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We present a detailed description of a search for anomalous production of missing ET (E”T), jets, leptons
(e,m,t), b quarks, or additional photons in events containing two isolated, central (uhu,1.0) photons with
ET.12 GeV. The results are consistent with standard model expectations, with the possible exception of one
event that has, in addition to the two photons, a central electron, a high-ET electromagnetic cluster, and large
E”T. We set limits using two specific SUSY scenarios for production of diphoton events with E”T.
@S0556-2821~99!02805-2#

PACS number~s!: 13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly
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SEARCHES FOR NEW PHYSICS IN DIPHOTON EVENTS . . . PHYSICAL REVIEW D 59 092002
I. INTRODUCTION

In many models involving physics beyond the stand
model~SM! @1#, cascade decays of heavy new particles g
erate gg signatures involving missing transverse ener
(E”T), jets, leptons, gauge bosons (W,Z0,g), and possiblyb
quarks. Some examples are supersymmetry with a light g
itino @2#, radiative decays to a Higgsino-lightest supersy
metric particle~LSP! @3# and models with large symmetr
groups@4#. In the data taken during 1993–1995 by the C
lider Detector at Fermilab~CDF! collaboration @5,6# an
‘‘ eeggE”T’’ candidate event@7# was recorded. Supersymme
ric models can explain theeeggE”T signature, for example
via the pair production and decay of selectrons viaẽ→eN2

→egN1 ~see Fig. 1! or ẽ→eN1→egG̃ ~see Fig. 2!.
This paper describes a systematic search for other ano

lous gg events by examining events with two isolated, ce
tral (uhu,1.0) photons with ET.12 GeV which contain E”T,
jets, leptons (e,m,t), b quarks, or additional photons@8#.
The search is based on 85 pb21 of data frompp̄ collisions at
As51.8 TeV collected with the CDF detector.

The remainder of Sec. I is devoted to a description of
detector. Section II discusses the diphoton event selec
the efficiencies of the selection criteria, and the purity of
sample. Section III discusses a search for anomalous ev
in the sample. Section IV discusses theeeggE”T candidate
event. Section V discusses the possible standard m
sources for theeeggE”T signature and estimates the numb
of events expected from each. Section VI discusses the
sible interpretations of this event and places limits on so
of the models which have risen to explain it. Section V
contains the conclusions.

Overview of the CDF detector.The CDF detector is an
azimuthally and forward-backward symmetric magnetic
tector designed to studypp̄ collisions at the Fermilab Teva
tron. A schematic drawing of the major detector compone
is shown in Fig. 3. A more detailed description can be fou

FIG. 1. The Feynman diagram forẽ pair production and decay
in the N2→gN1 scenario of Kaneet al. Both selectrons decay via
ẽ→eN2 whereN2 is the next-to-lightest neutralino which in tur
decays viaN2→gN1 .
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in @5#; recent detector upgrades are described in@9#. The
magnetic spectrometer consists of tracking devices insid
3-m-diameter, 5-m-long superconducting solenoidal mag
which operates at 1.4 T. A four-layer silicon microstrip ve
tex detector~SVX! @9# makes measurements between the
dii of 2.8 cm and 7.9 cm, and is used to identifyb hadron
decays. A set of vertex time projection chambers~VTX ! sur-
rounding the SVX provides measurements in ther -z plane
up to a radius of 22 cm, and is used to find thez position of
the pp̄ interaction (zvertex). The 3.5-m-long central tracking
chamber~CTC!, which provides up to 84 measurements b
tween the radii of 31.0 cm and 132.5 cm, is used to meas
the momentum of charged particles with momentum reso
tion sp /p,0.001p ~p in GeV/c). The calorimeter, con-
structed of projective electromagnetic and hadronic towe
is divided into a central barrel which surrounds the solen
coil (uhu,1.1), ‘‘end-plugs’’ (1.1,uhu,2.4), and forward/
backward modules (2.4,uhu,4.2). Wire chambers with
cathode strip readout give 2-dimensional profiles of elec
magnetic showers in the central and plug regions~CES and
PES systems, respectively!. A system of drift chambers
~CPR! outside the solenoid and in front of the electroma
netic calorimeters uses the 1-radiation-length thick mag
coil as a ‘‘preradiator,’’ allowing photon/p0 discrimination
on a statistical basis by measuring the conversion probab
@10#. Muons are identified with the central muon chambe
situated outside the calorimeters in the regionuhu,1.1.

To ensure that events are well measured, only event
which both photon candidates fall within the fiducial volum
of the central electromagnetic calorimeter~CEM! are se-
lected. The CEM is made of shower counters arranged
projective tower geometry, with each tower composed of
sorber sheets interspersed with scintillator. The towers
constructed in 48 wedges, each consisting of 10 towersh
by one tower inf. The position and transverse profile of
photon shower, within a tower, is measured using the C
which is embedded near shower maximum at approxima

FIG. 2. The Feynman diagram forẽ pair production and decay
in the light gravitino scenario. Both selectrons decay viaẽ→eN1

where N1 is the lightest neutralino which in turn decays viaN1

→gG̃.
2-3
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F. ABE et al. PHYSICAL REVIEW D 59 092002
6 radiation lengths. These chambers have wires in ther -f
view and cathode strips in thez view. To be in the fiducial
region, the shower position is required to lie within 21 cm
the tower center (uXwireu,21.0 cm) in ther -f view so that
the shower is fully contained in the active region. The reg
uhu,0.05, where the two halves of the detector meet, is
cluded. The region 0.77,h,1.0, 75°,f,90° is uninstru-
mented because it is the penetration for the cryogenic c
nections to the solenoidal magnet. In addition, the reg
1.0,uhu,1.1 is excluded because of the smaller depth of
electromagnetic calorimeter in the region. Within the angu

FIG. 3. A schematic drawing of one-quarter of the CDF det
tor.
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region 0.05,uhu,1.0 and 0,f,2p the fiducial coverage
is roughly 87% per photon. For low-ET photons (ET

g2

<22 GeV) the fiducial region is reduced touXwireu
,17.5 cm to be consistent with the trigger requirements. T
tight fiducial region coverage is approximately 73% for low
ET photons.

The CDF detector is a relatively well-understood meas
ing instrument and there exist standard identification se
tion criteria for electrons, muons, taus,b quarks, and jets tha
were developed for, among other things, the discovery of
top quark and studies of its properties. Descriptions for th
criteria can be found in Refs.@11,12,13,14,15#. Photon iden-
tification @10# is described in more detail in Sec. II. The E”T
calculation used in this search has been customized for
analysis and is described in Sec. III.

II. DATA SELECTION AND PHOTON IDENTIFICATION

Events are selected based on the identification of two p
ton candidates in the central region of the CDF detec
uhu,1.0. The final selection criteria are listed in Table I a
are described below. The central region contains calorime
and tracking chambers, and since the interaction of a h
energy photon with the detector is similar to that of an el
tron, many of the same techniques for identifying electro
are used to identify isolated photons@10,12#. The calorim-
eters are used to measure the 4-momentum of the photo
well as to distinguish between photons produced directly
the pp̄ collision and those which are produced in the dec
of hadrons, such asp0→gg. The tracking chambers ar
used to provide additional rejection against jets of hadron
well as electrons.

The initial data sample for the search consists of eve
with two photon candidates selected by the three-level t

-

TABLE I. The selection criteria used to identify diphoton candidate events.

Photon identification and isolation cuts
Central (uhu,1.0)
<1 3D tracks pointing at the cluster, PT,1 GeV
xCES

2 ,10.0
usCESu,2.0
E2nd cluster<20.0094510.1443ET

g ~ET
g,17.88 GeV!

E2nd cluster<2.3910.013ET
g ~ET

g.17.88 GeV!

12 GeV,ET
g2,22 GeV ET

g2>22 GeV
Low-threshold trigger High-threshold trigger
Tight fiducial Loose fiducial
E333

Iso <4 GeV Had/EM,0.05510.000453Eg

IsoCal,0.10
PT

Tracks in a cone of 0.4,5 GeV

Global event cuts
uzvertexu,60.0 cm
ET out-of-time50 GeV
2-4
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ger @16#. At Level 1 ~L1!, events are required to have tw
central electromagnetic calorimeter~CEM! trigger towers
@17# which measure more than 4 GeV. At Level 2~L2!, two
triggers, one optimized for good background rejection at l
ET and the other for high efficiency at high ET, are ‘‘OR’d.’’
The low-threshold diphoton trigger requires two electrom
netic clusters@11# with ET.10 GeV and less than 4 GeV in
3-by-3 array of trigger towers around the cluster (E333

Iso ); the
high-threshold~16 GeV! trigger has no isolation require
ment. Corresponding Level 3~L3! triggers require cluste
energies calculated with the offline photon algorithm@10# to
be above the 10 and 16 GeV thresholds respectively.
low-threshold trigger also requires the clusters to be in
restricted fiducial region of the calorimeter to ensure a go
cluster measurement in the strip chambers.

