameters in the track bend viewz(plang, byeng,
determined to be (953)% excluding effects of the chamber and in the track nonbend viewx{y plang, bponpeng fOr
efficiencies and geometrical acceptance for the “loose”’muons which satisfied all of the other selection criteria. The
muon requirements of the MU-ELE triggésee Table)l three-dimensional3D) impact parameter was sometimes
used in lieu of the combination of threz andx-y selection
criteria.

B. Muon identification

Muons were identified as tracks in the muon PDT's in 2. Fiducial requirements
association with tracks in the CD and energy deposits in the Muons which passed through the region between the CF
calorimeter. The momentum of the muon was computechnd EF toroid magnets nean|~0.9 may have traversed a
from the deflection of the track in the magnetized toroid. Thesmaller amount of magnetized iron and thus have a reduced
track fit used a least-squares calculation which considerecthomentum resolution. To reject these poorly measured
seven parameters: four describing the position and angle ¢huons, all of the muon identification definitions in this paper
the track before the calorimeter, two describing the effectexcept “loose II” required the minimum magnetic field in-
due to multiple Coulomb scattering, and the inverse of thdegral along the muon trac§Bdl, to be at least 2.0 T m.
muon momentum, pl. This seven-parameter fit was applied ~ The “tight I1,” “tight 1I1,” and “loose II" definitions
to 16 data points: vertex position measurements irxtaad ~ fequired that the muon have hits in thelayer, between the
y directions, the angles and positions of the track segmentedlorimeter and the toroid magnet. Making this requirement
before and after the calorimeter and outside of the toroid®duced the fake-muon background in the forward region but
magnet, and two angles representing the multiple scatterin(gISO reduced the acceptance by limiting the pseudorapidity
of the muon in the calorimeter. The fit determined the charg overage to a_lpprOX|matelw|<1.7. A cut on|n|<1.7 was
of the muon and which CD track, if any, matched the muon.u;e(_j to restrict the muon tracks to those totally contained

ithin the WAMUS spectrometer.

The muon momentum was then corrected for the energy los¥
in the calorimeter using aEANT-based 22] detector model.

In the following, the quantities used to describe the muon 3. Central detector track match
tracks are presented. The definitions for muons differ slightly Muon candidates were required to have a confirming track
among the various analyses because of the nature and mag-the CD within a range in both the polar and azimuthal
nitude of the backgrounds. Table Il lists the five differentangles. This reduced the backgrounds from cosmic ray
definitions of muons in the analyses described in this papemuons and from combinations of random hits.
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TABLE Ill. Summary of the various electron identification definitions used in the analyses presented in this paper.

Selection Tight | Tight Il Tight Il Tight IV Loose |
Analysis WW—eeandeu Zy—eey Wy—evy WWWZ—ev jet jet Zy—eey
EM fraction >0.90 >0.90 >0.90 >0.90 >0.90
Track match J J J J -

CC (EC) x? <100(100) <100(200) <100(200) <100(100) <100(200)
Isolation <0.1 <0.1 <0.15 <0.1 <0.1
TMS <100 <100 <100 <50 -
dE/dx J - - - -

CC efficiency 72.92.3% 78.1-2.3% 79:2% 76.7-1.6% 90.2:1.3%
EC efficiency 51.6:3.6% 70.8-3.4% 78:3% 62.0-3.1% 97.12.9%

4. Calorimeter confirmation neighbors, subtracting the energy expected to have been de-

Muons deposited energy in the calorimeter as they passétPSited by the muon, and dividing the difference by the un-
through it. It was required that at least 1 GeV of energy wa<erainty. This was required to be less than five standard
deposited in the tower which contained the projection of théleviations. Another isolation variablélalo) was defined as
muon track through the calorimeter and the nearest neighbof"€ difference between the energy deposited in a cone of size
ing towers. Figure 1(t) shows the energy deposition in AR=0.6 and the energy deposited in a cone of size
these towers around muons which passed the other selectiéR= 0.2, whereAR= JA °+ A ¢*, around the muon in the
requirements. calorimeter. This was required to be less than 8 GeV. The

third isolation criterion AR, je) Was that muons were spa-
tially separated from the axis of any jet wiy=10 GeV by

The muon track was refitted with the timing of the muon atleastAR=0.5.

track with respect to the p interaction as a floating param-
eter, to. This allowed identification of cosmic ray muons,
which tended to be earlfpositive values of) with respect Electrons and photons were identified by the properties of
to muons produced in the collisions due to effects of thethe shower in the calorimeter and the presence, or lack
hardware. Figure 1(#) shows the value of, which resulted thereof, of a matching track in the CD. Using a nearest-
in the best track fit for muons which passed all other selecheighbor algorithm, clusters were formed from adjacent EM
tion requirements. The “tight I’ and “tight II” definitions  towers containing significant energy deposition. The clusters
requiredty<<100 ns. for which the energy in the EM and first FH section of the

5. Cosmic ray identification

C. Electron and photon identification

6. Muon isolation g 200 g 150
5} L o
Muons from the decay of pions, kaons, and heavy quarkss, 150 I @ | 3z
were reduced by requiring that the muon be isolated fr0m§ | g 100 -
other jet activity. This was done in three ways. One isolation= 44 L H
variable (2NN) was defined by summing the energy depos- L so -
ited in the calorimeter cells hit by the muon and two nearest 5o
i i ifi i 1o I R o s W ] I il Llin
__TABLE IV._ Summary of the various p_hoto_n |dent|f|cat|on“def| ) 0 010 0 9056 0 5010 0" 10 50
nitions used in the analyses presented in this paper. The “loose
efficiencies do not include thp; dependent effects important at Dpena (M) b onbena (€1)
low py. Similarly, the “tight” efficiency applies to only the high 250 300
L 2 . > F g i
pt photons within the fiducial region. 3 F 2
o 200 © | 2 a @
Selection Tight Loose S 150 E £ 200 [
E F ) L
Analysis Zy—vvy Wy @ 100 £ g i
Zy—eey and puy : 100 -
EM fraction >0.96 >0.90 S0 F i
2 P N I ‘ L PR B W
ICCI(ItE'C) X <12%(100) <12%(i00) % 273 %6 s 10 %00 50 0 50 100
soa Ic.m ' ) E_,(1nn) (GeV) t° (nsec)
Matching track Veto Veto o
EMVTX v - FIG. 11. Muon selection variables includirig) the bend view
HITSINFO J - impact parameter(b) the nonbend view impact parametée) the
CC efficiency 5%2% 74:7% energy in the calorimeter tower plus the nearest-neighboring towers
EC efficiency 56-4% 58+ 5% around the muon, an@) thet, resulting from the track fit with the

muon time of origin as a parameter.
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calorimeter divided by the sum of the energies in the EM and

all hadronic sectionSEMF) was greater than or equal to 0.9 1 - G ! i
were flagged as possible electrons or photons. Figuta) 12 4 - ’Kg.h 0.8 o
shows the fraction of electrons frod boson decays for a e, - {W
which the EMF is above the value given on the abscissa. %¢ | e cc A 06 £
More detailed analysis of the calorimeter and tracking cham- ¢.4 [ > EC ol 0.4 [+
ber information was then used to refine the sample as is __ [ (@ i 8 (b)
. e . 0.2 J 02 B

described below. A summary of electron definitions is pre- g N
ier;tledl\i;] Table Ill. The photon definitions are summarized in =~ 0,50 =195 0975 1 %0 50 100 150 200 250

avie V. E(EM)/E(Total) H-Matrix

1. Fiducial coverage of EM calorimeter 1 s 1 e
o & [l
All of the analyses presented in this paper made identical 0.8 0.8 iyt

selection on the fiducial coverage of the EM calorimeter. It . #

R
was required that the electron or photon have pseudorapidity ~— F * 06 ¢
within the range+ 2.5. Furthermore, the EM calorimeter had 04 ; 04 N
a gap in the coverage at the transition between the CC and ¢» . © 02 F @
the EC. The four-longitudinal-layer coverage of the CC B
ended at pseudorapidity of 1.1 and the four-longitudinal- 00 00501 015 02 025 %0 5 10 15 20 25
layer coverage of the EC returned at pseudorapidity of 1.5. fiso Track match sig.

Therefore, all analyses of photons and electrons in this paper

made a fiducial selection which removed this transition re- FIG. 12. Electron selection efficiencies fta the electron se-
gion. The “tight” photon identification criteria went one lection efficiency as a function of the fraction of the energy depos-
step further, requiring that photons in the CC have pseudoted in the EM calorimeter(b) the H matrix X2, (c) the isolation
rapidity within the range=1.0. The samples used in the variablef,,,, and(d) the track-match significance, TMS. The solid
discussion of photon and electron identification presented beircles are for CC electrons and the open diamonds are for EC
low have these fiducial selections already applied. electrons.

3. Cluster isolation
2. Covariance matrixy? ) i
The EM clusters were required to be isolated from other

The electron or photon shower shape was characterizeghrticles in the event in order to reduce the background from

by the fraction of the cluster energy deposited into each layepadronic jets with high EM content. The isolation variable
of the calorimeter. These fractions were correlated, dependyag

ing on the depth of the start of the shower and on the energy
of the incident particle. In order to reject background using E(0.4—EM(0.2)

the shower shape, including these correlations, a comparison is0— EM(0.2) , (2.1
was made between the candidate and a reference sample of '

Monte Carlo electrons with energies ranging from 10 to 15
GeV. This comparisonH matrix y?) was carried out in 41
observables: the fractional energies in layers 1, 2, and 4 q
the EM calorimeter; the fractional energy in each cell of a
6X 6 array of cells in layer 3 centered on the most energeti
tower in the EM cluster; the logarithm of the total energy of
the electron cluster, taking into account the depth depeq— a way similar to theH-matrix efficiency described above
dence on the incident energy; and the position of the eve igure 12¢) shows the fraction of electrons fro@ boson '
vertex along the beam direction, taking into account the deaecays passing anf, selection criterion. Requiring
pendence of the shower shape on the incident angle. A SePR- 10 was 97.6 0 'é%/o (98.5- 1.4%) effici'ent for CC
rate reference shower shape was available as a functign of (E‘(’:) electron candidates T

assuming¢ symmetry. Figure 1) shows the fraction of '

electrons fronZ boson decays for which the value of thie
matrix x? is less than the value given on the abscissa. Re-

QNhereE(0.4) was the energy deposited in all the calorimeter
ells in a cone of radiuR=0.4 around the electron or pho-
n and EMO0.2) was the energy deposited in the EM calo-
rimeter in a cone of radiuR=0.2. For EM objects with
(ET< 20 GeV, there was deterioration of the efficiency of the
fiso Selection criteria. This was modeled with a turn-on curve

4. Electromagnetic fraction

quiring that theH matrix y2< 100(200) in the CGEC) gave The “tight” photon identification criteria included the re-
an efficiency of 94.9 0.8% (100-62'8%) for electrons with  duirement that the energy deposited in the four EM layers be
E.>25 GeV. ' at least 96% of total energy in the calorimeter in a cone

The efficiency for theH-matrix selection decreased if the &round the shower maximum. This was in addition to the
E fell below 25 GeV. The efficiency as a function of photon EMF requirement discussed above.
E; was measured in a test beam for both the CC and EC.
This dependence was a dominant source of systematic uncer-
tainty in the efficiency for lowp; photons. Figure 13 shows Electrons and photons were distinguished from each other
the efficiency versup; for the H-matrix selection criteria by the presence of a track consistent with the passage of a
for low pt “loose” photons. charged particle in the CD which pointed to the EM cluster

5. Electron track match
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in the calorimeter. An electron had such a track; a photon didracks at a giverny is the same irZ boson production and
not. The efficiency for track finding was 86:71.4% in the  double vector boson production. The probability for a ran-
CDC and 86.1-1.8% in the FDC’s. By demanding a good dom track overlap was found to betl % and 15-1% for
spatial match between the cluster and the track, backgroundise CC and EC, respectively, the latter being higher due to
due to accidental overlaps of charged particles with photonthe higher density of tracks in the forward direction.
in EM jets were reduced. In the calorimeter, the shower cen-
troid, )ZC, was determined from the weighted mean of the
coordinates x; of all cells containing the shower, Some photons were lost when they convertecet@™
)ZC: EiWi)zi /S;w;. The weights were defined as pairs in_ r_naterial in front of the_ CDC or FD_C. The_ conversion
w;=max{ 0w,+In(E; /E)], whereE; was the energy in the probability was qalculated_ using tkeEANT simulation of the _
ith cell, E the energy of the cluster, and, a parameter p(D detector. This pro_bablhty dgpended on the pseudorapid-
chosen to optimize the position resolution. The logarithmicy_Of the photon and is shown in Fig. 15. Averaged over the
weighting was motivated by the exponential lateral profile ofCC (EC) it amounted to a 10%26%) loss of photons. There
an electromagnetic shower. The azimuthal position matchin§ & Systematic uncertainty of 5%.
resolution in the CC and EC was measured tosd&5 mm.
The CD track was extrapolated to the shower centroid and
the significance of the track match, TMS, was formed be- An algorithm, EMVTX, was developed to reduce the
tween the position of the track and the centroid. For the CGackground from cosmic ray or beam-related muon brems-
this quantity was strahlung which produced photons inconsistent with having
originated at the event vertex. The energy-weighted centers
Ap\Z [AzZ)\2 of the cluster in each of the four layers of the EM calorimeter
TMScc= (5—) + (6_) , (2.2 plus the vertex position, and their uncertainties, were used to
4 Az compute two-dimensional fits. The resulting was then
converted into a probability for the photon to have originated
at the vertex. It was required that the probability of RR&
and XY projections,Pr7 and Pyxy, each exceed 1%. Com-
parison of thePg, and Pyy distributions for electrons from
Z bosons and from photons resulting from cosmic ray brems-
strahlung are shown in Fig. 16. In case there were multiple
ertices in the event, the one with the highlst, was se-
lected as the vertex for the interaction. This vertex was then
used in computing the missing transverse energy Bhd
The vertex resolution provided by this algorithm was ap-
proximately 17(11) cm in theRZ (XY) planes.

8. Photon conversions

9. Photon-vertex projection

where A ¢ was the azimuthal mismatclyz the mismatch
along the beam direction, ang, was the resolution for the
observablex. For the EC,Az was replaced byr, the mis-
match transverse to the beam. FigurédlZhows the frac-
tion of electrons fromZ boson decays for which the track
match significance variable is less than the criterion on th
abscissa. Requiring TMS10 was 98.60.6%
(91.5+1.8%) efficient for CC(EC) electron candidates.