A. Photon identification

Photon candidates are identified as electromagnetic c
ters of energy deposited in the central electromagnetic c
rimeter and are required to be consistent with being produ
from a single prompt photon shower@10#. To reject against
backgrounds from electrons and hadronic jets, each ca
date is required to pass the identification selection criteria
Table I. Electrons, which have shower characteristics sim
to those of photons, can be removed by identifying the as
ciated track. Hadronic jets, which can contain photons fr
neutral meson decays, can be removed since they typic
contain multiple particles that can be identified by the ca
rimeter and/or tracking chamber.

Electrons and charged hadrons can be rejected by
presence of their tracks pointing at a photon candidate. E
photon candidate is required to have no charged track po
ing at it. However, to reduce the inefficiency due to unrela
particles, a single track is allowed to point at the cluster if
track has a measured PT<1 GeV.

The ratio Had/EM of the energy in the hadronic towers
the photon cluster~Had! to the energy in the electromagnet
towers in the photon cluster~EM! is used to reject hadroni
backgrounds@12#. Electromagnetic showers deposit mo
~typically .95%! of their energy in the electromagnet
calorimeters, while hadron showers in general deposit ene
in both the hadronic and electromagnetic compartments.
events with both photons with ET

g.22 GeV, each photon is
required to have Had/EM,0.05510.000453Eg.

The shower shape measured in the CES is used to di
guish between single photons and the remaining hadr
backgrounds. Ax2 test is used to separately compare t
energy deposited in thez view and in ther -f view to that
expected from test beam data@10#. The average of the two
measurements,xCES

2 , is required to be below 10. To rejec
cosmic rays, the measured shower shape for each cand
in the CES is fitted to that expected from the measured C
energy and vertex position. The result of the comparis
sCES, is required to be within 2 standard deviations fro
expectations.

B. Photon isolation

Photons from the radiative decays of heavy new partic
are, in general, expected to be ‘‘isolated’’; that is, they a
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not expected to be produced in association with other nea
particles. A number of different isolation variables help r
duce hadronic jet backgrounds~see Table I!.

The energy in a 333 trigger tower array@17# around the
primary tower ~in both the hadronic and electromagne
calorimeters, but not including the primary electromagne
tower! is summed and is referred to as E333

Iso . A requirement
of E333

Iso <4 GeV is imposed both at the trigger level and o
line on each photon if either photon candidate h
ET

g,22 GeV. For high energy photons, the leakage of
shower into the hadronic compartments makes this requ
ment inefficient, and it is removed if both photons ha
ET

g.22 GeV.
The cluster isolation, IsoCal, is similar to the trigger tower

isolation, but is more efficient for higher energy photo
since it scales with the photon energy. The IsoCal variable is
defined as

IsoCal5
ET

cone2ET
cluster

ET
cluster , ~1!

where ET
cone is the sum of the electromagnetic and hadro

transverse energies in all of the towers~including those in
the photon cluster! in a cone ofR5A(Dh)21(Df)250.4
centered around the photon cluster, and ET

cluster is the electro-
magnetic transverse energy in the photon cluster. For ev
with both photons with ET

g.22 GeV, each photon is require
to have IsoCal,0.1.

While there may be no track pointing directly at the clu
ter, tracks near the cluster may indicate that the cluster is
to a jet. The track isolation is defined as the scalar sum of
transverse momenta of all tracks in a cone of radiusR50.4
in h-f space centered on the photon. For events with b
photons with ET

g.22 GeV, each photon is required to hav
the sum be less than 5.0 GeV.

To remove photons fromp0→gg production, photon
candidates which have a second electromagnetic cluste
measured by the strip chambers, are rejected. To mainta
constant efficiency for all photon energies separate requ
ments for low energy and high energy photon candidates
made@18#:

E2nd cluster<20.0094510.1443ET
g ~2!

for ET
g,17.88 GeV and

E2nd cluster<2.3910.013ET
g ~3!

for ET
g.17.88 GeV.

C. Additional event requirements

In addition to the photon identification and isolation r
quirements, there are cuts on the primary vertex and on
time of the energy deposited in the calorimeter to ensure
events are well measured and are not due to cosmic
sources.

To maintain the projective geometry of the detector, on
events in which the primary vertex occur near the cente
2-5
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the detector are selected. The position, inz, of the primary
event vertex,zvertex, is measured by the vertex trackin
chamber~VTX !. The z positions of the interactions are dis
tributed around the nominal interaction in an approximat
Gaussian distribution withs'30 cm. A requirement of
uzvertexu,60 cm is used.

To reduce cosmic ray interaction backgrounds wh
might occur during an event, requirements are made on
time of arrival of energy in the hadronic calorimeter. T
typical time-of-flight for relativistic particles to travel from
the interaction point at the center of the detector to the c
rimeter is approximately 7 nsec. Since every tower in
central hadronic calorimeter has timing information asso
ated with the energy deposited@5#, all energy deposited a
time t must occur within a 28 nsec window around the nom
nal collision time,t0 , and corrected for the time of flight to
be considered ‘‘in time’’ with the collision. The window i
defined by

220 nsec,t2t0,35 nsec. ~4!

The event is rejected if any tower has more than 1 G
deposited outside the timing window.

D. Final offline selection

The final offline event selection criteria are listed in Tab
I. The two different sets of selection criteria correspond
the two trigger paths and allow the efficiencies to be w
measured. The low-threshold criteria require both photon
have ET

g.12 GeV~where the 10 GeV trigger becomes.98%
efficient! while the high-threshold criteria are used if bo
photons have ET

g.22 GeV ~where the 16 GeV trigger be
comes.98% efficient!. The final data set consists of 223
events.

E. Efficiency of the selection criteria

The efficiencies of the selection criteria listed in Table
are measured using electrons. Two samples of electrons
Z0/g*→e1e2 events are used: one from the data and o
generated using thePYTHIA Monte Carlo generator@19# and
a detector simulation. Each sample is composed of ev
with one electron candidate in the fiducial region whi
passes tight identification and isolation criteria, a second c
didate in the fiducial region with ET.20 GeV and a matching
track with PT.13 GeV. As shown in Ref.@12#, an additional
requirement on the invariant pair mass, Me1e2, within 10
GeV of the Z0 mass produces a fairly pure and unbias
sample of electrons which can be used to measure the
ciency of the selection criteria. As a check, the efficiency
each requirement is also calculated using a second samp
events with Me1e2.30 GeV. Differences between data an
Monte Carlo are quantified as corrections,Ci , to the data.

The efficiencies of the identification and isolation sele
tion criteria are shown in Figs. 4, 5 and 6 as a function of ET

g.
Figure 6 shows that the ratio of efficiencies is fairly flat as
function of ET.

The distribution in the shower shape variable for reject
cosmic rays,sCES, is different for electrons and photons an
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is not well modeled in the detector simulation. The efficien
is estimated from the data and taken to beesCES

5(99.5

60.1)%. ThesCES requirement is not used in Monte Car
simulations; so no correction is made.

The total photon identification~ID! and isolation~Iso! ef-
ficiency ise~ID and Iso!5eraw3esCES

and is measured using th

FIG. 4. The efficiency of the photon identification and isolati
selection criteria as a function of ET as measured from a sample o
e1e2 events in the data. The left-hand plots show the results
events with Me1e2.30 GeV, the right-hand plots for 81 GeV
,Me1e2,101 GeV. The upper plots show the results for the hi
ET

g threshold selections, the lower plots for the lower ET
g threshold

selections. The dashed line is the average efficiency.

FIG. 5. The efficiency of the photon identification and isolati
selection criteria as a function of ET as measured from the detecto
simulation. All the criteria are the same as in Fig. 4.
2-6
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average efficiency in theZ0→e1e2 sample. An additional
systematic uncertainty is estimated as half the range of
ciencies as a function of ET

g ~5%! and is added in quadratur
with the statistical uncertainties. The efficiencies a
measured to bee~ID and Iso!

Low Threshold5~6863!% and e~ID and Iso!
High Threshold

5~8464!%. The correction to the efficiency for detectin
both photons,C(ID and Iso), to be used in Sec. VI, is deter
mined using

C~ ID and Iso!5S e~ID and Iso!
Data

e~ID and Iso!
MC D 2

. ~5!

The measured values areC(ID and Iso)50.6960.07 and 0.84
60.08 for the low-threshold and high-threshold selection c
teria, respectively.

Additional corrections are made for data and Monte Ca
differences in the vertex and energy-out-of-time (ET out-of-
time! distributions. The efficiency of the vertex requiremen
is estimated to beez vertex

Data 5(93.060.6)% and ez vertex
MC

5(96.460.5)% which gives Cz vertex5eData/eMC50.965
60.008. Since the ET out-of-time distribution is not simu-
lated in the Monte Carlo, the efficiency and correction a
taken to beCET out-of-time5eET out-of-time5(97.560.4)%.

The efficiencies of the diphoton triggers are measured
ing independent triggers. Figure 7a shows the efficiency
the L2 low-threshold trigger as a function of the isolati
energy in a 3-by-3 array of trigger towers around the clus
E333

Iso . Figure 7b shows the trigger efficiency as a function
ET

g; the efficiency is flat as a function of ET
g above 12 GeV.

Above 12 GeV the trigger efficiency is taken to b
eTrigger

Low Threshold5(9661)%. Thetrigger efficiencies for the L2
trigger and the L2–L3 high-threshold trigger path are sho

FIG. 6. The same as Fig. 4 except that the points are the rat
efficiencies of the photon identification and isolation selection
teria as measured from the data and the detector simulation.
dashed line is the average correction factor.
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in Fig. 8. The efficiency is flat as a function of ET
g above 22

GeV. Above 22 GeV the trigger efficiency is taken to b
eTrigger

High Threshold5100%.

F. Purity of the diphoton sample

Since the purity of the sample is of less importance th
the efficiency for searches for anomalous events, the se
tion criteria have been chosen to have high efficiency. E
after requiring each photon to pass all of the selection cr
ria, there are still a substantial number of background eve
in the sample. The backgrounds are primarily due to h
ronic jets which contain pions, kaons or etas, each of wh
can decay to multiple photons.

To estimate the photon backgrounds, each photon ca
date is compared to the single photon hypothesis and
background hypothesis in a manner similar to that in R
@10#. For candidates with ET,35 GeV, the strip chambe
system can distinguish the difference between a singleg and
p0→gg. For higher energies, ET.35 GeV, the two photons
cannot be resolved in the CES. Instead, the central prera
tor system~CPR! is used to measure the conversion probab
ity in the magnet coil. In both cases, it is not possible
separate prompt photons and backgrounds on an even
event basis. However, standard techniques allow the ext
tion of purity information on a statistical basis in larg
samples. Using these techniques on both candidates the
erage purity of the photon sample is estimated to be
64)% prompt diphoton events.

III. SEARCHES FOR DEVIATIONS FROM STANDARD
MODEL PREDICTIONS

Each of the 2239 events in the diphoton sample
searched for the presence of E”T, jets, electrons, muons, tau

of
-
he

FIG. 7. The top plot shows the efficiency of the L2 low
threshold trigger as a function of the E333

Iso selection. The lower plot
shows the efficiency of the L2/L3 low-threshold trigger path as
function of ET

g2, the softer of the two photons. The trigger is ful
efficient for ET

g.12 GeV and has an efficiency of (9661)%.
2-7
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b quarks, or additional photons. Deviations from stand
model predictions are searched for using two values of
photon ET thresholds: ET512 GeV and ET525 GeV. The
ET512 GeV threshold has better acceptance for low-Q2 de-
cays to photons, but has more background. The ET525 GeV
threshold accepts many fewer standard model events an
has better discrimination for high-Q2 decays.

A. Missing ET

The standard method for inferring the presence of p
ticles that do not interact in the calorimeter, such as neu
nos, is measuring the missing transverse energy (E”T) in the
event @11#. The E”T is corrected for the measured detec
response to jets and takes into account cracks between d
tor components and nonlinear calorimeter response@13,20#.
In addition, the E”T is corrected for the presence of muon
which do not deposit their total energy in the calorime
@13#.

While the corrections improve the E”T resolution on aver-
age, some events still have a substantially mismeasured”T.
Many of these events can be removed by rejecting ev
which have a jet with ET.10 GeV pointing within 10° in
azimuth of the E”T. Since this requirement introduces an u
necessary inefficiency and a possible bias when searchin
leptons, bosons, or jets, it is only imposed when search
for the presence of E”T and in making all E”T plots. The re-
quirement removes only 48 of the 2239 events in the sam

The E”T resolution is measured using a fairly pure sam
of Z0→e1e2 events. Events are selected if they have t
electrons, each passing the standard requirements,
Me1e2 within 10 GeV of the mass of theZ0 @21#. The reso-
lution is plotted in Fig. 9 as a function of(ET

Correctedwhere
(ET

Corrected5(ET
Event2ET

e12ET
e2. In the region (ET

Corrected

,150 GeV the distribution is well-parametrized by

FIG. 8. The efficiency of the L2 high-threshold and the L2/L
high-threshold triggers as a function of ET

g2, the softer of the two
photons. The trigger is fully efficient for ET

g.22 GeV and has an
efficiency of 100%.
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s~E”T
x !5~2.6660.34 GeV!1~0.04360.007!3SET

Corrected.
~6!

Standard model diphoton events have no intrinsic E”T; thus
the expected E”T distribution can be predicted from the res
lution alone. This has the advantage that the estimate is
termined from the data. The expected E”T distribution is esti-
mated by smearing theX and Y components of the true E”T
~assumed to be zero! by the resolution~estimated from
(ET

Correctedon an event-by-event basis!. The systematic un-
certainty in the distribution is found by varying the resol
tion within its uncertainty.

The data are shown along with the expectations from
resolution simulation in Figs. 10 and 11. With the excepti
of one event on the tail on the distribution, the ‘‘eeggE”T’’
candidate event@7# (E”T55567 GeV!, the data agree wel
with the expectations. For a photon ET threshold of 12 GeV
one event with E”T.35 GeV is observed, with an expectatio
of 0.560.1 events. For a photon threshold ET of 25 GeV,
two events are observed with E”T.25 GeV, with 0.560.1
events expected. TheeeggE”T candidate event will be dis
cussed in more detail in Sec. IV. The other event has b
photons above 25 GeV and E”T534 GeV. However, on close
inspection, it appears to be due to two mis-measureme
The event contains an energetic jet (ET544 GeV) which
points directly at the region between the plug and forwa
calorimeters and near the E”T in f and is therefore likely to be
significantly mismeasured. Moreover, one of the photons
at the edge of the fiducial region and may be undermeas
@22#, causing thef position of the E”T to be just far enough
away from the jet to pass theDfE”T2jet.10° requirement.
The 4-vectors of the event are given in Table II.

B. Jets

To search for anomalous production of quarks and gluo
the number of jets, NJet, is counted in a manner identical t

FIG. 9. The resolution on one component of the E”T (E”T
x) as

determined from a sample ofZ0→e1e2 events.
2-8
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that used in the top-quark discovery in the dilepton chan
@13,20#. Each jet is required to have uncorrected ET.10 GeV
and uhu,2.0. The distributions in the number of jets a
shown in Figs. 12 and 13 for photon ET thresholds of 12
GeV and 25 GeV respectively.

While there are cross section predictions forgg, gg11
jet andgg12 jet production@23#, there is currently no the

FIG. 10. The E”T spectrum for diphoton events with ET
g.12 GeV

in the data. The boxes indicate the range of the values of the”T

distribution predicted from detector resolution. The one event
the tail is theeeggE”T candidate event, described in detail in Se
IV.

FIG. 11. The E”T spectrum for diphoton events with ET
g.25 GeV

in the data. The boxes indicate the range of the values of the”T

distribution predicted from detector resolution. The one event
the tail is theeeggE”T candidate event, described in detail in Se
IV.
09200
el

oretical prediction for higher jet multiplicities. However,
has been known for some time that the ratio betweenn-jet
and (n21)-jet cross sections forW andZ0 production can be
approximated by a constant@24#,

Rn5
s~V1n jets!

s„V1~n21!jets…
~7!

where V is either aW or a Z0. This has been confirmed
within resolution in the CDF data@25# and is expected to
hold for most processes since additional jets are typically
to initial-state and final-state radiation.

To look for anomalous NJet production in thegg data, an
exponential fit for small values of NJet is used to extrapolate
to the large NJet region. For diphoton events with
ET

g.12 GeV and NJet<3 the parametrization predicts 1.
60.4 events with 4 or more jets; 2 events are observed.
diphoton events with ET

g.25 GeV and NJet<2, the parametri-
zation predicts 1.761.5 events with 3 or more jets; 0 even
are observed.

n
.

n
.

FIG. 12. The number of jets, NJet, produced in association with
diphoton pairs with ET

g.12 GeV. The line is an exponential fit to
the data with NJet<3, and is extrapolated to NJet>4.

TABLE II. The 4-vectors of thegg1E”T candidate event. This
event may be due to mismeasurement as theDf between the jet and
the E”T is 34°, the jet points at the region between the plug a
forward calorimeters, and the second photon,g2 , is at the edge of
the fiducial region of the central calorimeter and may be underm
sured@22#.

Run 67397, Event 47088
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 285.8 1.6 63.4 106.7 85.8
g2 30.8 215.9 6.4 35.3 34.7
j 1 40.1 18.8 237 242 44.4
E”T 33.6 25.5 - - 34.1
2-9
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C. Electrons and muons

Electrons and muons produced in association with pho
pairs are required to be isolated, have ET.25 GeV, and be in
the central part of the detector (uhu,1.0). They are identi-
fied with the same identification and isolation selection
quirements used in the top-quark discovery@13#. A total of 3
events with a central electron or muon are found in the d
The first event has two muons and two photons. This ev
~see Table III! is consistent with a double-radiativeZ0 decay,
pp̄→Z0→m1m2gg, since the 4-body invariant mass
Mm1m2gg59261 GeV/c2. The second event~see Table IV!
has a single electron. This event is also likely to be due to
decay of aZ0 boson because Me1gg59162 GeV/c2 and
there is some indication in the SVX that there is a charg
particle traveling in the direction ofg2 . The third event is
the ‘‘eeggE”T’’ candidate event and will be discussed furth
in Sec. IV. Only the ‘‘eeggE”T’’ candidate event passes th
photon threshold of ET

g.25 GeV.
The dominant standard model sources of extra lepton

gg events are inclusiveW and Z0 production and decay
Diagrams includeW→ lngg, Wg→ lngg, Wgg→ lngg,
Z0→ l l gg, Z0g→ l l gg andZ0gg→ l l gg. These processes
wherel is an electron, muon or tau, are simulated using
PYTHIA @19# Monte Carlo program and a detector simulati
and checked using theMADGRAPH @26,27# Monte Carlo pro-
gram. The Monte Carlo simulation estimates 0.0460.04
lgg1X events in the data.