6. Electron track ionization

The tracks frome* e~ pairs produced in photon conver-
sions due to interactions with material in the tracking cham- 10. Hits along photon roads

bers were of.ten'rec'onstructed as a single track. For such The backgrounds to photons from electrons and high-EM
pairs, th_e lonization in the tracking cha_mbers was e)_(pe(_:tegontent jets with unreconstructed tracks were reduced by
to be twice that of a single charged particle. The distribution,,ing for hits in narrow roads between the vertex and the
of ionization per unit length dE/dX) for electrons from gy cjyster in the calorimeter. In particular, a background to
Z—ee decays and_ fror_n EM clusters in an inclusive Jetzy_ww wasW—s er events where the electron was misi-

sample are shown in Figs. (& and 14b). Most electrons  yaptified as a photon. The tracking algorithm could have

haddE/dx~1. There was a long tail to higher values due t0,aen confused by extra hits or have missed the track because
electrons which started to shower earlier in the tracking

chambers than the CDC and FDC layers. The ionization in

the inclusive jet sample shows a two-peaked structure. The a1t
lower peak, att E/dx~1 was due to single charged particles. j
The higher peak came from unresolvede™ pairs. This 0.9 [
background was rejected by removing electron candidates :
with dE/dx~2. The veto requirement for GEC) was 1.6< 0.8 5
dE/dx<3.0 (1.6<dE/dx<2.6) and was 94.41.1 (75.2 o &
+3.7\% efficient for electrons fronZ bosons. T
0.6
7. Loss of photons due to track overlaps Eo | ; i ]

Some photons were mislabeled as electrons because of 08 pro
spatial overlap of the photon with a random track. The inef- T 10 20 30 40 50
ficiency introduced was estimated by looking for a track or EL (GeV)
tracks in a cone randomly oriented i but at the samey
location as the electrons A boson decays tee. The as- FIG. 13. The efficiency of the “loose” photot-matrix x?

sumption is that the probability of finding such a track or selection criteria as a function &?.
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the wrong vertex was selectéith the case of multiple verti- —~ 800 — 200
ces or because the vertex was reconstructed poorly and th& @ | 3 (b)
track pointed in a different direction. An algorithm was de- g 600 g 150
veloped, called HITSINFO, to identify this background. ™ i -
Roads were defined between the cluster and each recor 400 [ 100
structed vertex as well as the vertex position obtained by the 200 i 50
EMVTX algorithm. The road size depended on the tracking i
chamber. The following road sizes were used: ol " 0
5
AGVTX=0.005, A¢VTX:0'012’ dE/dx dE/dx

FIG. 14. (a) thedE/dx measured in the CDC for electrons from
A6cpc=0.050, A pepc=0.0075, Z boson decays(b) The dE/dx measured in the CDC for EM
clusters in an inclusive jet sample.

ES= S+ B, 2.3

AHFDCZO.OOS, A¢FDC: 0015,

where the angles) # andA ¢, were the half-opening angles

of the roads in th&RZ and XY planes. where
The roads were examined for tracks and hits. The photon

candidate was required to have no tracks from any vertex. | . _

Further requirements were made on the fraction of available ESY=— > E; singicosp— >, AE,, 2.4

wires hit, the number of reconstructed track segments, and ' .

on the number of hits, depending on the tracking subdetector.

The selec;tion criteria were optimizgd using tiZt'a.—>ee E%I:_Z E; singisinqsi—z AEiy- (2.5

sample with one of the electrons being misidentified as a | ]

photon due to tracking chamber inefficiency. The efficiency. ) . . .
was calculated using a sample of “emulated” photons ob-The first sum is over all the cells in the calorimeter and ICD.

tained by rotation of the positions of the electron energy! "€ Second sum is over all the correctionssin applied to

clusters by 90° inp and then applying the selection criteria. all the electrons and jets in the event. In order to obtain the
best resolution, the correctiodsE’ were those from recon-

structing the event with a jet of cone siagR=0.7.
The sources oE+ included neutrinos, which escaped un-
Jets were reconstructed using cone algorithms with condetected, and the energy imbalance due to the resolution of
sizes, AR, of 0.3, 0.5, and 0.7 for the analyses presented irthe calorimeter and muon system. The missing transverse
this paper. The algorithm was as follows. First, a jet candi-energy was corrected if there were muons in the event. The
date was identified by forming preclusters of sizetransverse momenta of the muons were removed from the
AnXA¢d=0.3X0.3, centered on the highdst tower in the E%""' to form the total missindet, whose components were
cluster, from a list of jet towers witlE;=1.0 GeV ordered
by E1. Next, the jet direction was determined by an iterative £ — ol 2 i 2.6
process. A cone of sizAR was placed around a nefty T 4 Py '
weighted jet center of towers and the process was repeated
until the jet direction became stable. If two jets shared en- _
ergy, they were combined or split, based on the fraction of Ery= E%@'—Z P’;'- 2.7
energy shared relative to tiis of lower E+ jet. If the shared '
energy was greater than 50% of the lovey jet, the jets
were merged. : i 1 al i o[
The jet energy was corrected for a number of effects;nu%c;r;zcc:;st T; E[hdéitlir;lgrltgrs:dbetweeﬁfﬁ andEy; the “cal
These included energy contributed to the jet from the under- '
lying event, energy from the jet which escaped the jet cone,
energy lost due to the zero suppression, as well as the overall Ill. MONTE CARLO SIMULATION
jet energy scale. A cone of radidsk=0.7 was selected by |n order to determine effects due to experimental limita-
all analyses presented here, except for'W&/WZ—ev jet  tions such as detector acceptances, resolutions, and efficien-
jet analysis, where a cone of radingi=0.3 was used, and cies on the expected signal and background, and to provide a
the Zy—vvy analysis, where a cone of radidsR=0.5 cross-check for many of the quantities measured with the
was used. The small cone size was advantageous for detedata, simulations of the detector and trigger were developed.
ing two closely spaced jets expected from hjghW boson  Various levels of sophistication were used, depending on the

D. Jet reconstruction

In that which follows in this paper, analyses not involving

decays. The larger cone size had smalercorrections. detail required.
E. Missing transverse energy A. Detector simulation programs
The missing transverse energy in the calorimaiffwas The most detailed model of the detector was theaNT

defined as [22] simulation. The DO implementation of GEANT,
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05 o In a typical application, an event generator such as
A ; .
04 oy PYTHIA [24] or I1ISAJET [25] was used to create a list of par-
03 F ticles produced in the collision. The simulation converted
02 this into a Monte Carlo event with the same format as the
0.1 F digitized information from the real collision. This Monte

Carlo event was then reconstructed in the same way as the
data. As it was a very detailed detector simulation, it con-
sumed relatively large quantities of computer resources. This
limited its application to problems of manageable scale.

In order to speed up theeANT simulation, the calorim-
eter response for electrons, photons, and hadrons could be
modeled using a database of particle showers called the
shower library. The shower librafi26] was created by stor-

n ing the energy deposition in each calorimeter cell for each

FIG. 15. (a) n-dependent probability for photon conversion shower that was generated USIGgANT n the full show_er .
(P.) in the material in front of the CDC and FD@) 7-dependent mod_e. E_ach _shower was stored in a I|§t_together with its
efficiency of the photon identificatiore() for high p photons for par'Flc?Ie identity, ”?O.me”t”m’ psgudorapldlty, az'”.‘“th' and
the Zy “loose” selection criteria. The uncertainty shown includes c_oII|S|0n vertex origin. When using the shower library to
the statistical uncertainty plus a common systematic uncertainty 0$'mUIate the response _Of a particle in a Monte Carlo event, a
5%. shower of the appropriate type was selected randomly from
the library and added to the event. This method was useful,

] ) o for example, in determining the efficiency for dijets in the
DOGEANT, included details of the geometry of individual de- \w\wwz— ey jet jet analysis presented in Sec. VII, where

tectors, instrumental efficiencies and resolutions, and particlghe advantage of speed made it possible to create a param-
responses. The performance of th@GEANT program was etrization of the efficiency.

confirmed by Comparing the simulation results with the data An even faster simulatiomoFAsT, with Corresponding|y

taken from test beam{®1], cosmic ray muons angdp col- less detail, used simplified geometrical structures of the DO
lisions[23]. It was typically used to predict and crosscheckdetector and parametrizations of the detector response in-
the effect of variations in the particle identification require- cluding energy(momentum resolutions, particle identifica-
ments on the efficiency for leptons and jets. It was also usetlon efficiencies, and trigger turn-on curves obtained from
to predict and crosscheck the effect of changing the kinethe data and described in the previous section. Careful com-
matic requirements on the number and characteristics gfarisons were performed betwep@FAST and DOGEANT for

-
w08
07 E
06 L

05
04

some of the signals and backgrounds. the processes with standard model couplings to ensure that
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2 b
Q750 & 175
125 150
125
100
100
75
75
50 50
25 25
PR S N O 0 Dol e s,
0 02 04 06 08 1 0 02 04 06 08 I L
P P FIG. 16. Probability distributionsPy, and
Xy RZ

Prz. (a) and(b) are from photons resulting from
cosmic ray bremsstrahlun¢c) and (d) are from
electrons fromZ boson decays.

14 + Entries 522
<)

16 F Entries 522
d)
12 r

Events/0.01
Events/0.01
P
N

10 |

0 b L P b b PR R | A N I
0 02 04 0.6 0.8 1 0 0.2 04 0.6 08 1

PXY PRZ




6756 S. ABACHI et al. 56

TABLE V. Integrated luminosity for each trigger after account- in the acceptance of the countg&/]. The final integrated
ing for the effects of the Main Ring and for bad runs due to hard-luminosity varied from trigger to trigger for a number of
ware problems. The ELE-HIGH trigger has separate luminositieseasons. The muon L1.5 triggers started operating approxi-
depending on whether the calorimeter or calorimeter plus muoiately six weeks after the muon L1.0 and calorimeter trig-
system were checked. gers. The muon triggers tended to be prescaled at high lumi-
nosities because they had higher L1.0 and L1.5 trigger rates

i -1
Trigger JLdt (pb™") than the calorimeter triggers. Finally the analyses which used
MU-MAX 12.2+0.7 only EM objects could use luminosity collected while the
MU-ELE 13.8+0.7 muon system had hardware problems whereas the muon sys-
ELE-HIGH 13.7-0.7 (13.1:0.7) tem, which relied on the calorimeter as part of muon identi-
ELE-MAX 13.8+0.7 fication, could not use luminosity collected when the calo-
rimeter had a problem. The luminosity for a given trigger
ELE-2-HIGH 14.3:0.8 may have varied slightly from analysis to analysis dependin
ELE-2-MAX 14.3+0.8 y have varied siightly ysl ysis depending

on the bad run list used. Table V shows the total integrated
luminosity, after bad run removal, for each trigger used in

nothing important was lost in using the former. This simula-the analyses presented in this paper.

tion was used, for example, to model the acceptance for the

grid points in the anomalous coupling parameter space, V. Wy ANALYSIS

where dozens of grid points were used, each with 10 000 to _ _
100 000 Monte CarldMC) events. A similar fast Monte A measurement of the WWy couplings using

Carlo program was used to estimate the background #om pp—/vy+X (/=e,u) events is presented in this section.

boson decays for th&/W— dileptons analyses. These events contained th@/y production processes,
p p— W, followed by W— /v or the final state radiation
B. Trigger simulation processW— /v— /vy, as shown in Figs. 1 and 2. Anoma-

In order to optimize and crosscheck the efficiency of theIOUS coupling parameters would enhance g production

triggers described in Table I, and to provide a method fo,°T0SS section, leading to an excess of events with high trans-

finding the efficiency of combinations of separate iggers, /°1°%,E113Y, PO, wel separated from the charged lep-

detailed simulation of the trigger algorithm was made. The ) !
list of available triggers, particularly those used for monitor—anomalous couplings predicted by theg80]. The proce-

ing the higherp; triggers, changed from time to time over dure of the analysis was to obtain a candidate sample, esti-

the course of the run as the luminosity increased. Occasion:= ateaﬁzecgfn(:kfﬂﬁg l;:::;”Essfg-sisbt?ailiggtf;n((;ifdgtheomhr:)-
ally the algorithms were improved as our understanding of T’ P 9 P

on spectrum with that expected from various anomalous

the detector improved. The trigger simulatiariGsim, was : :
. : WWy couplings. In the following, the electron and muon
used to pretest the changes in the trigger. The output fro Mhannels are referred to a%(ev)y and W(u»)y, respec-

the GEANT simulation was processed by the simulator usingt. |

level 1 (L1.0) and level 1.5(L1.5) hardware and level 2 Ively.

(L2.0) software simulations. The L2.0 simulation used soft-

ware identical to that used in the L2 computers. The results A. Event selection

were then compared to the arrays of available triggers and ¢ W(ev)y candidates were obtained by searching for

the events were marked as passed or failed. The simulat@gents with an isolated high; electron, large missing trans-
was crosschecked against the actual trigger using real data gg,se energy, and an isolated photon. The data sample was
Input events. taken with a L1.0 trigger that required at least one EM tower
with E;>10 GeV and the ELE-MAX trigger at level 2, that
IV. DATA SAMPLES required an isolated EM cluster witEr=20 GeV and
During the 1992—19933Fcollider run, the Fermilab E+=20 GeV, as described in Table I. The data sample cor-

. responded to an integrated luminosity of 18@7 pb 1.
Tevatron, operating at a center of mass energy(/i)f: 1.8 b 9 y P

. . o2 - The electron was required to pass the “tight III” require-
TeYi dellv_ered_ a total |ntegrated_lum.n_"|05|ty ﬁtdg—Zlﬁ.g ments of Table Ill and the photon to pass the “loose” re-
pb~1. Typical instantaneous luminosities ofx4.0°° cm

o) : 1 quirements as described in Table IV. The electron and pho-
s™+ were attained. DCcollected 14.4 pb- to tape. The

. ) e ton were required to be within the fiducial region of the
difference between delivered and collected luminosity Was.g|orimeter. as discussed in Sec. I1C 1. and at least 0.01

dominated by the dead time incurred due to operation of the, jjans away from the azimuthal boundaries of the 32 EM
Main Ring accelerator. A small part of the data was lost dugnaqyles in the CC. Kinematic selection was made requiring
to operational difficulties and hardware problethad run$ E>25 GeV,E;>25 GeV, andV;>40 GeVE2, whereM

at the t|me_of d_ata collection. . is the transverse mass of the electron #&rqdvector defined
The luminosity was calculated by measuring the rate foras

pp nondiffractive inelastic collisions using the level 0 scin-
tillation counter hodoscopes. The normalization for the lumi- M1=[2ESE1(1—cosp®) ]2, (5.1
nosity measurement and the 5.4% systematic uncertainty

came from thep?inelastic cross section and the uncertaintyand ¢€ is the angle between the electrBr and thekE.
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TABLE VI. Summary of trigger €g) and lepton selectione(,) TABLE VII. Summary ofW(ev)y andW(nv)y data and back-

efficiencies and geometrical acceptanceﬁ"& for the SMWy pro- grounds.

duction events.

W(ev)y W(uv)y

W(ev)y W(uv)y ]

E+(€)>25 GeV pr(w)>15 GeVE Source:
Ipl<1l 15<|y/<25 |g|<10 1.0<|y<i7  WHiets 1.70.9 L1307
Zy 0.11+0.02 2.7:0.8
g 098002 098002 074006 035014  W(rv)y 0.17+0.02 0.4-0.1
e, 079002 078003 054004 022007  Total background 280.9 4411
e 0.11+x0.01 0.29-0.02 Data 11 12

The W(uv)y candidates were obtained by searching forieading order, and higher order QCD effects were approxi-
events with an isolated highy muon and an isolated photon mated by & factor of 1.34. The MRSD structure functions
in the data sample taken with the MU-ELE trigger describeotzs] were used and the; distribution of theWy system was
in Table I. The sample corresponded to an integrated lumig;, ated using the observex} spectrum of theV in the

. 71 . . e
nosity of 13.8-0.7 pb'. A muon track satisfying the “tight ;¢ sjve W(er) sample. Table VI lists the acceptances for
II” definition of Table Il was required. Kinematic selection the SM production ofV(/»)y.

was made requiringpf>15 GeVt and E+>15 GeV. To
reduce background frordy events, where th&; resulted
from muonp; mismeasurement, events were rejected if they
contained an additional muon track witf>8 GeVk. The background estimate, summarized in Table VII, in-
The requirements on photons were the same for both theluded contributions fronZy, where theZ decays to//,
electron and muon samples. The photon was required to ha@d one of the leptons was undetected or was mismeasured
EY=10 GeV. The separation between the photon andy the detector and contributed ®r; Wy with W— 7v
charged leptonAR,,, was required to be=0.7. This re-  followed by 7—/vv; andW+jet(s), where a jet was misi-
quirement suppressed the contribution of the final state radentified as a photon. The backgrounds du& jowere es-
diation process, and minimized the probability for a photontimated using theZy event generator of Baur and Berger
cluster to merge with a nearby calorimeter cluster associateld 8] followed by a full detector simulation using tlEEANT
with an electron or a muon. The above selection criterigorogram  [22]. It should be noted that
yielded 11W(ev)y candidates and 1%/(uv)y candidates. o(Z(//)y)/a(W(/v)y) is about 0.5rather than 0.1 which
is the ratio of cross sections df— // andW— /"v), since
o the W(/'v)y process is suppressed by interference between
B. Efficiencies the production diagrams and since thdoson has twice as
The trigger and offline lepton selection efficiencies, many leptons from which a photon can be radiated. The
shown in Table VI, were primarily determined usidlg-~~  background due tWy— (7v) y was estimated from the ratio
events, requiring only one of the leptons to pass the triggesf the detection efficiencies oN— rv—evv and W—ev
and selection criteria. Thus the second lepton provided aprocesses. The ratio was found to be 0609002, using the
unbiased sample to measure efficiencies. The efficiency fasaieT [25] event generator followed by theEANT detector
the E+ requirement of the ELE-MAX trigger was calculated simulation.
using the events which passed the ELE-HIGH trigger, which  The W+ jets background was estimated using the prob-
had noE requirement. The detection efficiency of the pho-ability, P(j—* y”), for a jet to be misidentified as a photon.
tons withE+>25 GeV was determined using electrons from The probability was determined as a functiorEgfof the jet
Z decays. For photons with lowés; there was a decrease in by measuring the fraction of jets in a sample of multijet
detection efficiency due to the cluster shape requirement, dewvents that passed the photon identification requirements. Of
termined using test beam electrons, and the isolation requirgourse, some of the “fake rate” was due to real photons in
ment, which was determined by measuring the energy in ge jet sample. The fraction of direct photon events in the
cone of radiusk=0.4 rotated randomly in azimuth in the multijet sample was estimated using the differences in the
inclusive W(ev) sample. Combining thig€; dependent effi- transverse and longitudinal shower shapes of multiple pho-
ciency with the probability of losing a photon due ¢ée™ tons from meson decays and single phot2. In the E;
pair conversion, 0.10 (0.26) in the QEC), and due to an range 10-50 GeV, 25%25% of the “fake” photons in the
overlap with a random track in the event, with probability background sample were attributed to direct photons. This
0.065 (0.155), the overall photon selection efficiency wadraction was subtracted from(j —* v ). The misidentifica-
estimated to be 0.480.04 (0.38:0.03) atEY=10 GeV tion probability was found to beP(j—* y")~4x10-4
which increased to 0.740.07 (0.58:0.05) for E}>25 (~6X 104 in the CC(EC) in the E; region between 10
GeV. and 40 GeV. The measured probability, before direct photon
The kinematic and geometrical acceptance was calculategsbtraction, for a jet to mimic a photon is shown in Fig. 17.
as a function of coupling parameters using the Monte Carlo The total numbers oiN+jets background events were
program of Baur and Zeppenfeld0], in which theWy pro-  estimated to be 170.9 and 1.30.7 for W(ev)y and
duction and radiative decay processes were generated W(wv)y, respectively, by applyindP(j—" y") to the ob-

C. Backgrounds
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TABLE VIII. The values of systematic uncertainties in ttéy Table VIII. The measured cross section agrees with the
cross section and coupling limit measurements, other than those &M prediction ofg\fv"/'z 112+10 pb within the uncertainty.
trigger, lepton selection, and acceptance. The photonE+ spectra of the electron and muon decay
channels were similar and thé&/y cross sections agreed

Uncertainty with each other. Figure 18 shows the data and the SM pre-
diction plus the background in the distributions &f,

i I 0,
;E:rT::TSrsemf/u nction choice 5;33% A_R/y, and the three—bogy “cluster; Ztr?/r;sversze mass de-
pWy 3.9% f”}ed by MT(7/1 V):{[(my/+|E'I‘Z+ET| ) +ET] _|E"I)'/+
Conversion orobabilty 5 0% Ef+E;|?}Y2 Final state radiation events and background
Random track overlap 1.0% eventsﬁ composed most of the expected signal with
Photon selection efficiency - 0% M+(y/;v)<M,y. Of the 23 observed events, 11 events had
Total 12.5% M(y/;v) =M.

To set limits on the anomalous coupling parameters, a
binned maximum likelihood fit was performed on tE&
spectrum for each of thé/(ev)y andW(wv)y samples, by
calculating the probability for the sum of the Monte Carlo

ediction and the background to fluctuate to the observed
number of eventgsee Appendix B for more detail The

ble diff in et f . H ber of uncertainties in background estimate, efficiencies, accep-
a possible difference in jet fragmentati@ng., the number of - 506 anq integrated luminosity were convoluted in the like-

0, . . - - -
7S in a jey between jets in th#V sample and those in the 04 function as Gaussian distributions. A dipole form fac-

multijet sample was investigated by parametrizingy,. yith a scale\ = 1.5 TeV was assumed for the anomalous

P(j—"y") as a function of the EM energy fraction of the 5 nings in the Monte Carlo event generation. The Monte
jet. No statistically significant difference was found between-, 5 events were generated at<lll grid points of the

the background estimates with and without the parametrizac P-conserving anomalous coupling parametets., and
Y

tion. The esﬂmated(\/ﬂets backgrounq aIS(_) _mclu_d_ed the \,, assuming that th€ P-violating anomalous coupling pa-
background fromy”+jets, where/ was a jet misidentified as ~ ~ o
metersc, and\ , are zero. The limit contours fak«,, and

an electron, a cosmic ray muon or a fake muon track, since {2 Sty . o
was derived from the observed inclusisW—/» event A, are shown |n_F|g. 19. The numerical values of the limits
sample. at the 95% confidence levéCL) were

Other backgrounds considered and found to be negligible — 1 g<Ax <1.8 (\,=0), —0.6<\,<0.6 (Ax.,=0)
included those from single photon events where a jet was 7 7 Y 7
misidentified as an electron, areke+X events where an for s=0 (i.e., the static limit. The U(1)kp-only coupling of
electron was misidentified as a photon due to tracking inefthe W boson to a photon, which leadstg=0 (Ax,=—1)

servedE; spectrum of jets in the inclusive/(/v) sample.
The uncertainty on the background estimates was dominat
by the uncertainty orP(j—* ") due to the direct photon
subtraction. Bias in th&/+ jets background estimate due to

ficiency. and\ =0, and therebyu,=e/2my, andQy,=0 [31], was
excluded at the 80% CL, while the zero magnetic moment
D. Cross section and limits on the coupling parameters (uw=0) was excluded at more than the 95% CL. Similarly,

After subtraction of the estimated backgrounds from theimits on CP-violating coupling parameters were obtained as
observed number of events, the number of signal events was1.7<«,<1.7 (A\,=0) and —0.6<\,<0.6 (x,=0) at

found to be the 95% CL. The form factor scale dependence of the results
was studied. It was found that the limits were insensitive to
NWerr=9 0 32+0.9, NWHI7=76"35+1.1, the values of the form factor scale far>200 GeV and were

well within the constraints imposed b$-matrix unitarity
where the first uncertainty is statistical, calculated following[32] for A=1.5 TeV. A simultaneous fit tEY and the
the prescription for Poisson processes with background giveA R,y spectra was performed. It was found that the results

in Ref.[30], and the second is systematic. were within 3% of those obtained from a fit to thd spec-
Using the acceptance for SM couplings of 0t10.01 for  ym only.

W(ev)y and 0.29-0.02 for W(uv)y and the efficiencies

qguoted above, theNy cross section(for photons with VI. WW— DILEPTONS
E¥>10 GeV andAR,,>0.7) was calculated from a com- _
binede+ . sample: In this section the results of a search fpp—WW+X
—/ /" vv'+ X, where the leptons included muons and elec-
o(Wy)=138"34(stah = 21(sysh pb, trons, are presented. The signal and background were esti-

mated and an upper limit was set for the cross section of the
where the systematic uncertainty includes the uncertaintieSM process. Anomaloug/WZ and WWy couplings would
in the e/ u/y efficiencies, the choice of the structure func- have enhanced the expectdfW cross section by upsetting
tions and theQ? scale at which the structure functions are the cancellatiorf 14] between the production diagrams and
evaluated, thep; distribution of the Wy system, and the trilinear diagram as seen in Fig. 4, which shows the cross
the integrated luminosity calculation. The systematic uncersection versus anomalous couplings for=1000 GeV. The
tainties from the sources other than trigger and lepton sele@etection efficiency also increases with anomalous couplings
tion efficiencies and geometrical acceptances are listed ihecause of the higher averafe of the W bosons(see Fig.
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TABLE X. The combined trigger and electron selection effi-
ciency for individual fiducial regions in th&/ W— ee analysis for
SM W pair production.

Fiducial Region Efficiency
Cc-cC 0.526:0.041
CC-EC 0.3680.044
EC-EC 0.25%0.058

A. The ee channel

TheWW—eevv candidate events were selected from the
data sample recorded using the ELE-2-HIGH trigger which
required two EM clusters witk>7 GeV at level 1 and two
isolated EM clusters witliE+>10 GeV at level Asee Table
I). Candidate events containing two electrons that passed the
“tight I’ requirements were selected. The “tight I” require-
ments discussed in Sec. Il, and detailed in Table Ill, provided
the largest rejection of fake electrons. The following event
selection requirements were then imposed. Both electrons
were required to have a large transverse eneifgy=(20
GeV); at this stage the remaining sample of 605 events was
comprised primarily oZ bosons. TheE; of the event was
then required to be=20 GeV. These first two selection cri-
teria strongly reduced the background due to QCD fakes.
The dielectron invariant mass was required to be outside of

central events. This expected increase in the cross sectiqne Z boson mass windowbetween 77 and 105 Gedf).
and efficiency was exploited to set limits on the anomalousrhe E; and dielectron invariant mass selections had very

coupling parameters, andA k.

The expected signature fo¥ boson pair production with
subsequent decay to dileptons was two highisolated lep-
tons in association with larg&;. The major sources of
background were the following: events with \&+ jet(s)
where a jet was misidentified as a leptoN+y events

strong rejection ¥ 100) of Z—ee decays. The background
from Z— rr—eevv which was not eliminated by the elec-
tron pt thresholds was further reduced by requiring that the
E+ not be collinear with the direction of the lower energy
electron; it was required that 28°A ¢(p$, E1)<160° for
the lower energy electron iE; <50 GeV. Releasing this

where a photon was misidentified as an electron; QCD mulrequirement for events with largé; increased the accep-

tijet events where two jets were misidentified as leptons
2—//, Z—1tr—//"vvvv events, andtt—//"'+X
events. The event selection requirements were designed

reduce these backgrounds while retaining high detection ef-
ficiency for signal events. The selection requirements were

slightly different for theee, ex, and uu channels because
the electrons had a bettgr resolution but a larger back-

&)

to

o

Events/ 4 GeV

w

ground contamination than muons. In what follows, the
analyses of individual channels and our limits on the cross
section folW boson pair production as well as on the anoma-
lous gauge boson trilinear couplings are presented.

TABLE IX. The numbers of events after each selection cut for
the WW— ee analysis.

Number of
events surviving

Event selection criteria

E;=20 GeV 605

Er>20 Gev , 5 FIG. 18. Distribution of(a) EZ, (b) AR, and(c) M(y/; )
Mee<77 GeVk® or Me>105 GeVe 3 for theW(ev)y + W(uv)y combined sample. The points are data.
A¢(p$2 JEq) cut 1 The shaded areas represent the estimated background, and the solid
|ERY <40 GeV 1 histograms are the expected signal from the standard model plus the

estimated background.
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3 ) 4 : TABLE XII. The number of events remaining after each selec-
5k — / 0 tion criteria for theWW—evu v analysis.