A source ofegg events which is not correctly simulate
with the Monte Carlo program isZ0g→e1e2g where one of
the electrons is identified as a photon. This can occur if
electron emits a photon via bremsstrahlung~the photon car-
ries away most of the energy and the electron is lost in
detector! or the track of the electron is not found by th
central tracking chamber. The rate at which electrons
misidentified as a photon is determined from a sample
Z0→e1e2 events from the data and is estimated to be (

FIG. 13. The number of jets, NJet, produced in association with
diphoton pairs with ET

g.25 GeV. The line is an exponential fit t
the data with NJet<2, and is extrapolated to NJet>3.
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60.3)% per electron. The total number ofegg events ex-
pected from this source is estimated fromeeg data to be
0.260.1.

Summing the above sources gives an expectation of
60.1 lgg1X events in the ET

g.12 GeV data. Similarly, for
the photon threshold of ET

g.25 GeV these methods predict
total of 0.160.1 events, dominated by events in which ele
trons fake photons. The mechanism for producingl l gg
events is dominated by inclusiveZ0 production and decay
The PYTHIA Monte Carlo predicts a total of 0.0460.04
events to be observed in the data.

D. Taus

Hadronic decays of at lepton produced in associatio
with diphotons are identified using standard identificati
criteria @14# and are required to have ET.25 GeV anduhu
,1.2. Onetgg candidate~see Table V! is observed in the
data with ET

g.12 GeV, none with ET
g.25 GeV. The domi-

nant source of SMtgg candidate events is from hadronic je
produced in association with diphoton pairs which fake
hadronict decay signature. This rate is estimated using
methods of Ref.@14#. Figure 14 shows the ET spectrum fort
leptons measured in the data as well as for backgrounds f
fake t’s. A total of 0.260.1 events where a jet fakes at are
expected in the data for ET

g.12 GeV, and 0.0360.03 events
for ET

g.25 GeV; both are consistent with observation.

TABLE III. The 4-vectors of thegg1mm candidate event. This
event is consistent with a double-radiativeZ0 decay, pp̄→Z0

→m1m2gg (Mm1m2gg59261 GeV/c2).

Run 69571, Event 769815
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 12.4 5.3 21.4 13.5 13.4
g2 216.0 25.3 23.2 17.1 16.8
m1 28.2 9.5 233.4 44.7 29.7
m2 226.5 24.9 214.9 30.8 27.0
E”T 7.1 20.3 - - 7.1

TABLE IV. The 4-vectors of thegg1e candidate event. The
invariant mass of the two photons and the electron indicates
this may be aZ0 (Me1gg59162 GeV/c2) where one of the elec-
trons was identified as a photon or the electron emitted all its ene
in a photon via bremsstrahlung.

Run 63541, Event 304680
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 213.7 219.9 228.8 37.6 24.2
g2 29.8 213.1 210.1 19.2 16.3
e1 19.7 35.0 5.0 40.4 40.1
E”T 24.3 0.4 - - 4.4
2-10
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E. b quarks

Jets fromb quarks are identified using theb-tagging jet
algorithm ~SECVTX! developed for the top-quark discove
@13,15#. Two bgg candidate events are observed in the d
with ET

g.12 GeV, none with ET
g.25 GeV. Quark and gluon

jets produced in association with diphoton pairs are real
fake sources ofb jets. The number ofbgg events from these
sources is estimated using the same methods as deve
for the top-quark discovery@13,15,28#. Figure 15 shows the
ET spectrum of theb-tagged jets and the expectations fro
the background prediction. A total of 1.360.7 bgg events
are expected to be in the sample due to real and fake sou
of gg1b for ET

g.12 GeV; 0.160.1 events are expected fo
ET

g.25 GeV. The 4-vectors of the objects in the twobgg
events are given in Tables VI and VII.

FIG. 14. The ET spectrum oft candidates produced in associ
tion with diphoton pairs. Only the hadronic decays of thet are
included. The upper plot is for diphoton events in which both ph
tons have ET

g.12 GeV. There are no events with at candidate in
the data for ET

g.25 GeV, as shown in the lower plot. The poi
represents the one event in the data; the histogram is the expec
from faket’s.

TABLE V. The 4-vectors of thegg1t candidate event. The E”T

in the event is small~14.5 GeV! and the first jet,j 1 , is only 5.5° in
f away from the E”T.

Run 66392, Event 23895
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 3.6 23.3 3.9 23.9 23.6
g2 211.5 15.4 5.6 20.0 19.2
t1 14.6 220.7 26.3 36.6 25.4
j 1 213.5 29.2 11.3 20.2 16.6
j 2 19.1 6.4 33.5 39.4 20.3
E”T 212.7 27.0 - - 14.5
09200
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es F. Additional photons

To search for events with additional photons wi
ET.25 GeV, events are required to have three phot
which pass the selection criteria in Table I. One photon m
have ET.25 GeV and pass the high-threshold requiremen
any two other photon candidates in the event must both p
the same selection criteria~low-threshold or high-threshold!
so as to trigger the event. No events are observed with m
than two photons. The expected rate is dominated by
which fake the photon signature and is estimated usin
method similar to that used in Ref.@14#. The average rate a
which jets fake the photon signature is approximately
31023/jet and is essentially flat as a function of ET for
ET.25 GeV. A total of 0.160.1 events are estimated to b
in the sample due togg1fake g for ET

g.12 GeV; 0.01
60.01 for ET

g.25 GeV. The ET spectrum for photon back
ground sources in which jets fake additional photons
shown in Fig. 16.

-

tion

FIG. 15. The ET spectrum ofb tags produced in association wit
diphoton pairs. The upper plot is for diphoton events in which b
photons have ET

g.12 GeV. The lower plot is for diphoton events i
which both photons have ET

g.25 GeV. The point represents th
data; the histogram is the expectation from real and fake source
b tags. No events haveb tags in the ET

g.25 GeV sample.

TABLE VI. The 4-vectors of the firstgg1b candidate event.

Run 63033, Event 337739
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 221.6 28.2 216.7 28.5 23.1
g2 214.3 222.1 212.8 29.3 26.4
b jet 44.8 40.8 37.6 71.8 61.0
j 2 4.9 13.0 12.4 18.6 13.9
E”T 24.0 24.5 - - 6.1
2-11
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G. Summary of the searches

Table VIII summarizes the observed and expected nu
bers of events with E”T, NJets, additional leptons,b tags or
photons. With the one possible exception of theeeggE”T
candidate, the data appear to be well predicted by the b
ground expectations@29#. The eeggE”T candidate event is
discussed in the next section.

IV. THE eeggE” T CANDIDATE EVENT

The ‘‘eeggE”T’’ candidate event@7#, shown in Fig. 17,
consists of two high-ET photons, a central electron, an ele
tromagnetic cluster in the plug calorimeter with ET563 GeV
which passes the electron selection criteria used forZ0 iden-
tification @12#, and the largest E”T (E”T55567 GeV) in the
diphoton sample. While the event is unexpected from
standard model, it could also be due to one or more detec

FIG. 16. The ET spectrum of additional photons produced
association with diphoton pairs. There are no events in the data
an additional photon. The upper and lower plots show the expe
tion from fakeg’s for thresholds of ET

g.12 GeV and ET
g.25 GeV

respectively.

TABLE VII. The 4-vectors of the secondgg1b candidate
event. While the E”T in the event is 12.9 GeV, the second jet,j 2 , is
only 7.4° inf away from the E”T.

Run 64811, Event 62109
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 27.1 20.2 211.1 24.1 21.4
g2 223.6 9.5 210.8 27.6 25.4
b jet 37.6 48.6 24.1 62.2 62.0
j 2 4.1 267.5 17.5 70.4 68.1
j 3 28.8 25.6 216.6 19.6 10.4
E”T 20.9 212.8 - - 12.9
09200
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pathologies@30#. In addition to a detailed study of the even
its properties are compared to a control sample of 1009 w
measuredZ0→e1e2 events.

A. The interaction vertex

The primary vertex, determined using the track from t
central electron, is situated atz520.4 cm. The scalar sum o
the transverse momentum of the 14 tracks associated
the vertex is 40.6 GeV and includes 31.8 GeV due to
electron in the central calorimeter. Since there is no tra
associated with a photon and the calorimeter has no poin
capabilities, thez position of the vertex for the photons can

ith
a-

FIG. 17. An event display for theeeggE”T candidate event.

TABLE VIII. The number of observed and expectedgg events
with additional objects in 85 pb21. Note that theeeggE”T candidate
event appears in multiple categories.

ET
g.12 GeV threshold

Object Obs. Expected Ref.

E”T.35 GeV, uDfE”T2jetu.10° 1 0.560.1 -
NJet>4, ET

Jet.10 GeV, uhJetu,2.0 2 1.660.4 -
Centrale or m, ET

e or m.25 GeV 3 0.360.1 @13#

Centralt, ET
t .25 GeV 1 0.260.1 @14#

b tag, ET
b.25 GeV 2 1.360.7 @13#

Centralg, ET
g3.25 GeV 0 0.160.1 -

ET
g.25 GeV threshold

Object Obs. Expected Ref.

E”T.25 GeV, uDfE”T2jetu.10° 2 0.5 60.1 -
NJet>3, ET

Jet.10 GeV, uhJetu,2.0 0 1.7 61.5 -
Centrale or m, ET

e or m.25 GeV 1 0.1 60.1 @13#

Centralt, ET
t .25 GeV 0 0.0360.03 @14#

b tag, ET
b.25 GeV 0 0.1 60.1 @13#

Centralg, ET
g3.25 GeV 0 0.0160.01 -
2-12
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not be determined. Similarly, since there is no CTC track
the cluster in the plug calorimeter@31#, its vertex cannot be
determined.

There are three other vertices in the event which are t
cal of softpp̄ collisions@32# and are described in Table IX
The instantaneous luminosity,L, during this particular part
of the run was measured to beL51.4331031/cm2 sec; at
this luminosity there should be, on average, 2.5 primary v
tices. There is no indication that the electron candidates, p
ton candidates or the missing transverse energy are du
anything other than the singlepp̄ collision which occurred at
z520.4 cm.

B. Timing information

As described in Sec. II C, every tower in the central ha
ronic calorimeter has timing information associated with a
energy deposited. Any tower with energy deposited out
time with the collision might indicate the presence of a c
mic ray interaction in the event. No tower in theeeggE”T
candidate event has more than 1 GeV of energy depos
outside the timing window. Timing information for cluste
in the central electromagnetic calorimeter can be found if
shower also deposits energy in the hadronic calorimet
The electron arrival time distribution of Fig. 18 has a res
lution of '4 nsec. In contrast, cosmic rays@33# have an
arrival rate which is flat in time and extends to large tim
~see Fig. 18b!. In theeeggE”T candidate event only the cen
tral electron and one of the photons (g1 in Table XIV! have
associated timing information@34#. The arrival times of the
clusters are measured to be 15 nsec and 18 nsec afte
nominal collision time respectively, well within expecta
tions, and consistent with each other. There is no indica
that any of the energy deposited in the event is due t
cosmic ray interaction in the detector.

C. The central electron

The electron in the central calorimeter passes all the s
dard electron identification and isolation requirements u
in top-quark studies@13#. The measured values of the ide
tification variables as well as the selection criteria are giv
in Table X.

TABLE IX. The vertices in theeeggE”T candidate event.SPT is
the scalar sum of the transverse momentum of tracks assoc
with the vertex. The primary vertex at 20.4 cm hasSPT540.6 GeV
which includes the PT of the central electron. The other vertices a
typical of soft pp̄ collisions @32#. The last two vertices are no
completely independent as they share tracks with a total of 2
GeV of SPT.

zvertex

SPT of tracks
associated with the vertex

20.4 cm 40.6 GeV
28.9 cm 1.3 GeV

238.9 cm 5.0 GeV
233.7 cm 5.4 GeV
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D. The central photons

Both photon candidates in the event pass all the selec
requirements in Table I. The values of the variables used
the selection, as well as the selection criteria, are show
Table XI. While it is true that the purity of the sample is lo
@(1564)%#, it is not possible to determine if these photo
are directly produced or are from ap0→gg decay except on
a statistical basis. The fact that the showers pass the sele
criteria ~in particular thexCES

2 and sCES requirements! im-
plies that the showers are consistent with coming from
interaction region.

FIG. 18. The arrival times of electrons and photons at the c
tral hadronic calorimeter fromZ0→e1e2 events and from a sampl
of photons from cosmic rays. In theeeggE”T candidate event only
the central electron and one of the photons (g1 in Table XIV! have
associated timing information and are indicated by the arro
There is no indication that any of the energy deposited in the ev
is due to a cosmic ray interaction in the detector.

ted

3

TABLE X. The measured values of the variables used to id
tify the central electron in theeeggE”T candidate event. The selec
tion criteria are those used to identify electrons in the top-qu
analyses. For a full description of these variables see Refs.@12,13#.

Requirement Value

ET.25 GeV ET536.4 GeV
E/P,1.8 E/P51.15
Had/EM,0.05 Had/EM50.026
Lshr,0.2 Lshr520.007
xstrip

2 ,10.0 xstrip
2 52.13

uDxtrack-showeru,1.5 cm Dx50.02 cm
uDztrack-showeru,3.0 cm Dz520.50 cm
uDzvertex-tracku,5.0 cm Dz51.31 cm
uzvertexu,60.0 cm zvertex520.4 cm
Fiducial Yes
ET

Iso/ET,0.1 ET
Iso/ET50.02
2-13
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E. The missing transverse energy

The missing transverse energy in theeeggE”T candidate
event is measured to be 55 GeV. The scalar sum of
transverse energy deposited in the calorimeters is meas
to beSET5268 GeV. The majority of the transverse ener
~.60%! is deposited in the four clusters in the electroma
netic calorimeters where the energy resolution is good@35#;
the rest of the energy in the calorimeter is unclustered.
use the E”T resolution method of Sec. III A, theSET is cor-
rected by subtracting off all the electromagnetic clust
giving SET

Corrected5100 GeV. Using Eq.~6! yields s~E”T!
57 GeV for a final result of E”T55567 GeV. As a check, the
total PT of the 4-cluster system~which is well measured! is
4862 GeV, opposite to the E”T and in good agreement wit
the measured magnitude. This is a further indication that
imbalance is not caused by spurious energy elsewhere in
detector. There is no indication that the E”T is the result of a
measurement pathology or due to a cosmic ray interactio

F. The electron candidate in the plug calorimeter

The cluster in the plug electromagnetic calorimeter pas
all the standard electron identification and isolation selec
criteria used forZ0→e1e2 identification@12#. In addition it
passes all the requirements used to identify electrons in
region of the plug calorimeter used in the top-quark disc

TABLE XI. The measured values of the variables used to id
tify the central photons in theeeggE”T candidate event.

Photon 1
Requirements Value

ET.22 GeV ET536 GeV
<1 3D tracks, PT,1 GeV No. 3D tracks50
xCES

2 ,10 xCES
2 51.9

usCESu,2.0 sCES520.29
E2nd cluster<2.3910.013ET

g E2nd cluster51.4 GeV
52.92 GeV

Fiducial Yes
Had/EM,0.05510.000453Eg Had/EM50.012

50.079
ET

Iso/ET,0.10 ET
Iso/ET50.050

SPT(DR50.4),5.0 GeV SPT(DR50.4)50.39 GeV

Photon 2
Requirements Value

ET.22 GeV ET532 GeV
<1 3D tracks, PT,1 GeV No. 3D tracks50
xCES

2 ,10 xCES
2 53.9

usCESu,2.0 sCES521.6
E2nd cluster<2.3910.013ET

g E2nd cluster51.2 GeV
52.76 GeV

Fiducial Yes
Had/EM,0.05510.000453Eg Had/EM50.012

50.072
ET

Iso/ET,0.10 ET
Iso/ET50.015

SPT(DR50.4),5.0 GeV SPT(DR50.4)51.7 GeV
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ery @13,36#. Table XII and Fig. 19 show a comparison of th
values of the measured variables for the cluster to thos
electrons from theZ0→e1e2 control sample. The fact tha
the shower passes the selection criteria~in particular the
x333

2 51.3 andxDepth
2 50.43 requirements! implies that the

shower is consistent with being from a single, isolated el
tron emanating from the interaction point. However, a clo
inspection reveals a possible discrepancy with the elec
hypothesis.

G. A problem with the electron interpretation

The tracking information along the trajectory between t
primary vertex atz520.4 cm and the cluster in the calorim

FIG. 19. The values of the identification variables for electro
in the plug calorimeter from a sample ofZ0→e1e2 events. The
arrows represent the measurement for the cluster in theeeggE”T

candidate event.

- TABLE XII. The measured values of the variables used to co
pare the cluster in the plug calorimeter in theeeggE”T candidate
event to electrons. The requirements are those used to identify
trons fromZ0→e1e2 events in the plug calorimeter and are d
scribed in Ref.@12#. The additional selection criteria are those us
to identify electrons in the top-quark analysis@13#.

Requirement Value

ET.25 GeV ET563 GeV
x333

2 ,3.0 x333
2 51.3

Had/EM,0.05 Had/EM50.03
ET

Iso/ET,0.1 ET
Iso/ET50.05

VTX occupancy.50% VTX occupancy51.0
Fiducial Yes

Additional selection criteria used in the top-quark analysis

xDepth
2 ,15.0 xDepth

2 50.43
3D track through No. tracks50

3 CTC axial superlayers
2-14
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eter indicates that the cluster is not due to an electron. Fig
20 shows the expected path of the particle as it pas
through the SVX, VTX and CTC tracking chambers. T
standard electron identification selection criteria only use
information from the CTC and VTX detectors. However,
this particular event there is no expectation of finding a tra
in the central tracking chamber because the trajectory o
passes through the innermost layers@31#.