F < r

E [ / /

|
1 F e a2 Event selection cut Number of events
ok C g b
LB T 0 | S W/ ©=20 GeV 9
L S [ (/ p4=15 GeV 6
o o L E+=20 GeV 1
R R 2 2 .0 2z 4 A¢(pk Er) cut 1
Nic /_LW//,LW = (AK+>\+2>/2 |E.r|]_ac1S40 GeV 0

FIG. 19. Limits on(a) CP-conserving anomalous coupling pa-
rametersA k and\, and on(b) the magnetic dipoley,,, and elec- ) o )
tric quadrupoleQS,, moments. The ellipses represent the 68% andThe measured electron selection efficiency was | used to esti-
95% C.L. exclusion contours. The symb@, represents the stan- mate the detection efficiency for SM\W—eevv events.
dard model values, while the symbel, indicates the U(1gy-only ~ The geometrical acceptance was obtained framimailA and
coupling of the W boson to a photonAx=-1 and A=0  peGEANT Monte Carlo simulation. These efficiencies for in-
(uw=el2my, andQ}=0). dividual fiducial regions are listed in Table X. The overall

o _ detection efficiency for SMV pair events was estimated to
tance forW boson pairs in a region where t@Zeboson back-  pe ¢, =0.094+0.008. The expected number of evehd
ground wasevery small. Thls _can_be seen in Fig. 20 .Wh'ChNasNgg":O.MQt 0.013(stat}: 0.019(syst), using the next-
showsA ¢(pr, Er) vs Er distributions forW boson pairs, 5 |eading order cross sectidi3], and branching fraction
Z—eeandZ— rr—eevv. Finally, the sum of thé& of the  B(W—er)(=0.108+0.004)[33].
recoiling hadrons 729, defined as— (E}*+E?+E+) was The backgrounds from Wy, Drell-Yan dilepton,
required to be less than 40 GeV in magnitude. The backZz— rr—eevvvv andtt processes were estimated using
ground fromtt production was effectively eliminated by the PYTHIA and ISAJET Monte Carlo event generators fol-
this requirement. Figure 21 shows a Monte Ca#eTHIA  lowed by theDOGEANT detector simulation. Thét cross
plus DOGEANT) simulation ofE}*for ~20 fo~! of SMWW  section estimates were from the calculations of Laestea.

andtt events. FOWW events, nonzero values B were [34]. Thett_background was averaged fbt,,= 160, 170,

due to gluon radiation and detector resolution. Foevents, ~and 180 GeWs”. The production and decay @ bosons was
the most significant contribution was fromquark jets from  modeled using the double differentiéh rapidity andpr)

t quark decays. This selection reduced the background frorif0SS section calculated at next-to-leading of&, and a

£t production by a factor of more than four fortaquark fast detector simulation of the type discussed in Sec. Il A.

mass of 170 Ge\é?. The efficiency of this selection crite- The line shape of th& boson was taken to be a relativistic

. . g 1 Breit-Wigner function. The kinematic distributions were
rion for SM W boson pair production events was 0'§%: .

; g . - o094 compared with theZ boson data sample and found to be
and decreased slightly with increasiidg boson pair invari- consistent
ant mass. The systematic uncertainty in the efficiency of this The backgrounds froriv+ jet(s) with a jet misidentified

last selection criteria, included in the unciertainties presentedas an electron and multijet events with two jets misidentified
was estimated from the difference betwdgfi'for Z boson s electrons were called “fake” background. The size of this
data and Monte CarlPYTHIA plus DOGEANT) distributions.  packground was estimated with the following method. Two
Table IX shows the numbers of events remaining aftelsyhsamples of data were derived from the full data set. One
each selection cut. One event survived all the selection criyas similar to the signal sample and contained two “tight I”
tera. o electrons each witE1=20 GeV. The other was a sample of
The integrated luminosity of the data sample waseyents with at least oniead electron which had akl matrix
14.3+0.8 pbﬁl. Thg trigger efficiency was calculated with x2=200 and isolatiorf,,,>0.15 (the fake sample A nor-
the TRIGSIM simulation package to beyig=0.9890.002.  mgajization factor Fyye) Of this fake sample relative to the
signal sample was calculated using the number of events
TABLE XI. Summary of the expected number of background yith g.<15 GeV, which contained solely fake electrons, in
events toWW—eevv, WW—euvv, andWW— uuvv. The un-
certainties include both statistical and systematic contributions. TABLE XIlI. The combined efficiencies of trigger, electron and
muon selection, and kinematic event selection for individual fidu-

Background ee * K cial regions in theNVW—euv v analysis. The fiducial regions are
Z— eeor up 0.02+0.01 —_ 0.068:0.026  those of the charged leptons.

Z—rr <10  0.11+0.05 <103 . . -

Drell-Yan dileptons <1073 S <1073 Fiducial region Efficiency

Wy 0.02-0.01 0.04-0.03 —_— CC-CF 0.43:0.08

QCD (NE§ 0.15+0.08 0.020.07 <103 CC-EF 0.210.14

tt 0.03-0.01 0.04-0.02 0.0090.003 EC-CF 0.36:0.09

Total 0.22£0.08 0.26:0.10 0.0770.026 EC-EF 0.15:0.15
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S Table ). The electron in a candidate event was required to
pass ‘“tight I"” criteria, providing the strictest rejection
against fake electrons, and the muon to pass the “loose I”
criteria of Table Il. The following event selection require-
ments were imposed. Both the electron and the muon were
required to have a large transverse enefgyomentum
1o ¢>20 GeV andp4=15 GeVE. Both E; and ES*' of the
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0 WW?gM) lgO(Ge\}fO 0 %(()ee) 130(66 \})50 event were required to be 20 GeV. These first two require-
T T ments provided large rejection of the background from mul-
160 | 160 F | tijet events. In order to reduce the backgrounds from
%120 3 %120 E| Z—rr—euvvv v, the Er was required not to be collinear
g B S EBlain to the muon: 20 A ¢(p# ,E1)<160° if Er<50 GeV. Fig-
g 800 g OB ure 22 shows the\ ¢(p# ,E+) vs Er distributions. Finally,
40 40 B the recoil hadronicEr (ETY, defined as— (ES+E4+ Ex)
0 el 0 T was required to be Iesithan 40 GeV in magnitude to reduce
0 50 100 150 0 50 100 150 the background frontt production. Table Xl shows the

20 Ey(GeV) WWinon-SM) - Br(GeV) number of events remaining after each selection cut. One

event survived all the requirements but the last; this event is

a candidate fott production and has been discussed exten-
sively elsewher¢36].

The integrated luminosity of the data sample was

. . 13.9+0.8 pb l. The trigger efficiency was largely deter-

both the samples. All the event selection c_u_ts were applied tgineq by the trigger efficiency for the muons and was esti-
the fake sample and the number of remaining eveNigd  mated using data as was discussed in Sec. II. The detection
was counted. The fake background\if) was then efficiency for the SMWW—euvv events, including the
computed fégm the products dfye and Nige. The 1e- ) o salection efficiency, the geometrical acceptance, and
sult was Nige=0.152£0.012sta) =0.076sysd. The total o eyent selection efficiency, was estimated using the
mérélber of background events was estimated 0 b@yrya and bocEANT Monte Carlo simulation. The muon
Nee=0.222+0.02Qstad+0.080sys). Table XI contains a  gelection efficiency was implemented in theGEANT Monte

FIG. 20. A¢(p%,E1) vs Er distributions forWW— (ev)(ev)
with the SM couplings, Z—ee, Z—rr—eevvvv and
WW-—eevv) with the non-SM couplings.

summary of the expected background in #eechannel. Carlo program by introducing the measured hit efficiencies
and resolutions of the muon chamber modules. The mea-
B. The ep channel sured electron selection efficiency was implemented as a

multiplicative factor after the detector simulation. The detec-
tion efficiencies, including lepton identification efficiencies,
of individual fiducial regions are listed in Table Xlll. The
uncertainty on the efficiency for the regions involving EF
muons was dominated by the statistics of dBaNT Monte
Carlo simulation. The overall detection efficiency of the SM
W pair events was estimated to bg,=0.092+0.010. The

60 |- expected number of events was estimated to be
NS)'=0.283+0.031(staty- 0.037(syst).

The backgrounds frontWy, Z— rr—euvvvy andtt
were estimated using theyTHIA and ISAJET Monte Carlo
event generators followed by tlepGEANT detector simula-
tion. The background due to a jet misidentified as an electron
was estimated by a different method from the channel,
since the accuracy of the estimate was limited by statistics
when that method was applied to tbg. channel. Instead,

20 - the inclusive W— uv data were used to estimate this
background. Each jet in an event was treated as an electron
and the event selection requirements were applied. The
events that survived the criteria were weighted by the
probability of a jet being misidentified as an electron. The
0 0 50 100 ”lgo”’“‘ 500 misidentification probabilities were measured from data
E"™ (GeV) to be P®(jet—e)=(0.9+0.49x10"* for CC and
! PEC(jet—€)=(4.0+1.0x10~* for EC. The total “fake”

FIG. 21. Ei* for Monte CarloWW (open histogramandtt background from this source was calculated to be
events (shaded histogramwith M,,=160 GeVt? (fLdt~20 NE® =0.074+0.016(stat)- 0.074(syst). The background
fb~1). Events withEf*=40 GeV were rejected. due to a jet faking a muon was estimated to be negligibly

The WW—euvyv candidate events were selected from
the data sample acquired with the MU-ELE trigger which
required at least one EM tower wits;>7 GeV and one
muon with |7|<1.7 at level 1 and one EM cluster with
E;>7 GeV and one muon witp>5 GeV/c at level Asee

Number of Events

40
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TABLE XIV. The number of events remaining after each selec- ’15)5 150
tion criteria for theWW— ppuv v analysis. Z
= 100
. = E
Event selection cut Number of events = E s 0E&
< PR SR N BT . SR K R
1 J 0 g 0
pf =20 GeVt 102 0 50 100 150 0 50 100 150
p42=15 GeV 88 WW(ESM)  E(GeV) WW(ESM)  E(GeV)
7 —_ T - —~ e
ETzsoleeV 0 ®150 o 2150 |
Ap(pf™ Er)<170° 0 = 2 ) E
|ENd <40 GeV 0 F'0 F'0E
’ =S 50 £ 5 S0 F
%07‘%-‘”\”“\.‘.‘ S o Ebacbaa
small. The total number of background events was estimatec 0 ;(()W) lgO(Ge\}fO 0 ;(()ﬂ) lgO(Ge\}fO
to be NSE=0.264“: 0.052(stat)- 0.084(syst). The back- T T
grounds toWW—euvv are summarized in Table XI. & 150 = : &150 '
;[_100 7 &100 f
C. The pp channel = 50 e o 50 =
— . 507‘-'”.1}.}'«,\.‘.‘ b R P S A R
The WW— uuvv candidate events were selected from < 0 50 100 150 0 50 100 150
the data Sample recorded with the MU-MAX trigger of Table WW(non-SM) B (GeV) WW(non-SM)  E(GeV)

l. This trigger required at least one muon|ip <1.7 at lev-

els 1 and 1.5 witlp>7 GeVk (threshold determined by the FIG. 22. A¢(p7 ,E7) vs E+ distributions forWW— eu with the
hardware and one muon witlpr=15 GeVt at level 2. Can-  sMm couplings,Z— rr—euvvvr and WW—eu with non-SM
didate events with two muons that passed “tight I” require- couplings.

ments were selected. The following event selection require-

ments were imposed. Both n11u0ns were requireg to hav@,ta. The detection efficiency for the SM/W— puuvv
large transverse momenturp; =20 GeVt and pr“=15  gyents that included the muon selection efficiency, the geo-
GeVle. To reduce the background frof— uu decays, the  metrical acceptance and the event selection efficiency was
E{ was required to be=30 GeV, whereE{ was defined as  estimated using theyTHiA andDOGEANT Monte Carlo simu-

the projection of théEy vector onto the bisector of the open- |ation. The muon selection efficiency was implemented in
ing angle of the two muons in the transverse plane. By sethe poGEANT Monte Carlo program by introducing the mea-
lecting this component of thér, it was ensured that tie;  sured hit efficiencies and resolutions of the muon chamber
was least sensitive to mismeasurements of the muon momemodules as in theu channel. The efficiencies of individual
tum. This selection requirement was also less sensitive to thgducial regions are listed in Table XV. The overall detection
momentum resolution of the muons than was a dimuon inefficiency for the SMW pair events was estimated to be
variant mass cut. ThE; was required not to be collinear to €,,,—0.033-0.006. The expected number of events was es-
the higher momentum muomk ¢(p4*,E1)<170°. This re-  timated to beN "= 0.045+ 0.004(stat}- 0.006(syst).

duced the background froi— 77— uuvvv v. Figure 23 The backgrounds from Drell-Yan dileptonZ— 77
showsA ¢(pt ,Ex) vs Er distributions. The recoil hadronic — ,upvry and tt processes were estimated using the
Er (EQ%, defined as—(l?fr’“lJr Eér*2+ E;) was required to be PYTHIA andISAJET Monte Carlo event generators followed
by the DOGEANT detector simulation. The background from

less than 40 GeV in magnitude, rejectinEas in the other , ! ; .
two channels. Even though the resolution of the muons £ ## Was estimated using the same fast simulation pro-
am as in theee channel. The fake background due to a jet

was worse than that of the electrons, the resolution of thi%ra

variable was the same in all three channels since the mismel2king @ muon was negligibly small. The total number of
surement of the leptons cancels when taken in a vector su B%kground events ~was  estimated to  be
with the B, . Table XIV shows the numbers of events after Ny = 0-077+0.023(stat)- 0.012(syst).

each selection cut. No event survived all the selection cuts.

The integrated luminosity of the data sample was D. Limit on the cross section forW boson pair production

12.2+0.7 pb~L. The trigger efficiency was measured using The results from the analyses of tles, ew, and uu
. L ) channels are summarized in Table XVI. For the three chan-

TABLE XV. The combined efficiencies of trlggerind muon als combined. the expected number of events for &M
selection for individual fiducial regions in thW— puvv analy-  pogon pair proauction based on a cross section of 9.8
sis. CF-CF is, for instance, the case that both muons were in tth [13], was 0.47-0.07. In approximately 14 pbl of data
central region. one event was found with an expected background of
0.56+0.13 events.

Fiducial region Eficiency The 95% confidence level upper limit on thg boson

CF-CF 0.0230.006 pair production cross section was estimated based on one
CF-EF 0.009-0.002 observed event, taking into account the expected background
EF-EF 0.0016 0.0006 of 0.56+0.13 events. Poisson-distributed numbers of events

were convoluted with Gaussian uncertainties on the detection
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AQMLE,) (deg) FIG. 24. 95% C.L. limits on th€ P-conserving anomalous cou-

plings\ andA«x, assuming thak ,=\; andAx,=Ak;. The dot-
FIG. 23. EZ vs A¢(p4tE+) distributions forWW— uuvy  ted contour is the unitarity limit for the form factor scale=900
with SM couplings Z— s u, andtt events. GeV which was used to set the coupling limits.
where thea; were parameters determined from the fit. A
5% C.L. limit contour on the coupling paramete¥g and
N was formed by intersecting the parabolic surface of ex-
pected number of events with the plane of the 95% C.L.
o B ) upper limit on the observed number of evefwsith the back-
E. Limits on the trilinear gauge boson couplings ground subtracted fluctuated by Gaussian uncertainties on
The limit on theW boson pair production cross section the detection efficiencies, backgrounds, and luminosity and
can be translated into limits on the anomalous gauge bosdpy the Poisson uncertainty on the statistics of the observa-
couplings. The Monte Carlo program of R¢L5] followed  tion. The 95% C.L. upper limits on the coupling parameters
by a fast detector simulation was used to estiff8@ the  are shown in Fig. 24solid line). Also shown in Fig. 24
detection efficiency folV boson pair production as a func- (dotted ling is the contour of the unitarity constraint on the
tion of the coupling parameteds and A«. It was assumed coupling limits for the form factor scal& =900 GeV. This
that theW boson couplings to the photon and to théoson  value of A was chosen so that the observed coupling limits
were equalA=\,=\; andAk=A«x,=Axz. The form fac- lie within this ellipse. The limits on theCP-conserving
tor scaleA=900 GeV was chosen. This was the highestanomalous coupling parameters wer2.6<Ax<2.8 (A= 0)
value of A that produced anomalous coupling limits within and—2.1<A<2.1 (Ax = 0). The limits for theC P-violating
the corresponding unitarity bound in this analysis. Forparametersx andX, were similar. The limits om and A«
smaller values ofA, the anomalous coupling limits are exhibited almost no correlation, in contrast to limits from the
looser (see Appendix A The Martin-Roberts-Stirling set W<y analyses presented in Sec. V and in Rgf4.,12.
D’ (MRSD") parton distribution functions were used in the
event generation. VIl. SEARCH FOR ANOMALOUS WW AND WZ
The number ofW boson pair events expected at each PRODUCTION IN THE ew JET CHANNEL
point in a grid ofA and k, including SM production, was ) )
fitted to the following equation which reflected the general [N this section, a search for anomald8V andWZ pro-

efficiencies, background and luminosity. For SM boson
pair production, the upper limit for the cross section was 8
pb at the 95% confidence level.

Lagrangian form of gauge boson self-interactions: duction is presented. The method was to identfyV and
WZ candidates where on@ boson decayed to an electron
N(Ax,\)=a;+a,Ax+az(Ax)?>+as\+as(\)2+aghAxk, and a neutrino and th# boson or otheW boson decayed to

TABLE XVI. The summary ofWW-— dileptons analyses including the efficiency, number of SM events
expected, expected backgrounds, and number of candidates observed.

Channel ee eu o Total
Efficiency 0.094-0.008 0.092-0.010 0.0330.006

NSM 0.15+0.01£0.02 0.28-0.03+0.04 0.045-0.004+0.006 0.470.03=0.06
NEBC 0.22+0.02+=0.06 0.26-0.05+0.08 0.0770.023+0.012 0.56:0.06=0.10

N observed 1 0 0 1
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TABLE XVII. Summary of systematic uncertainties for the TABLE XVIII. Summary of WWWZ)—evjj backgrounds

WWWZ—evjj analysis. and data.
Source Uncertainty%o) Background source Number of expected events
Statistical 1 Before dijet mass cut  After dijet
mass cut
Electron efficiency 4
E; smearing 6 W+= 2 jets 125.4-25.9 62.2-13.0
Jet energy scale 6 tt 3.42+0.47 0.87:0.12
Jet reconstruction efficiency 9 WW,WZ— 7vjj 0.24+0.02 0.22-0.02
Total 13 ZX—eeX 0.00" 335 -
Multijets 30.0+4.5 12.2-2.6
Total background 15926 75.8:13.3
two jets. The expected cross section times branching fractiogm ww-+wz prediction 3.4-0.6 3.2+0.6
for the SMWW and WZ processes+ 1.6 pb) was much pgig 166 84

smaller than that expected from tiléboson plus dijet back-
ground (~76 pb [38], which had similar characteristics.
Rather than isolating the SM signal, limits were set on the

anomalous couplings by comparing the characteristics of thereceding selection criteria$” was required to be greater
events with those expected from non-SM couplings. Figure 3han 40 GeW?. The dijet invariant mass distribution of
shows thepy of the W bosons for SMWW production and  these events is shown in Fig. 26. In case there were more
for WW production with anomalous trilinear couplings. than two jets withE;>20 GeV in the fiducial region, the
Anomalous couplings lead to a dramatic increase in the crosgympination yielding the largest invariant mass was taken to
section at higtp(W). To exploit this, thepy of Wbosons in - g he dijet mass of the candidaté or Z boson. Requiring

the candidate events was measured, the contribution of the | dijet invariant mass to be 50m; <110 GeV£? yielded
backgrounds to that spectrum was estimated, and the dagg," - yiiate events Il

\évfggcf;[?;ﬁzrf% C: tvr\]/ghsitghnealsfg';nvgigzg :ﬁg;%gﬂgdcgﬂlﬁmtgs The efficiency for identifying two separated jets depended
on the p of the W boson. Forp(W)<125 GeVE, the
efficiency was dominated by the jeE; threshold. For

A. Event selection and efficiency pr(W)>350 GeV, the efficiency was dominated by the
The WW(WZ2)—evjj candidates were selected by probability for the two jets to merge into one in the recon-
searching the data which passed the ELE-HIGH triggee  struction proces¢hence the use of the small cone gizds-

Table |) for events with a higte electron accompanied by ing thelSAJET andPYTHIA event generators, followed by the

significantE; and at least two jets consistent witti—jj or  detailed detector simulatiom@GEANT, and the shower li-

Z—jj. Events with electrons which satisfied the “tight IV brary described in Sec. Ill A, the efficiency for reconstruct-

criteria within | 7| <2.5 and withE;>25 GeV were chosen. ing W—jj was estimated as a function pf(W), including

The E+ was required to be greater than 25 GeV, and at leaghe jet-finding efficiency and the efficiency for the dijet mass

two jets were demanded, each witB;>20 GeV and requirement. TheZ—jj reconstruction efficiency was ob-

| |<2.5. A small jet cone siz&R<0.3, was used to ensure tained in a similar manner. From the Monte Carlo it was

that the two jets from th&V or Z decay, close together for determined that the use of the two highEstjets to form the

highp+ W or Z bosons, were resolved into distinct jets. Af- dijet mass was the correct assignment 90% of the time. Fig-
ter the jets were identified, a cleanup algorithm was appliedire 27 shows the efficiency for the dijet reconstruction of
to remove events with “fake” jets due to noisy cells or badly W—jj as a function ofp(W) for events generated with
mismeasured jets, which occurred primarily in the intercry-ISAJET and PYTHIA. For the efficiency, the results from the
ostat region. Figure 25 shows the transverse mass of theaJET simulation were used because they were smaller than
electron andt;, M$”, for the candidates which survived the the efficiencies determined frompyTHIA; the difference

30

25

Nevt/5 GeV

20 FIG. 25. The distribution of the transverse

mass of the electron ar; for the data(points),
major backgrounds (solid ling), WW with
Axk=2, A\=0 (dot-dashelj and 10 times SM
WW signal (dotted. The backgrounds are nor-
malized as described in the text.
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points: dota
solid: QCD fakes +
VECBOS W + 22 jets

Nevt/ 10 GeV
3
i

: 35 FIG. 26. The distribution of the dijet invariant
L mass for the data and major backgrounds. The
backgrounds are normalized as described in the
text. The arrows indicate the region accepted by
the dijet mass selection criterion.
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(9%) was included in the systematic uncertainty for the effi-to determine the number of background events. The possible
ciency. signal contamination of the fake sample was included as a
The overall efficiency was calculated for SM and anoma-7% systematic uncertainty in the normalization of the fake
lous couplings using the fast detector simulation described ibackground. A systematic uncertainty of 3.4% comes from
Sec. lll along with theVW (W Z) generatof15]. The recon-  the variation in the fake event normalization when the upper
struction efficiencies foW and Z boson decays to dijets end of the normalization region was varied in the range 12 to
were incorporated as lookup tables. Tpe distribution of 18 Gev. An uncertainty of 4% arose from variation of the
the WWandWZ systems was included in the simulation by threshold of the signal over the range 22 to 28 GeV. Figure
using the observedpr(Z) spectrum from the inclusive g shows thé; for the QCD background and for the signal

Z—ee sample. The uncertainty in the absolute jet energy.andidates before the dijet mass selection.
scale and in the jet corrections, 10%, was included in the The backgrounds fromtt. WWWZ vij and

systematic uncertainty by recalculating the results shiftin . ] i

the jet energies within their uncertainty. Other sources of-X—&€X were estimated fromDOGEANT simulation of

uncertainty included: 6% for the uncertainty in the resolutionPYTHIA and ISAJET events. The background froM/+ =2

of the E; and 4% for the uncertainty in the electron identi- /6tS came fronvecsos[39] generated events carried through

fication efficiency. All of the uncertainties in the efficiency & hybrid detector simulation which combined theéGEANT

are listed in Table XVII. detector simulation with the parton-based jet shower library.
The total efficiency for the detection of SWWandWwz  The normalization of th&V+ =2 jets background, made be-

events was estimated to be 0#16.02 and 0.16:0.02, re- fore the dijet mass selection, was determined from the com-

spectively. Therefore the total number of expedt8i) sig-  parison of the number of candidate events outside the dijet

nal was 3.2-0.6 events where 2:80.64 events werdVW  mass window with that expected from theEcBos Monte

and 0.4- 0.1 events wer&VZ, including the uncertainties in Carlo, after subtracting the multijet backgrounds and ex-

the efficiency and luminosity. pected SM signal. The systematic uncertainty in\tfie¢ =2
jets background included contributions from uncertainty in
B. Background estimate the fake normalization amounting to 7%; variation when the

. I dijet mass window was increased in width to<d; <120

The background included contributions from the follow- 2 ; ' S Ul

] ’ — ) ) GeV/c?, amounting to 10%; and variation in the background
ing: W+ =2 jets;tt production with subsequent decay 10 when the Monte Carlo jet energy scale was increased by
W*W~bb, where the top mass was assumed to be 180 GeV{0%, amounting to 11%. The cross section for the resulting
¢ WWW2) production with W—7v followed by W+=2 jets background agreed within 1.5% of
T—evv, ZX—eeX where one electron was mismeasured

or not identified; and multijet events, where one or more jets g
was misidentified as an electron and there was signifigéant =07 |- ‘ ‘ -4

due to mismeasurement or the presence of neutrinos. T 06 j*r - +*$Jr*‘+* iﬁi&f’

The multijet background was estimated following the z o5 | %jﬁ—%‘qr* EENEE JEEE
same procedure used in tléW—eev v channel. The back- E, 04 - ++ ot
ground sample was comprised of events which contained &g 03 - ++’*;,
jet with an EM fraction greater than 0.9 within the electron g 02 i
fiducial region and a matching track. However, these elecg 0.1 - n
tron candidates satisfied at least one of the following three 0 ~—— 50500 250 300 350 200 450 500
electron “anti-identification” criteria:fi;,>0.15, H matrix pr (W 5 jj) (GeV/e)
x>>250, or track match significance, TMSL0. The number T
of events in the region €E;<15 GeVt was used to nor-
malize the fake sample to the signal sample. This was done FIG. 27. Efficiency for reconstructing the dijets and for the dijet
after all selections except for the dijet mass cut. Then thenass selection fowW—jj vs pt(W). The solid crosses are the re-
dijet mass selection criterion was applied to the fake sampleults fromisaJET. The dashed crosses are results frmHIA.
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FIG. 29. py distributions of theer system: datdpointy, W+
=2 jets backgrounddotted, total backgroundsolid), and Monte
HH HH H Carlo predictions for the SMdashed and non-SM couplings

| Ak=2,\=0 (dot-dashed WW production.

80100 12§ (Gl:\(,)) lous coupling limits, hadpr(ev)=186=20 GeVkt. There
T

were no other candidates wipiy(ev)=100 GeVEt.
Using the detection efficiencies for SWW andWZ pro-
FIG. 28. Distribution of theE; for the WWWZ candidates duction a”‘?' the baCkground'SUbtraCted signal, and a_ssuming
(solid) and the QCD fake sampl@ashed before the dijet mass the SM ratl_o Pf cross sections fWW andWZ production,
selection. an upper limit at the 95% confidence lev&l.L.) on the

cross sectiom(p?—>W+W* X) of 183 pb was determined.

the vECcBOS expectation. The background estimate is summa- o o _
rized in Table XVIII. C. Determination of limits on anomalous couplings

The distributions impr(ev) of the final event sample, and ~ The absence of an excess of events with hpgbw) ex-
for the W+ =2 jets background, the total background, thecluded large deviations of the trilinear couplings from the
SM WW andWZ Monte Carlo, and th®VWandWZ Monte ~ SM values. Thep; spectrum expected at each element in a
Carlo for a non-SM value of the couplings 225 point grid in\ and A x space, centered around and in-
(Akz=Ak,=2\;=\,=1.5) are shown in Fig. 29. The;  cluding the SM values, was obtained using Monte Carlo
spectrum was consistent with that expected from the backsimulation. The assumptions on thescale and on the rela-
ground. The highespr event, important in setting anoma- tion between th&VWy andWWZ couplings affected the

2r 27
(@ (b)
1 = 1 e s
T \\
7w RN

< 0 (<>' 0

1 -1

FIG. 30. Contour limits on anomalous cou-
25 4 ' 1 2 25 ) 0 1 2 pling parameters at the 95% C.linner curveg

Ak Ak, and limits fromS-matrix unitarity (outer curve}
for the assumptionga) A ,=\; andAx,=Axz,
(b) HISZ relations,(c) SM WWy couplings, and

2r © o1 ' @ (d) SM WW?Z couplingsA = 1500 GeV was used
for (a), (b), and(c). A=1000 GeV was used for
1 3 (d).
e N f N
S0 J <0 M
-1 Tm— 3
23 -1 0 i 2 06 3 0 3 6
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spectra. Unequal width bins were used in order to evenly Because this analysis accounted for the background in
distribute the events, particularly at the ends of the spectrunfitting the spectrum fop+(W)>25 GeVk, it was sensitive