1. VTX tracking

The VTX is a system of eight octagonal time projecti
modules surrounding the beam pipe and mounted end-to
along the beam direction. For every eventr -z tracking, with
some f resolution, provides a measurement of the ver
position as well as additional tracking information for ind
vidual charged particles. The standard electron identifica
requirements use a VTX occupancy measurement whic
defined to be the ratio of the number of layers in the VTX
which the electron deposits charge divided by the numbe
layers in the VTX expected to be traversed by the electr
given the electron’s trajectory. The VTX does not provi
a precision measurement of the trajectory and can
distinguish between single and multiple particles. For m
information on the VTX and electron identification see Re
@5, 12#.

The expected particle trajectory, from the vertex atz
520.4 cm to the cluster position atf'0.3 rad, h'21.7,
passes through the fiducial part of the VTX. A total of 7 h
are recorded with 7 hits expected for an occupancy of 10
Figure 21 shows the VTX occupancy as a function ofh for
f50.3 rad and as a function off for h521.72. There ap-
pears to be at least one charged particle trajectory at thh
and f of the cluster. The VTX information is completel
consistent with the interpretation of the cluster as an e
tron.

FIG. 20. The expected trajectory for the cluster in the plug ca
rimeter as it passes through the SVX, VTX and CTC track
chambers in theeeggE”T candidate event.
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2. SVX tracking

The standard electron identification selection criteria
not use the SVX because the detector covers only the re
uzu,30 cm. However, for interactions which occur with
uzu,30 cm, the SVX can often be used to provide precis
tracking for electrons@37#. For more details on the SVX a
well as the ‘‘stub’’-finding algorithms see the Appendix.

Figure 22 shows theDf between the measuredf position
in the strip chambers~CES and PES respectively! and from
SVX stubs found for electrons from theZ0→e1e2 control

- FIG. 21. The VTX occupancy as measured in theeeggE”T can-
didate event. The trajectory is assumed to come from the verte
z520.4 cm.

FIG. 22. TheDf between the measured electron position fro
the strip chambers~CES and PES! and thef from the SVX tracker
for electrons in theZ0→e1e2 control sample. The two peaks co
respond to the bending of positively and negatively charged e
trons in the magnetic field.
2-15
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sample. The two peaks correspond to the bending of p
tively and negatively charged electrons in the magnetic fie

In the eeggE”T candidate event, only the central electr
and the electromagnetic cluster in the plug have stubs.
the electron in the central calorimeter, theDf measuremen
is consistent with the negative charge determination from
track in the central tracking chamber as shown in Fig.
The stub for the cluster in the plug calorimeter is inconsist
with the interpretation of the cluster as an electron. The
pectedDf between the SVX stub and the measured posit
in the PES, due to bending in the magnetic field, is expec
to be22.6 mrad for a 63 GeV positron. The position, inf,
of the electromagnetic cluster as measured by the strip ch
bers in the plug calorimeter~PES! is fPES50.294 rad, but
there are no SVX clusters in the region 0.29 rad,f,0.30 rad
in either SVX barrel as seen in Fig. 23. However, the alg
rithm does pick up a three-cluster stub near the expected
which is in the barrel withz,0 ~as would be expected fo
the trajectory!. The stub appears to be well measured, but
fSVX50.265 rad (Df5229 mrad); again see Fig. 22.

The non-observation of an SVX stub with the correctDf
is unusual for an electron@38#. There is no indication of af
mismeasurement in the calorimeter@39#. In the SVX there is
a bad strip in the innermost layer~layer 0! at f5(0.296
60.002) rad which may be along the trajectory. While th
could cause the loss of a cluster, an electron typically dep
its energy in multiple strips. The trajectory passes near a
in layer 1 between silicon crystals atz59.6 cm. These could
possibly account for two of the three missing clusters. T
SVX cluster-finding efficiency is'95% due almost entirely
to dead strips and gaps between crystals. With that e
ciency, the average probability to miss all three clusters
1.431024; however if the true trajectory passes through

FIG. 23. The positions of the SVX clusters wit
0.23 rad,f,0.33 rad. The dashed line is the expected traject
from the primary vertex to the cluster in the plug calorimeter us
the measured cluster position and ET.
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two bad regions, the probability of losing the third cluster
only less than about 1%@40#.

Prompt electrons should have an impact parameter, in
x-y direction, with respect to the position of the collisio
consistent with zero. The distribution in the impact para
eter of stubs associated with central and plug electrons f
Z0→e1e2 events is shown in Fig. 24 along with the resu
for the electron candidates in theeeggE”T candidate event.
While the stub associated with the central electron ha
small impact parameter (46645)mm, the stub at f
50.265 rad has a large value, (90645) mm, which is on the
tail of the distribution but not inconsistent with the prom
hypothesis. However, the impact parameter measureme
dependent on thef position and energy information from th
calorimeter. If the stub is unrelated to the cluster, remov
the constraints of the calorimeter information from the trac
ing algorithm changes the impact parameter measureme
be D05(2336180)mm.

The tracking information is confusing and would b
highly unusual for an electron~no others like it are found in
the sample of 1009 well-measured plug electrons!. Since
there is no associated track in the central tracking chambe
is not obvious that the stub has anything to do with t
cluster in the calorimeter. Since there are no other large
ergy clusters in theh-f region suggested by the stub, eith
this is an SVX or PES failure, or the stub is due to a lowT
charged particle which is not distinguishable in the calori
eter. Based on theuDfu distribution of theZ0→e1e2 events,
the probability that this observation is due to an electron
estimated to be less than 0.3% at the 95% C.L.

H. Interpreting the electromagnetic cluster

To summarize, the relevant experimental facts about
electromagnetic cluster in the plug calorimeter in t
eeggE”T candidate event are the following:

y
g

FIG. 24. The measured impact parameter from the SVX trac
for electrons fromZ0→e1e2 events. The central electron in th
eeggE”T candidate event has an impact parameter of (
645) mm. The nearest SVX stub to thef of the cluster in the plug
electromagnetic calorimeter has an impact parameter of
645) mm. Both are consistent with zero within resolution.
2-16
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~1! The cluster easily passes all the standard electron id
tification selection criteria.

~2! There are no SVX clusters in the regio
0.29 rad,f,0.30 rad, with 3 expected. There is a b
SVX strip in layer 0 and a gap in the coverage in laye
which may lie along the trajectory and cause clusters
be lost. There is an SVX stub which is near the expec
trajectory, but is not necessarily correlated with the p
cluster. The stub is well measured and appears to be
to a charged particle traveling at anh consistent with the
cluster. However, the probability for an electron to ha
uDfu.0.03 rad between the stub and the cluster is e
mated to be less than 0.3% at the 95% C.L.

~3! Assuming the energy and position of the plug cluster
due to the particle which made this stub, the best-fit i
pact parameter of the SVX stub is (90645) mm. While
this is not inconsistent with the prompt electron hypo
esis ~a 2s deviation!, the result is highly dependent o
the calorimeter information. If the calorimeter inform
tion is removed from the SVX track finding algorithm
the best-fit impact parameter becomes (2336180)mm.

~4! The VTX occupancy indicates that there is at least o
charged particle traveling in the direction of the PE
cluster~this could be the track associated with the SV
stub!.

Qualitative and quantitative discussions for the different p
sible sources of the cluster are given in the next sectio
While it would be desirable to have probabilities for each
these different possibilities, it is not possible without an u
derstanding of the source of the event. Thus, no attemp
made to discuss the relative probabilities of the poss
sources of the cluster.

1. Two interactions

One possibility is that the cluster or the SVX stub com
from a differentpp̄ interaction. As a check, the VTX an
SVX results are investigated using the other vertices in
event; the results are summarized in Table XIII. The traj
tory from a vertex to the plug passes through the SVX fid
cial region for only one other vertex; there are no stubs
sociated with it. The VTX occupancy along the trajector

TABLE XIII. The number of expected versus observed hits
the VTX and SVX detectors assuming the cluster in the plug com
from a different vertex in the event. Because of the cluster posi
in the plug calorimeter, only vertices with213 cm,zvert,38 cm
could give three or more clusters in the SVX.D0 is the impact
parameter.

Vertex
~cm!

SVX clusters
~Expected/Obs.!

D0

~mm!
VTX Occ.

~Expected/Obs.!

20.4 3/3 90645 7/7
28.9 3/0 - 9/3

238.9 0/2 - 10/7
233.7 0/2 - 10/4
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from the other vertices does not indicate a better cho
There is no indication that the stub or cluster is from a d
ferent vertex.

2. Anomalous electron detection

For example, an electron could emit an energetic pho
via bremsstrahlung, while traversing the detector, or the e
tron could have had an elastic scattering with a nucleus
the photon emission or collision occurs after the elect
leaves the SVX, then there should be at least two final s
particles and the SVX stub should, by conservation of m
mentum, point to the energy-weighted mean of the ene
deposition in the calorimeter~within the expected resolution
and bending due to the magnetic field!. No evidence for a
second cluster is seen in the calorimeter. If the photon em
sion occurs before the electron reaches the SVX, then
initial direction of the electron must have been directly t
ward the center of the electromagnetic cluster~again by con-
servation of momentum!. In this case the SVX stub is due t
the electron going off with low momentum, and the electr
magnetic cluster is due to the photon. However, the imp
parameter would be roughly 5 times that observed. A fi
scenario is that the photon emission or collision occurs in
SVX. If this were the case, there should be a kink in t
trajectory defined by the SVX hits and the primary verte
No such deviation is seen.