An analytic form of the prediction of the number of events into anomalous couplings at both large and sreall of the
eachpr bin was obtained with a quadratic function of the results of the fits were insensitive to tipg(W) threshold
coupling parameters, similar to that used in the dileptonyhen varied between 25 and 130 GeVin contrast, the
analysis, fit to the number of events for each pair of anomagnalysis in Ref[17], which requiredp(W)>130 GeVt,

lous couplings. The dlffe.rence between the estimated NUMbses sensitivity at smadl; deviations from the SM restricted
ber of events and the fit was calculated for each pair of "~ )
to s<500 GeV could have been missp#l].

anomalous couplings for a particulps bin and found to be
less than 10%. This value was included as a systematic un-

certainty in the fitting procedure. To set limits on the anoma-  VIIl. COMBINED Wy AND WW/WZ ANOMALOUS
lous couplings, a binned likelihood fit was performed on the COUPLING RESULTS

pr(W) spectrum of the expected signal plus background for
pt(W)>25 GeVE. In eachpt bin, the probability was cal-
culated for the predicted number of events to fluctuate to the: ; :
observed number of events. The uncertainties in the effiéIIngS as thal'y photon spectrum analysis. The three analy

. . A es can be combined to form tighter limits on anomalous
ciency, packgroynq estlmates,.and tqtal Iumlnos_,|ty Wgre.conéouplings. In this section, the procedure and results of the
voluted in the likelihood function using Gaussian distribu-

tions. This likelihood fit procedure is described in detail in corpﬁ;ntleigeflzthigzdr:fé:tl:]sés(jeiéed in th&/WWZ pr analysis
andW photon spectrum analysis was used in the combined
%malysis. The joint log likelihood was the sum of the log of
e probabilities, as discussed in Appendix B. The likelihood
as formed from the Monte CarWW/WZ p; spectrum and
Monte Carlo Wy photon spectrum, expected background,
and observed number of events in each channel with identi-
cal binning as was used in the separate analyses. The ex-
pected number oV W— dilepton events was recalculated for
A=1500 GeV [equivalent to use of a single bin for all
pr(W)]; while the N and A« limits would have violated
unitarity for this value ofA, the combined limit does not.
Common systematic uncertainties, including lepton identifi-
cation efficiency(4% for all channels with an electron in the
final state and 12% for all channels with a muon in the final
state, integrated luminosity(5.4%), and choice of parton

. X distribution function(9.1%), were treated as discussed in
(Ax,=0). Under the assumption that téWy couplings  apnendix B. The limits are insensitive to a change in the size
have the SM value, the 95% C.L. upper limit confourhp 4f the common systematic uncertainty by as much as a factor
andAxz, is shown in Fig. 3(). The 95% C.L. limits were ¢ 5 The statistical uncertainties of the data dominate the
—1.1=sAx,<13 ()\.Z:O) and —0.7$)\Z§0.7 (Akz=0). uncertainty in the analysis.

Under the assumption that théWZcouplings have the SM The foliowing results were obtained. For the assumption

value, the 95% C.L. upper limit contour, i, andAx,, IS that theWWy couplings are equal to th&/WZ couplings
shown in Fig. 30d). Here theA scale was 1000 GeV. The

The WW=—dileptons counting experiment antf\W/WZ
T Spectrum analysis are sensitive to the saMé/y cou-

four sets of assumptions on the relations among the couplin
parameters. For all four assumptions, the most likely point in
the A—Ax grid was the SM point. For the assumption
Axk=Ak,=Akz, andA=\,=\; with A=1500 GeV, the
contours for the 95% C.L. limit oh andA «, with A=1500
GeV, are shown in Fig. 38). The 95% C.L. limits were
—0.9<Ak=<1.1 A=0) and —0.6sA<0.7 (Ax=0). As

in the WW— dileptons analysis, the limits on and A«
exhibited almost no correlation. Under the HISZ relations
[40], which parametrize th&VWZ couplings in terms of the
WWy couplings:  Akz=0.5A«,(1—tarf6,), gz=
0.5AK7/00320W,)\Z:7\7, the 95% C.L. coupling limit con-
tours with A = 1500 GeV are shown in Fig. 89. The limits
were —1.0<Ax,<1.3 \,=0) and -0.6s\,<0.7

95% C.L. limits were —2.8<Ak,<3.3 \,=0) and 1.5
—2.5<\,<2.6 (Ax,=0). The limits fromS-matrix unitar-
ity are also shown in Figs. 88—-30(d) for each assumption. 1
The unitarity limits were ellipses for Figs. @) and 3@b) e
due to the form of Eq(Al), shown in Appendix A. How- 05 o N
ever, for Figs. 3(c) and 3@d), the intersections of th&/y ’ T
and WWWZ unitarity contours are shown in the figure. < 0 \
|

TABLE XIX. Number of eey candidates which passed the se- ) /

lection criteria. 05 hNY S~ ’
~L_ e

Selection criteria No. of surviving events 1 s
Starting sample 77
Fiducial and particle 1D 15 -1.5 :
Trigger criteria 10 15 -1 05 0 05 1 15
E®>25 GeV 10 FIG. 31. 95% C.L. limits(inner contouy on A andA «, assum-
ARe,>0.7 8 ing the WWy and WWZ couplings are equal and =1500 GeV,
EY>10 GeV 4 from the combinedVy, WW, andWZ results. The outer contour is

the limit from s-matrix unitarity.
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TABLE XX. Probability for a jet to mimic a photon or electron, averaged dwer for theZy—eey and
Zy— uuy electron and photon selection criteria.

Type of fake CC EC Avg. after direct correction
Jet—y (0.84+0.08)x 102 (0.90+0.11)x 103 (0.65+0.18)x 103

Jet ghtn (0.62+0.07)x 102 (1.5+0.2)x10°3 (0.84+0.10)x 103
Jet—€ose | (1.7+0.1)x 1073 (1.6+0.2)x10°3 (1.5+0.2)x 1073

and with A=1500 GeV, the 95% C.L. limits were least one electron had to satisfy the “tight II" requirements
—0.71<Ak=<0.89 \=0) and—0.44<1<0.44 Ax=0). (see Table Il while the other satisfied the “loose 1" re-
Figure 31 shows the 95% C.L. limit contour farand A « quirements. This combination of tight and loose electron se-

along with the unitarity contour. lection was possible because the backgrounds from fake
electrons were small, relative to the expected signal, when
IX. Zy PRODUCTION the photon was required to pass the “loose” requirements

(see Table IY within the fiducial region. After trigger, fidu-
_A measurement of th&Zy and Zyy couplings using cjal region, and particle selection criteria were applied, 10
pp—//y+X (/=e,u,v) events is discussed in this sec- events with two electrons witE;>17 GeV and a photon
tion. with E;>5 GeV survived. Final selected events were re-
The signature forZy events was two higlpy leptons  quired to haveES>25 GeV and a photon separated from
(e"e”, u u” orvr), and a photon. The leptons would not each electron bAR,,>0.7 with E¥>10 GeV. These last
necessarily have combined to give thdoson mass. In ini- two requirements reduced the contribution of radiative
tial state radiation and anomalous coupling events, of th@yents. Four events survived in the final sample. Table XIX
type shown in Figs. ()-1(c), the dilepton invariant mass jpgjcates the number of events surviving the last few selec-
for the electron and muon decay channels would be aZthe tjon criteria. For details on the characteristics of individual
t_)oson mass. However, for events with brgms_strahlung radiasyents and for event displays see Hdg).
tion from a charged 'epFO”’ as shown in Fig. 6, the two The trigger efficiency for SMZy production was esti-
leptons would have a pair mass below that of théoson. mated using theZ—ee event sample. It was found to be

Furthermore, photons radiated from the leptons would hav il .
tended to be close to the leptons. The neutrino decay cha?—'ggt 0.01. The acceptance for Sty production and for

nels had several important differences. Besides having BrOdUCt'On_ via anomalousZy andZyy coupllng_s was es-
higher branching fraction than the electron and muon deca mated using the eyent g-enera-ltor of F{&?] combined with
channels(20.0% for three generations of neutrinos vs 3.37%he fast detector simulation discussed in Sec. Ill. MRSD
for ee or uu), the Z—vv decays are inferred with high Structure functiong 28] were used in the event generation
efficiency in the detector through th; measurement. The and the cross section was scaled bl factor of 1.34. The
radiative diagrams do not contribute to the neutrino decageometric acceptance for SM production was 53%. Averaged
channel. Thus, the cross-section changes more quickly witaver E+ for SM production, the photon identification effi-
anomalous couplings than the cross section for the electrotiency was also 0.580.05. With the particle identification
and muon channels. The signature for these events wasaaiteria, the kinematic, and the fiducial requirements on the
photon recoiling against thé of the undetected neutrinos. electrons and photons described above, the selection effi-
The main disadvantage of the neutrino channel was that theiency for SMZy production was 0.1%0.02 and the ex-
backgrounds were larger than in the other channels. pected cross section times efficiency was 6.:2002 pb.

The background included contributions froaw jet(s)
production where one of the jets mimicked an electron or
_ ~_ photon, multijet production where more than one jet was

Theeey sample was selected from events which satisfieqn;sjdentified as a photon or electron, andy production
the ELE-2-MAX trlgger described in Table I. The da_tclat Setfollowed by decay of each to eV_eVT.
corresponded to an integrated luminosity of 14(8 pb ~. Processes where jets mimicked photons, jets mimicked

From this sample, ca_nd|d_ate ev_ents were required to haVglectrons, and double and triple fakes contributed to the
two electrons in the fiducial region witk;>17 GeV. At QCD background. The background and s dependence
were estimated by counting the number exd+ jet(s) and
ey+jet(s) events, with the electrons and photons passing the
signal cuts and with jet transverse energy above 10 GeV and
25 GeV, respectively. The probabilities for jets to mimic EM

A. The ee channel

TABLE XXI. Number of puy candidates which passed the
selection criteria.

Selection criteria No. of surviving events objects were determined with a procedure similar to that de-
Particle ID and scribed in Sec. V C and observed to be approximakefy
kinematic selection 4 independentsee Fig. 1Y. Table XX contains the probabili-
Trigger criteria 3 ties for a jet to mimic photons and electrons in the CC and
AR,,>0.7 2 EC, and the final probabilities with the direct photon contri-

bution removed. Multiplying these probabilities by the num-
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To summarize, fouZ y— eey candidates were observed.

%) The total background expected was 0t4B06 events. This

3 o

® corresponds to an observed signal of 3$§§t 0.06 events,

§ 0.05 ; where the first uncertainty is statistical and the second is the

8 %&u uncertainty in the background. The observed signal agrees

Z 0 ‘ ‘ e with the SM prediction of 2.8 0.3+ 0.2 events, where the

Z 0004 Lot b) first uncertainty reflects systematics of the Monte Carlo

model and the second is the uncertainty in the luminosity.

0.002

I L\ B. The pu channel
0 i ™ 5 .

0 0 30 0 s o 70 8‘0 % . The uuy sampleT was selegted from events w_hich satis-
Pl (GeV/e) fied the MU_ELE trlgger descnbed_ in '_rable I. This data set
corresponded to an integrated luminosity of 18077 pb 1.
FIG. 32. (8 QCD background in theey channel. The bump At least two muons and one photon were required in the
around 50 GeW is due to the electrons fro@ boson decays where event. One muon was required to satisfy the “tight Il re-
a jet mimics an electron and an electron mimics a phai@nQCD  quirements and the other to satisfy the “loose II” require-

background in thesuy channel. The fit is described in the text.  ments of Table Il. It was required thp¢1> 15 GeVi and

_ _ p’T‘2>8 GeV/c, whereu,; and u, are the higher and lower
ber of jets in these samples led to a background of, myons respectively. The photon, satisfying the “loose”
0.43t0.06 QCD events. requirements, was required to hake>10 GeV and to be

The E; spectra of_ the jets al]oyved the background to beseparated from both muons ByR ,,>0.7, as in the electron
calculated as a function &5 . This is shown in Fig. 3@). Z channel. Two candidates f@y— uuy passed these selec-
boson events where an electron was misreconstructed as;gp, criteria. Details on the characteristics of the candidates
photon and a jet was misreconstructed as the lost electroflyq event displays are in Rg#2]. Table XXI indicates the
contributed to a bump in the fake photonB§~50 GeV.  ymper of events which survived the last few selection cri-
Thus, the shape of the fake photon sample was parametrizggia after the particle identification and kinematic selection
with an exponential function plus a Gaussian. The fit is alsQyere applied.
shown in Fig. 32a). _ _ The efficiencies were calculated as a functiorz@fy and

The 77y background was estimated with a se_lmple ofzﬂ, couplings with the event generator of RELS] com-
ISAJET events passed through th@GEANT detector simula-  pineq with the parametrized detector simulation. MRSD
tion and the _offlme recon_strt_lctlon a_lgorlthm. The totaty .__structure functiong28] were used in the event generation
background increased with increasing anomalous couplmggnd the cross section was scaled bl factor of 1.34. The
because mor&y— 77y events would have been produced o6 1 myon trigger efficiencywith two chances to trigger
along Wlth theZ—>eey.events. After normallza}tlon with the on each event the photon trigger efficiency curve shown in
production cross section andbranching fractions, the ex- i 33 and the efficiencies for particle identification criteria
pected fraction of the cascading tau decays in the #hal 54 giscussed in Sec. II, were included. The detector accep-
sample wasfe:(o.lwp.OS%), W_here the uncertainty Came tance was 20% for SNZy— wuy production. The overall
from the expected difference in acceptance from usingtficiency for SM production, for events satisfying the kine-
Z—r7—eevvvv Monte Carlo to simulate a background matic criteria, was 0.060.01. The cross section times effi-
which included photons which radiated from a charged lepciency for SM production was 0.3#70.03 pb. The efficiency
ton, as well as the uncertainty in cross section and branchingcreased with anomalous couplings because the muons be-
ratios. For the SM couplings ther v background was neg- came more central, increasing their acceptance.
ligible. The background consisted @fu +jet(s) events, where
the jet was misidentified as a photon, add- 77 cascade
decays including a final state photon. The backgrounds

g 1 PSS DI D S where a jet mimicked a photon included Drell-Yan produc-

2 08 tion with associated jet< + jets production and cosmic ray

i # muons(already small because of the tight muon identifica-

g 0.6 yis tion criterig in coincidence with jet events. The contribution

Bh / —

= 04 / to the QCD background fromab production was expected to

3 02 {# be negligible due to the muon isolation requirements and the
o be D R D e muon py threshold. The QCD background was estimated