3. Photonic interpretation

The cluster could be a photon with a nearby, but un
lated, charged particle. Figure 21 shows that while the oc
pancy in the VTX has a local maximum atf50.3 rad, it is
above 0.5 for all values off. Thus, even if the SVX stub is
due to an unrelated, low-momentum charged particle t
causes the local maximum in the VTX, the cluster would,
a sideband estimate, still not pass any reasonable ph
VTX occupancy requirement. To estimate the probabil
that the SVX tracker might find a stub unrelated to the cl
ter in the plug, the SVX stub-finding algorithm is used. I
stead of using thef position of the cluster, thef is varied
between 0 and 2p in increments of 0.01 rad. A total of 8.4%
of f space has a good stub of which 1.8% is due to the s
at f50.265 rad. It is thus not improbable to find an unr
lated stub or high VTX occupancy in this event.

Another way to estimate the probability for a photon
have an SVX stub and high VTX occupancy is to use
central photon sample from Sec. II but with the addition
requirement of ET

g.20 GeV. There are 268 events in th
sample for a total of 536 photons. Figure 25 shows the V
occupancy and theDf distributions for the photons in the
sample. A total of 277 photons pass through the fiduc
region of the SVX; 16 have an SVX stub and 6 haveuDfu
.0.03 rad~'2%!. A total of 58 of the 536 photons have
VTX occupancy greater than 0.5~'10%!. The bottom part
of Fig. 25 shows that most of the photons with a stub ha
low VTX occupancy. No event withuDfu.0.03 rad has a
VTX occupancy greater than 0.5, indicating that there is
correlation~at low statistics! between large VTX occupanc
and largeuDfu @41#. While the cluster could be due to

s
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photon with a soft track nearby, it is an unusual example
estimated by the diphoton sample, and the hypothesis ca
be proved or excluded.

4. Hadronic t decay

The cluster could be due to the hadronic~1-prong! decay
of a t lepton. For example, the decayt→p1p0nt produces
a p1 which could generate the SVX stub and VTX occ
pancy, and ap0 which decays viap0→gg and could gen-
erate a calorimeter cluster that is largely electromagnetic
ergy and that passes the remaining electron identifica
selection criteria. However, most hadronict decays will not
shower predominantly in the electromagnetic calorime
The cluster in the event deposits roughly 180 GeV in
electromagnetic calorimeter and only 5 GeV in the hadro
calorimeter. The probability that at might fake the electron
signature, but not be from thet→enn decay chain, is esti-
mated using a Monte Carlo to simulate a sample oft’s with
a one-prong decay~excluding the electron and muon decay!
interacting with the plug calorimeter@42#. Unfortunately, the
detector simulation does not correctly model the VTX occ
pancy or thex2 variables in the calorimeter or strip chambe
in the plug, each of which provide rejection against the h
ronic decays. To avoid an underestimate of the probabi
the simulated cluster is not required to pass these requ
ments. The top part of Fig. 26 shows the electromagn
fraction of the energy of clusters produced by thet. The rate
at whicht events pass the Had/EM and calorimeter isolat
selection criteria~corrected for the 50% one-prong branchi
fraction@43#! is plotted in the bottom of Fig. 26 as a functio
of the ratio of the reconstructed cluster energy to the orig

FIG. 25. The top plot shows the VTX occupancy~number of
hits/number of hits expected! for a sample of central photons. A
total of 58 of the 536 photons have a VTX occupancy of grea
than 50%. The middle plot shows theDf between the measure
photon position and the stub found by the SVX tracker for phot
with a stub. The lower plot shows the VTX occupancy for photo
which have an associated stub found by the SVX tracker.
09200
s
ot

n-
n

r.
e
c

-

-
,
e-
ic

n

l

t energy. For most of phase space the fake rate is flat, t
cally around 3%; however, at the end points it rises to alm
10%.

While the cluster in the PEM could be due to the hadro
decay of at, and there is no evidence to the contrary, th
would be an unusual example as estimated by the Mo
Carlo simulation. Furthermore, it would in general increa
the E”T since only 20%–100% of truet energy is deposited in
the calorimeter. Ignoring additional tracking informatio
from the SVX and VTX, as well as potential rejection pow
from the calorimeter, the probability of at to pass the elec-
tron selection criteria is conservatively estimated to be l
than a few percent.

5. Jet interpretation

A jet associated with the event, either as part of the p
tonic process or from initial or final state radiation, cou
fluctuate to pass all the electron selection criteria. The rat
which a jet passes the electron selection criteria is estim
using a method similar to that in Ref.@14#. The fake-rate per
jet is consistent with being a constant for jets wi
ET.25 GeV with a probability of approximately 2
31023/jet. Thus, although the cluster could be due to a
which fluctuated to pass the electron selection criteria
would be an unusual example.

6. Conclusion

Although the cluster passes all of the standard elect
selection criteria, the tracking information provides eviden

r

s
s

FIG. 26. A Monte Carlo simulation of one-prong hadronic d
cays of at interacting with the plug calorimeter. The electroma
netic fraction~EMF! of the energy deposited in the electromagne
and hadronic calorimeters is shown in the top plot. The measu
cluster energy as a fraction of the true energy of thet is shown in
the middle plot. The rate at whicht events pass the Had/EM an
isolation selection criteria~corrected for the 50% one-prong branc
ing fraction! as a function of the ratio of reconstructed cluster e
ergy to the originalt energy is shown in the bottom plot.
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TABLE XIV. The 4-vectors of the electron and photon candidates and the missing transverse ene
the eeggE”T candidate event using the primary vertex atz520.4 cm. The parentheses represent the un
tainty in the last digit and are as determined in Sec. III A and@35#. There are no additional jets with
ET

Corrected.10 GeV.

Run 68739, Event 257646
Px

(GeV/c)
Py

(GeV/c)
Pz

(GeV/c)
E

~GeV!
ET

~GeV!

g1 32.1~9! 216.8~5! 235~1! 50~1! 36~1!

g2 212.9~4! 229.6~9! 222.5~7! 39~1! 32.3~9!

e2 234~1! 11.5~3! 21.7~6! 42~1! 36~1!

Plug EM Cluster 60~2! 19.0~5! 2172~5! 183~5! 63~2!

E”T 254~7! 13~7! — — 55~7!
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that the cluster is not due to an electron. The cluster could
interpreted as a photon, the hadronic decay of a tau lepto
simply as a jet. While all three scenarios are reasonaba
priori , and are consistent with the facts, each is unlikely
that this would be an unusual example of any single one
them@44#. There simply is not enough information to esta
lish the origin of the cluster.

I. Study of the kinematics of the event

A study of the kinematics of theeeggE”T candidate even
is potentially useful in helping understanding its origin. T
energies and momenta are given in Table XIV. There are
additional jets with ET

Corrected.10 GeV. Figure 27 shows th
E”T of the system if the energy of the cluster in the pl
calorimeter were mismeasured. For simplicity, the cluste
denoted ase, and in the plot, Mee is plotted versus E”T for
different correction factors, C, such that Eused5C
3Emeasured. The E”T cannot be reduced below 25 GeV for an
value ofC. While the value of the E”T is at a local minimum

FIG. 27. The invariant mass of the cluster in the plug calori
eter, here denoted as ane, and the electron in the central calorimet
(Mee) plotted verses the E”T as the energy of the cluster in the plu
is varied.
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for Mee'MZ0, where E”T
min526.6 GeV, it would mean that a

particle ~or particles! with 51 GeV (s52 GeV) of electro-
magnetic energy was mismeasured as having 183 GeV
energy.

Table XV lists the masses and transverse momentum
various combinations of the clusters in the event. One of
most interesting combinations is theecentralg1 combination
which has an invariant mass of 91.7 GeV/c2 and a PT of 4.1
GeV. While this could be aZ0 where one electron faked th
photon signature~there is no track or SVX stub pointing a
the photon! this would be unusual, as estimated in Sec. III
Table XVI lists the calculated transverse masses for vari
combinations of the clusters and the E”T. While theecentralE”T
combination is inconsistent with the decay of aW via W
→en ~it has MT54.3 GeV/c2) the ecentralg2E”T combination
could be the radiative decay of aW via W→eng
(MT570.4 GeV/c2).

-

TABLE XV. The kinematics of various combinations of th
clusters in theeeggE”T candidate event. The combination of clu
ters is referred to as a system. Column 4 (E”T) is the transverse
imbalance of that particular sub-system and takes into accoun
underlying event. The HT is the transverse mass of the system alo
with its imbalance. The cluster in the plug is simply referred to
eplug for simplicity. The lowest E”T attainable by simply removing
one electron or photon candidate from the event is 20.0 GeV, wh
occurs by removingg1 . By removing both the central photon an
the cluster in the plug the E”T becomes 4.1 GeV.