0o s 10 15 20 25 30 from a data sample containing a pair of muons satisfying the

E7 (GeV) same muon identification criteria as the signal sample. This
sample contained all of thew + jet backgrounds in the same
proportions as the signal sample. The procedure was to count

FIG. 33. Efficiency as a function of photdg; for the level 1~ the number of jets oE+>10 GeV, in events which pass the
EM trigger with threshold at 7 GeV. The minimum allowed photon Selection criteria, and multiply that number by the probabil-
Eris 10 GeV. ity for a jet to mimic a photon from Table XX. Because
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TABLE XXIl. Event selection criteria for theZy—vvy

analysis. > 21 7 ]

O

Number of a Data Points (e + [L)

Selection criteria events remaining % 14 — / SM + Background

8a]
Trigger, event quality and kinematics 1887 g Background
|7,/]<1.0 or 1.5<|n,|<2.5 1637
“Loose” photon criteria 1448 0 = T RO eor=T T T ‘

CF_ 10 15 20 25 30 35 40 45 50
N =0 1098 E}(GeV/c)
No jet with E;>15 GeV 480 3
“Tight” photon criteria 5
MTC selection 4

FIG. 34. Transverse energy spectrum of photongé&y and
n ey events. The shadowed bars correspond to the data, the hatched
curve represents the total for background, and the solid line shows

the sum of SM predictions and background.
different triggers were used in collecting the signal and back- P g

ground samples, a scaling factor .8.3 was necessary to from the electron and muon channels in that they were larger
account for differences in the trigger efficiency and inte-and included contributions from sources to which the previ-
grated luminosities. 15 jets passed the selection criteria; 8us channels were immune. One background resulted from
jets were in the CC and 7 in the EC. The result wasunreconstructed cosmic ray and Tevatron beam related
N6cp=0.02-0.01 expected background events. The  muons which deposited energy in the electromagnetic calo-
spectrum of the jets in the background sample is shown iiimeter through bremsstrahlung. A second important back-
Fig. 32b). The fit made to thé&E spectrum of the electron ground, occurring at moderately high(y), came from
channel fakes was used to parametrize Byespectrum of W—ev where the electron was misidentified as a photon due
the fakes in the muon channel, with the appropriate normalto a missing track. These backgrounds forced the analysis to
ization, because of the much higher statistics of the formeruse much stronger particle identification criteria and tighter

The 77y background was estimated using the same prokinematic selection than thgy analyses presented above.
cedure as was used for the electron channel. The expected The candidate sample was selected from events passing
fraction of the cascade decays in the finaZy—puuy  the ELE-HIGH trigger of Table I. A selection on the “event
sample was 1#0.5%. For SM couplings, thery back- quality” removed events with noisy cells in the calorimeter,
ground was 0.030.01 events. second EM objects witlie;>5 GeV, or when the calorim-

To summarize, tw&@ y— u uy candidates were observed. eter was recovering due to a large pulse from Main Ring
The total background expected was 00501 events. This associated energy deposition. Both the phdierand theg
corresponds to an observed signal of f§§z§+0 01 events, Wwere required to be greater than 40 GeV to reduce the back-
where the first uncertainty is statistical and the second is th@round fromW boson decays. Events with muons in the
uncertainty on the background. The observed signal agredgntral region were rejected to reduce cosmic ray back-
with the SM prediction of 2.30.4+0.1 events, where the grounds. Events with jets dir greater than 15 GeV were
first uncertainty reflects systematics of the Monte Carlodlso rejected; by limiting thepr boost of the events, the
model and the second is the uncertainty in the luminositykinematic range oE+ andEZ from theW boson background
The photonE+ spectrum for the combinegle and uu data, was reduced. The strictest photon requirement, “tight,” was
expected signal and expected background are shown in Figsed to reduce the backgrounds from cosmic rays, from
34, beam related muons, and frowd boson decays. Lastly, the

calorimeter was searched, in &5 calorimeter tower road
C. The vv channel about the line defined by the vertex located by the EMVTX
package(see Sec. Il C Pand the energy-weighted center of

The Z+y—vvy signature was a single photon which the photon shower in the CC, for a chain of calorimeter hits
recoiled against th& of the unmeasured neutrino pair. The and energy deposition consistent with the passage of an un-
nature of the backgrounds for this channel was very differenteconstructed cosmic ray which might have radiated the pho-

TABLE XXIll. Efficiency, excluding photon fiducial requirements, for tdey— vv+y analysis. The un-
certainties indicated are statistical only.

Selection criteria CcC Combined EC
Event quality 0.98%+0.002

Photon ID criteria 0.61£0.02 0.66-0.05
NSF=0 0.988+0.002

No jet with E;>15 GeV 0.84-0.02

MTC selection 0.9%0.02 -

Total 0.48:0.02 0.54£0.04
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TABLE XXIV. Number of expected background events in the  TABLE XXV. Number of expecteduu_y events assuming SM

CC and EC for th&Z y— v vy analysis. couplings, number of expected background events, and observed
signal.

Background NSk NE%
Region Ngm Npek Data

Muon bremsstrahlung 1+40.6 0.38:0.23

W—ev 2.2+0.6 1.8:0.6 CC (Im,|<11) 1.4-0.2 3.6:0.8 3

QCD sources Negligible Negligible EC (1.55[7,|<2.5) 0.39£0.05 2.2:0.6 1

Total 3.6+0.8 2.2+0.6 Total 1.8:0.2 5.8:1.0 4

ton. This algorithm(MTC) tracked the muon energy deposi- beam halo muons identified in the data.
tion through the longitudinally and azimuthally segmented Two samples of this kind of background event which ra-
towers of the calorimeter. diated a photon into the CC were identified. The first sample
Four events remained after all selection criteria were apwas identified by applying all the selection criteria except for
plied. The photons in the four events hig of 41, 41, 46, the HITSINFO criteria of the “tight” photon ID require-
and 68 GeV. Table XXIl shows the number of events re-ments, the CF muon veto, and the MTC requirement. The
maining after each of the selection criteria. event was required to have a reconstructed muon. The rejec-
The ELE-HIGH trigger was completely efficient for tions for the HITSINFO and the MTC selection criteria were
E+(y)>40 GeV. The efficiency for the photon identification determined from this sample. The reconstruction efficiency
criteria (excluding the fiducial requirementshe event qual-  for the muon backgrounde(osmic ,) Were estimated from a
ity, the muon and jet vetoes, and the MTC selection criterissecond sample of events, dominated by cosmic ray muons,
were estimated using thé— ee candidates collected using which passed the same selection criteria as the former
the same trigger as the signal. The efficiency for the jet vetsample(excluding the requirement that the muon was recon-
was cross checked with a next-to-leading logaritiny  structed and failed the EMVTX criteria. The inefficiency
Monte Carlo generatdf43]. The calculated efficiency loss was 1— €cosmic , =0.34+0.03. The background tdy was
agreed with the measurement. Table XXIII contains a sumthen determined from the number of events in the former
mary of these efficiencies. The efficiency for the fiducialsample, modified by the rejection provided by the
selection came from the event generator of R&8] com- HITSINFO and MTC criteria and by the factor
bined with the parametrized detector simulation. (1— €cosmic 1)/ €cosmic . - The resulting expected background
The cosmic ray and beam halo backgrounds, due to unrewas 1.4-0.6 events for CC photons.
constructed muons which radiated a photon as they passed For the muon background events with a photon in the EC,
through the calorimeter, was estimated using cosmic ray and two-sample procedure analogous to that described above
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for the CC was used to estimate the background due tenatch significance, TM810 (see Sec. Il C§ instead of a
beam-halo muons. It was measured to be £.823 events, photon. The rejectionRy, due to HITSINFO came from a
where the large fractional uncertainty is due to the low stasample ofW— ev events which failed the electron tracking
tistics of one of the tagged samples. requirement. Including small corrections to account for the
The muon background rejection was found to be indepenfraction of these mistracked/ events, lost from this sample
dent of the photott; for both the CC and EC regions, so the because of an overlapping random track, and to account for
background events were used to make a parametrization @bsmic ray bremsstrahlung in this background samile,
the photon spectrum. The doubly identified backgroundyas found to be 4812 (43t 14) for the CC(EC). With the
muons were used for the CC. For the EC, the larger of theneasured efficiency of the track finding, the track match sig-
two available background samples was used. The result Gfificance and the MTC criteriae, €,, and eyrc, respec-
the fit is shown in Fig. 35 together with the background datajvely), the W— e background was simply the number of
Another background comes froMV—ev events where taggedW—evr events times (t e7)/(ere epmrcRy). This
the electron is misidentified as a photon due to tracking inywas found to be 220.6 (1.8£0.6) events for the CC
efficiency. The kinematic requirements combined with the(EC)_ TheE spectrum of the expected background is shown

jet veto rejected some of the misidentifigd boson decays, in Fig. 36. Parametrizations for the expect@&fspectrum of
but additional rejection was required. It came from the

HITSINFO criteria of the “tight” photon selection. A pro- TABLE XXVII. Limits on CP-conservingZZy and Zyy
cedure similar to that used to estimate the background due @1omalous coupling parameters for thet+ wu, vv and combined
muon bremsstrahlung was used in this case. A nearly purgy analyses. These axes limits are at 95% confidence level with
sample of taggeWV— ev events withES andE both greater A =500 and 750 GeV.
than 25 GeV was obtained by applying all of the event se- —_ . .

: o -+
lection criteria except for the HITSINFO and MT@EC S M vy Combined limits
only) criteria and by requiring an electron with a good track Limits with A =500 GeV

—-1.8<h35,<1.8 —-0.87<h%,<0.87  —0.78<h5,<0.78
TABLE XXVI. Summary the ofZy— dileptons analyses in- —~1.9<h},<1.9 —0.90<h,<0.90 —0.81<h,<0.81
clrl]J((jjlzgr;T)e rnufmbenrdci)(; S;M e\:)entfvegpected, expected backgroundg0.5<hi0<0.5 —0.21< h§0< 0.21 —0.19< h§0<0.19
and number of candidates observed. ~0.5<h},<0.5 ~0.22<h},<0.22  —0.20<h},<0.20
— Limits with A=750 GeV

Channel ee
rE i - ~0.49<h%,<0.49  —0.44<h%;<0.44
NSM 2.8+0.3+0.2 2.3r0.4+0.1 1.8-0.2 - —0.50<h},<0.50  —0.45<h};<0.45
NBC 0.43+0.06 0.05-0.01 5.8-1.0 - —0.07<h%,<0.07  —0.06<h%,<0.06

observed 4 2 4 - —0.07<h},<0.07 —0.06<h};<0.06
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The possible QCD backgrounds included: multijet pro- Y

duction, where a jet was misidentified as a photon andtthe
results from mismeasurement of a jet or from neutrinos in a FIG. 38. Limits on theC P-conserving anomalouaZy coupling
jet; direct photon productiofjet + photor) where a jet con- parameter$i5, andh%,. The solid ellipses represent 68% and 95%
tributes tof+; and Z+jets— uv_+jets where a jet is misi- C.L. exclusion contours for thee and . combined analysis. The
dentified as a photon. However, the size of the QCD backdashed curve shows limits from partial wave unitarity fo=500
grounds fell rapidly as the photdfy, andE+ thresholds were GeVv.

raised. The backgrounds were found to be negligible&pr  prediction that anomalous couplings lead to an excess of

andE;=35 GeV. events with highE; photons, a higtE bin with no events
The total background was 3:#3.8 (2.2£0.6) for the CC  was used in the fit. Common systematic uncertainties, in-
(EQ). It is summarized in Table XXIV. cluding photon identification efficiency, integrated luminos-

The expected numbers of signal events for SM and foiity, choice of parton distribution functions, and choice of
anomalous couplings were estimated using the leading-order;(Z) distribution were treated as discussed in Appendix B.
event generator of Ref18] combined with the parametrized The form-factor scale dependence of the result was stud-
detector simulation, including pr(Z) spectrum from theg  ied. The chosen value ¢f =500 GeV was close to the sen-
boson data to mimic the effects of the jet veto on the accepsitivity limit of the experiment forhy, and hy, for the
tance. The energy scale for the underlying event was detefe+ uu channels; for larger values df partial wave uni-
mined by comparing thp; as determined from the electrons tarity was violated for certain values of the coupling param-
and hadronic recoil in lowp; Z—ee events. As in the eters allowed at 95% C.L. With ther and combined analy-
charged lepton analyses, the cross section was scaledkby is, A could be extended to 750 GeV without violating
factor of 1.34 and the MRSDstructure function§28] were  unitarity. In that case, tighter limits on anomalous couplings
used in the event generation. A 12% uncertainty in the cros§ould be obtained. _ o
section resulted primarily from the choice of parton distribu- _ Figures 38—40 show the coupling limits for the
tion functions, modeling of the jet veto, modeling of the &P-ConservingZZy parameters. The shapes of theyy
detector, and the detector efficiency. Table XXV presents %Pmlt contours were similar. Figure 38 sh;)ws the rgsults of
summary of the expected signal and background as well a .e fit for theee and pu channels.at 68% and 95% C.L.
the number of events seen with photons in the CC and gdtigure 39 shows the results pf the fit for the channels and
The SM signal was expected to be 1.8.2 events with a for the three channels combined at 95% C.L. The form factor

5.8+1.0 event background. For comparison, the expecte§CaleA =500 GeV was used in these two figures. Figure 40

number of signal events for anomalous couplings was a shows the 95% C.L. limits fo =750 GeV. The 95% con-

proximately a factor of 9 higher foh§0=3, h420:1. Four fidence level limits orC P-conserving couplings are given in

. . ; Table XXVII. Shown are the limits for thee+ chan-
candidates were observed, consistent with the SM expecta- mr

tions. The photon spectra expected for the signal and badg_els, thevv channel, and the limits from the three analyses

ground, as well as that seen in the data, are shown in Fig. 3?.0m.b'”ed.- L'”?'ts on theC P-V|0Iat|ng couplings were nu-
merically identical to the correspondiigP-conserving cou-

plings with the single exception that 0.86< hf0< 0.87 (to

o ] be compared with-0.87< h§O< 0.87) for thevv_y analysis.
To set limits on the anomalous coupling parameters, the

observedE; spectrum of the photons in the three channels
was fit with the MC predictions plus the estimated back-
ground(summarized in Table XXVl The binned likelihood Four gauge boson pair production processes and corre-
method described in Appendix B was used. To exploit thesponding trilinear gauge boson coupling parameters were

D. Limits on anomalousZZy and Z yy couplings

X. CONCLUSIONS
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o 0.7 Joerer T nitarity bounds coupling parameters at the 95% C.L. were
Ng* 0.6 | 95% C.L. limits: A =500 GeV —1.6<AK7<1.8 ()\720), —0.6<)\y<0.6 (AKy:O) us-
0.5 =078 < h¥ < 0.78 (h}, = 0) ing a form factor scale oft=1.5 TeV. The U(1}y-only
04 ] 0,19 < h’ < 0.19 (h%, = 0) couplings of theW boson to a photon, whn;h lead t0,=0
’ ) and\,=0, and therebyu=e/2m,, and Q,,=0, was ex-
0.3 1 cluded at the 80% C.L., while zero magnetic moment
0.2 1 /n (uw=0) was excluded at the 95% C.L.
0.1 The search foWWW events where both of thé&/ bosons
0 .,SM \ decay leptonically teev or uv yielded one candidate event
01 v.Ch \ with an expected background of 056.13 events. The up-
// 95% C.L.limits per limit on the cross section for SM/ boson pair produc-
0.2 5 tion was estimated to be 87 pb at the 95% C.L. The limit on
-0.3 7 ( Z the cross section was translated into limits on the anomalous
0.4 2 coupling parameters. The limits on th€P-conserving
0.5 anomalous coupling parameters wer2.6<Ax<2.8 (A\=0)
0.6 lesusy Chaiinel and —2.1<\<2.1 (Ax=0) at the 95% C.L., using a form
g7 |PCL imits : P factor scale ofA=900 GeV, whereAx=A«,=A«k; and
- . . ‘ Unitarity bounds .-~ A=\,=\; were assumed.
325 -2 15 -1 050 05 1 15 2 25 3 The analysis of th&/W andWZ production events in the
i, electron+ jets channels, where on& boson decayed into

o ) _ ev and the secondV boson orZ boson decayed into two
FIG. 39. Limits on theCP-conserving anomalousZy coupling  jets, yielded 84 candidate events with an expected back-
parameter$s, andh%;. The solid ellipses represent the 95% C.L. ground of 75.813.3 events, while the SM predicted
exclusion contours for the v and for combinecee, uu, andvy  3.2+0.6 signal events. A maximum likelihood fit was per-
analyses. The dashed curve shows limits from partial wave unitaritygrmed on thep; spectrum of théV boson, computed from
for A =500 GeV. the E; of electron and th&-, to set limits on the anomalous
couplings. The limits on th€ P-conserving anomalous cou-

studied using the data from 1.8 Tepp collisions collected  Pling  parameters  were —0.9<Ax<1.1 (\=0) and
with the DO detector during 1992—1993 Tevatron collider —0-6<A<0.7 (Ax=0) at the 95% C.L., using a form fac-
run at Fermilab. The data sample corresponded to an intdor scale of A=15 TeV, where Ak=Ak,=Ax; and
grated luminosity of approximately 14 pb. A=\,=\z were assumed.

Searches were made for deviations from the SM. This TheWy production process is sensitive only to theéNy
would have been manifest as an enhancement in the produgoupling parametersV'Z production is sensitive only to the
tion cross section an&; spectrum of the bosons. In the
analyses of th&Vy final states, the photolB; spectrum was 0.3

compared with the expectations of the SM and used to pron $ 95% CL.limits: A =750 GeV
duce limits on anomaloug/Wy couplings. A limit on the =025 -0.44<h;Z <0.44 (hfo=0)
cross section foWW— dilepton led to a limit on anomalous 0.2 z T et
WWy and WWZ couplings. In theWWWZ—ev jet jet 006<hyy <006(hy=0) . ul
analysis, theE+ spectrum of th&V andZ bosons was used to 018 .
produce limits on anomaloug/Wy and WWZ couplings. 0.1 o =
The Wy, WW, and WW/W?Z analyses were combined to 0.05 T //\
produce limits oW Wy andWWZ couplings. Finally, in the R ; by Chaniels SM \
analysis ofZy final states, the photdB spectrum was com- 0 s Ol timits v Channel
pared to the expectations of the SM and used to produce 95%| CL. limits _
ey . - -0.05
limits on anomalou& Zy andZyy couplings. No deviations % P
from the SM were observed. 0.1 (e o

The Wy analysis yielded 23 candidate events where the 015l
W boson was identified by its leptonic decay products, a high | _ ,--Y-l-a’s”
pr electron(11 events or muon(12 eventy and a neutrino 0.2 ___,.—-.M;{ty bo
inferred by large in the event. The expected backgrounds 4,5 ur
for the electron and muon channels were 209 and
44+1.1 events,' respectively. Using the acc'eptance for the 03 5 15 4 o5 0  os | s 5
SM Wy production events, th&/y cross sectior{for pho- J
tons withE¥>10 GeV andA R, >0.7) was calculated from 5
the combinede+u sample to beo(Wy)=138"3(stat) FIG. 40. Limits on theC P-conserving anomalow&Zy coupling

+21(syst) pb. A binned maximum likelihood fit was per- parameter$i3, andh,. The solid ellipses represent the 95% C.L.
formed on theE? spectrum for each of th&/(ev)y and  exclusion contours for the» and for the combine@e, uu, and

W(uv)y samples to set limits on the anomalous couplingy v analysis. The dashed curve shows limits from partial wave uni-
parameters. The limits on th€P-conserving anomalous tarity for A=750 GeV.
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WWZ couplings. On the other handly pair production is measurement are the most stringent limits on anomalous
sensitive both to th&Wy and theWWZ coupling param- ZV+y couplings currently available.

eters. Using assumptions on the relationship between the All of these limits on the anomalous coupling parameters
WWy and WWZ coupling parameters, these three analysesvill be significantly improved when the analyses of the data
were combined to set the tightest limits on the coupling pataken during the 1994-1995 Tevatron collider run, which
rameters. A maximum likelihood fit was performed on thecorresponded to approximately 80 P are completed.

three sets of data simultaneously using a common form fac-

tor scale of A=15 TeV and the assumption that ACKNOWLEDGMENTS
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2.8+£0.3+0.2 (2.3t0.4+0.1) events for the electron APPENDIX A: TRILINEAR GAUGE BOSON COUPLING
(muon decay modes and 7461.0 events for the neutrino PARAMETERS

decay mode. A maximum likelihood fit was performed on
the pr spectrum of the photons to set limits on the
anomalous coupling parameters. The 95% C.L. axes limits The tree-level Feynman diagrams fogq— Wy,
on the CP-conserving coupling parameters are0.78

1. WWy and WWZ coupling parameters

gg—WW andqgq— WZ production processes are shown in
<h§0<0'7 (h420:0); _0'19<h§0<0'19 (h§0=0),—_0.81 Figs. 1, 2, and 6. A formalism has been developed to de-
<h3,<0.81 (h3p=0); —0.20<h;<0.20 (h,=0), using & scribe thewWy and WWZ vertices for the most general
form factor scale of A=500 GeV and —0.44<h3,  gauge boson self-interactiofi,15. The Lorentz invariant
<0.44 (h5,=0); —0.06<h%,<0.06 (%,=0),—0.45<h}, effective Lagrangian for the gauge boson self-interactions
<0.45 (},=0); —0.06<h};<0.06 (h}=0), using a contains 14 dimensionless coupling parameters, seven each
form factor scale oA\ =750 GeV. The limits obtained in this for WWy and WWZ

A
Lowv! Gwwv=197 (W, WAV =WV WH) +i e WIW, VA + | M—\;W{MW’V‘V“ — YW W, (#V"+ 9" VH)
- W
- ~ ~ X -
+gr e P (W J, W, )V, +i kW W, VA7 + M—;/WIMW’V‘V””,
W

where W* denotes thew™ field, W,,=d,W,—d,W,,, plings are assumed to be equal, thgA=g}=1 and

V=0V, ~dN,, V,=%e,.V" and @AJ,B) 05=0j=gé=9=0. _

=A(3,B)—(d,A)B, V=1, Z andM,y is the mass of th&V With the non-SM coupling parameters, the amplitudes for

boson. The overall couplinggywy are gww.,=—e and the gauge boson pair production grow with energy, eventu-

Jwwz= —e(cotd,) as in the SM, where andye are the ally violating tree-level unitarity. Using dipole form factors
W. 1 w .

positron charge and the weak mixing angle. The couplingé,Or anomalous couplings,

Ay and «xy conserveC and P. The couplingsg){ are odd Ak

- ~ Ak(S)= —————=
underCP andC, g¢ are odd unde€ andP, andxy and\y «(s) (1+5s/A?)?

are odd undeCP andP. with a form factor scaleA, the unitarity is restored. The
In the SM, all the couplings are zero with the exception ofscale A, is constrained by

g9y and xy (97=97=«,=kz=1). Electromagnetic gauge

invariance restrictg],g; andg? to the SM values of 1, 0, A< 6.88 _

and 0. The SU(2)xU(1)y gauge invariance requires (k—1)%+2N%+2\2

A=N,=\; andXzX‘y:KZ. If the photon and boson cou-  if the photon and boson couplings are assumed to be equal.

1/4

TeV, (A1)
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The CP-conservingWWy coupling parameters are re- hY
lated [8] to the magnetic dipole momenj(,) and electric hiV(m%,O,é)= A—'O“.
quadrupole momentQs,) of the W boson: (1+s/A9)
e The constraints on thie, can be derived from partial wave
Hw+= 2MW(1+ Ky Ty, unitarity of the generaf f —Zy procesq32,46. Assuming

only one coupling is non-zero at a time, the following uni-
tarity limits can be derived foA>m;, [18,47]:

e
e
= (ky\y).
Qu =~z (™M) [(2/3n]"  0.126/0.151 Te¥

[(2/3n—1]""32 A3

I HLES

The CP-violating WWy coupling parameters are related to
the electric dipole momentd(,) and magnetic quadrupole n 3
moment Q) of the W boson: |h§{)7|,|h§(’)7|< [(2/5)n] 2.1/2.5¢10 TeV5.

[(2/5n—1]"~52 AS

e ~ =
dw+ :m( Kyt Ny, From the above equations, unitarity is satisfiedrfor3/2 for
hY 3, andn>5/2 for hy,. In this papem=3 for hY,, and
n=4 for h\z”4 are used. This choice ensures the same

QM. =— i(; ). asymptotic energy behavior for the 5 and hy , couplings.
W m\ZN v The dependence of results on the choice a$ discussed in
[18].
~ ~ R 4 H

The CP-violatihg WWy couplingsX, and x,, are tightly Thg anomalous couplingg’ are related to th&y transi-

constrained by measurements of the neutron electric dipoléon dipole and quadrupole moments. T@é-even combi-
moment to x|, | ,| <1072 [44] nations ofhy andh) correspond to the electric dipole and

v Y )

magnetic quadrupole transition moments; @E-odd com-

binations ofh\l’ and h\2’ correspond to magnetic dipole and

electric quadrupole transition moments. The relations be-
Theoretical calculations of the tree-level cross section fotween the couplings and moments depends on both the center

Zy production for SM and anomalous couplings have beemyt mass energy/s and on the momentum of the final state

performed[18]. Assuming only electromagnetic gauge in- photon[48]. They are

variance and Lorentz invariance, the vertex function for the

2.ZZy and Zyvy couplings

ZZy andZyv interaction can be described with the follow- e K2
ing form: d, =— ——(h5—h%),
Z; 2 Mg( 30 Mao
h
Lo Cv| hi(asg™ = as) + —PI(P-a2)g" "~ asP’] .
? Qz,= 3V102hTy),
\% z
+hYerehrg,, + — PetfroP gy, |,
mz e K2

b= W(hi’_ h3o),
whereV indicates a photon dZ boson,C; is (P?—q3)/M2 z
andC, is P2/M§, g, andq, are the momenta of the outgo-
ing particles andP is the momentum of the virtual boson. An
overall normalization factor of;2,=9z,,=#€, left outin the
equation, is used. These couplings &edd dimensionless

functions ofg?, g3, andP?; i.e.,s. In addition,hy andhy are whered;_ (uz.) is the transition electriémagnetig dipole
P even, and thus violat€ P. The other pairhy andhy, are  oment. QS (QD) is the transition electridmagnetis
CP conserving. T T
In order to avoid violatingS-matrix unitarity, the cou-
plings should asymptotically approach zétioeir SM valug
at high energie§l14,45. Therefore, theZ Vy couplings have APPENDIX B: BINNED LIKELIHOOD FIT
to be energy dependent and are thus modified with form

V(2 2 ; ; i 2 A2
factorshy'(ay.d3 '2P2) ;Nh'(;h vanish at hA'gml’ 42, or Pz; andW to set limits on the anomalous coupling parameters.
However, sincegi~m3, q;~0 andP?=s, only the highs  The observed numbers of events;) in a particularpy bin
behavior should be included in the form factor for thecan be described in terms of the numbers of expected signal
gq—Zy diagrams. The conventidri 8] is to use a general- events ;) and background eventd,) using a Poisson dis-
ized dipole form factor such that tribution function:

e
Q?T: M_i\/E(Zhéo),

guadrupole moment, arldis the photon energy.

A binned likelihood fit was applied to the; spectra ofy
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(n;+bp)Ni by sig), a bin with no events at high; was used in the fit. The
YT N1 bin boundary was selected sufficiently above the highest ob-
g served transverse momentum event in the data sample that
wheren; and in some casds; are functions of the anoma- the detector resolution could not move the last data point
lous coupling parameters. across the boundary. For more detail, $4&8]. The joint
The uncertainties in the; andb; were incorporated by Probability of all p bins is then

convoluting with Gaussian distributions:

max

N;
j J ((f ni +fbb) e~ (fani+fpby) P= H Pi
) ) where N,,.x IS the number ofp; bins. The log likelihood
2—6 ~(n= )20~ (fp= 1) 20y g ndfp, function of this joint probability is defined as
TOKO
wheref,, and f, are multiplicative factors tm; andb; with L=—In(P).

mean values of 1.0y, and o}, are the fractional uncertain-

ties ofn; andb;. These uncertainties include the uncertain-The limits on the coupling parameters were obtained by
ties in the integrated luminosity and the theoretical predicimaximizing this quantity. The 95% confidence level limit on
tion of the signal and background cross sections. To exploithe parameters of the log-likelihood functi¢the coupling
the prediction that anomalous couplings lead to an excess @larameters for the case heie the contour where the log-
events with highE; photons or jet§depending on the analy- likelihood is 1.92 lower than the maximum.
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