Objects
MSystem

(GeV/c2)
ET

System

~GeV!
E”T

~GeV!

fE”T

~deg!
HT

(GeV/c2)

eplugecentralg1g2 232.4 48.1 52.8 167.2 221.2
eplugg1g2 121.8 84.4 89.0 164.9 221.1
ecentralg1g2 121.4 38.2 32.0 73.8 137.0
eplugecentralg1 195.6 59.7 66.9 195.6 202.8
eplugecentralg2 200.4 13.1 20.0 194.9 152.0
eplugecentral 163.3 40.0 47.5 227.3 147.1
g1g2 47.3 50.4 49.3 121.2 118.1
eplugg1 56.5 92.6 99.1 183.8 198.7
eplugg2 97.0 48.7 54.1 173.3 149.8
ecentralg1 91.7 5.8 4.1 166.6 76.8
ecentralg2 64.1 50.7 43.4 18.6 112.1
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F. ABE et al. PHYSICAL REVIEW D 59 092002
J. Conclusions

The eeggE”T candidate event appears to originate from
single pp̄ collision and consists of a high quality isolate
electron, two isolated photons in the central calorimeter,
nificant E”T, and an electromagnetic cluster in the plug ca
rimeter. While the cluster passes all of the standard elec
selection criteria, further investigation reveals its interpre
tion is not obvious. The tracking chambers indicate that th
is a charged particle~or particles! traveling in the direction of
the cluster but not directly at it, indicating that the clus
might not be due to an electron. The cluster could be in
preted as a photon, the hadronic decay of a tau lepton
simply as a jet. While all three scenarios are reasonaba
priori , and are consistent with the facts, each is unlikely
that this would be an unusual example of any single one
them.

V. ESTIMATING THE NUMBER OF eeggE” T EVENTS
FROM STANDARD MODEL SOURCES

The a posterioriestimation of the probability of a singl
event has measure zero. One instead has to define an
topology and estimate the number of events which pass
set of selection requirements from standard model sour
In an attempt to make the requirements similar to the s
dard a priori criteria used in CDFW and Z0 analyses, the
eeggE”T event topology is defined by the following list o
requirements:

~i! One isolated electron candidate in the central calor
eter with ET.25 GeV.

~ii ! A second isolated electromagnetic cluster, in the c
tral or plug calorimeters, which passes the elect
identification requirements with ET.25 GeV.

~iii ! Two isolated central photon candidates, ET.25 GeV.
~iv! E”T.25 GeV.
~v! An ‘‘electron-electron’’ invariant mass above th

mass of theZ0: we use 110 GeV

where the electron and photon candidates are require
pass the high-threshold requirements in Refs.@13,45# and
Table I. A subtlety in the topology requirement is that t
cluster in the plug calorimeter is possibly not an electron.
take this into account, the possible standard model sou
are divided into two classes—those in which the cluster
the plug is caused by an electron and those in which it is
In either case, contributions from real and fake sources
each of the different objects, such as taus and jets, are
cluded. The primary sources are standard modelWWgg and
t t̄ production, events in which jets fake electrons and/or p
tons, cosmic ray interactions, and overlapping events.

A. Standard model WWgg and t t̄ production

The standard model process that is most likely to prod
the signature directly~assuming the cluster in the plug cal
rimeter is due to an electron! is the production and decay o
WWgg where
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pp̄→W1W2gg→~e1n!~e2n̄ !gg ~8!

with eachn leaving the detector and causing E”T. To estimate
the rate, theMADGRAPH Monte Carlo program@46# is used to
simulate the process in lowest order. The cross sect
sWWgg , is estimated to besWWgg5(0.1560.05) fb for two
photons with ET.10 GeV, anduhu,4.0. Taking into ac-
count the uncertainty in the cross section, the luminos
@(8566.8) pb21#, and differences between detection ef
ciencies in the data and in the detector simulation, a tota
(864)31027 events is taken as the best estimate
WWgg producing two electrons, two photons and E”T in the
observed topology.

Another source, in which both electrons are real, is st
dard modelt t̄ production and decay. ThePYTHIA Monte
Carlo program is used to simulate production, decay, fr
mentation and the underlying event. Botht quarks are forced
to decay viat→Wb, both W’s decay viaW→en, and the
photons are produced from radiation from internal fermi
lines or are from jets which fake the photon signature. T
ing into account the uncertainty in thet t̄ cross section, the
luminosity, differences between detection efficiencies in
data and in the detector simulation, the extra photon ra
and statistical uncertainties in the sample, the rate is e
mated to be (363)31027 events.

B. Estimating the number of expected fake events

Other processes which contribute to the standard mo
production rate ofeeggE”T events include events with jet
that fake either photons or electrons, two standard mo
overlapping events, or additional objects from cosmic ra
interacting or radiating in the detector. To estimate the nu
ber of events from these sources, the rate at which apart of
the event occurs is multiplied by the probability that the r
of the constituent parts of the event occur in a random ev
For example, to estimate the rate at whichWWjj production
fakes the event signature, the rate at whichW1W2

→e1ne2n̄ events occur~including W→tn→ennn) and
pass theeeE”T requirements is multiplied by the probabilit
that two jets are produced in association with theWW and
both fake the photon requirements.

The number of observed events in various channels
constitute a part of theeeggE”T signature are listed in Table
XVII. The rates at which jets fake the photon and electr
selection criteria are essentially flat as a function of ET for
ET.25 GeV and are given in Table XVII. The datasets us
to measure or estimate these numbers are selected usin
standard electron, photon and E”T identification requirements
described in Sec. II and III. The second part of the estim
requires a determination of the probability of finding an ex
object or objects, such as real or fake photons, in the ev
The results for fake E”T, real and fake photons, and fak
electrons are summarized in Table XVIII.

1. Events with a fake object or objects

The number of expected events where part of the even
‘‘real’’ and part of the event is ‘‘faked’’ is summarized in
2-20
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Table XIX. Contributions from events with fake central ele
trons have not been included as the expected rate is n
gible compared to the other sources. A total of (363)
31027 events are expected in the data due to fake sour

The ‘‘real process’’ rates~column 1! in Table XIX are
derived from Table XVII as follows:

~i! eegE”T: the 4 events from the data wit
Mee.110 GeV and E”T.25 GeV, multiplied by a fac-
tor of 631024 for a real additional central photon.

~ii ! eegg: the 80 events in the data with Mee.110 GeV,
multiplied by two factors of 631024 for real addi-
tional central photons.

~iii ! ecentralggE”T: the 4ecentralE”T1g events, multiplied by
a factor of 631024 for a real additional central pho
ton.

~iv! eeE”T: the 4 events from the data with Mee.110 GeV
and E”T.25 GeV.

~v! ecentralgE”T: the 4ecentralgE”T events.
~vi! eeg: the 80eeevents in the data with Mee.110 GeV,

multiplied by a factor of 631024 for a real additional
central photon.

~vii ! ecentralgg: the 49ecentralg events, multiplied by a fac-
tor of 631024 for a real additional central photon.

~viii ! ecentralg: the 49ecentralg events.

2. Overlapping events, including cosmic rays

Events in which two collisions occur at the same tim
each producing part of the event, can fake theeeggE”T sig-
nature. The rate of expected events from each source is

TABLE XVI. The transverse mass for the measured E”T and
various combinations of the electron and photon candidates w
theeeggE”T candidate event. The cluster in the plug calorimeter,
simplicity, is labeledeplug. The transverse mass of theecentralE”T and
the eplugE”T candidate pairs are 4.3 GeV/c2 and 111.6 GeV/c2 re-
spectively and are thus unlikely to be from the decayW→en. How-
ever, theecentralg2E”T combination could be due to the radiative d
cay of aW via W→eng (MT570.4 GeV/c2).

Objects
MT

(GeV/c2)

eplugecentralg1g2E”T 221.1
eplugg1g2E”T 182.0
ecentralg1g2E”T 141.2
eplugecentralg1E”T 187.0
eplugecentralg2E”T 180.4
eplugecentralE”T 144.2
g1g2E”T 111.9
eplugg1E”T 146.2
eplugg2E”T 148.5
ecentralg1E”T 113.2
ecentralg2E”T 70.4
eplugE”T 111.6
ecentralE”T 4.3
g1E”T 86.9
g2E”T 52.8
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mated to be equal to the rate at which one part of the ev
occurs, multiplied by the probability of the rest of the sign
ture occurring in a second overlapping event. The probab
of getting a particular type of overlapping event is estima
to be equal to the number of events with that signature,
vided by the total number of events studied by the detec
during the course of the run (331012). The total rate sums
over all processes and includes contributions from cos
rays which leave a photon in the detector as well as r
physics contributions which might occur in an overlappi
event.

in
r

TABLE XVII. The number of observed events for the variou
parts of theeeggE”T signature, used to calculate fake and overl
rates. The Z0→e1e2 events require 81 GeV/c2,Me1e2

,101 GeV/c2. The one event in the Mee.110 GeV/c21g category
is theeeggE”T event.

Type of event Observed number of events
W-type events

ecentralE”T 58000
ecentralE”T1g 4
ecentralE”T1central jet 1383 events, 1513 jets
ecentralE”T1plug jet 597 events, 620 jets
eplugE”T 40000
eplugE”T1g 4

Photon-type events

ecentralg 49
eplugg 22
ecentralgg 1
epluggg 0
gg 218
gg1E”T events 3

Cosmic-type events

g1E”T 3181

Z0/g* -type events~CC/CP!

ee 1660/1771
eeE”T 12/7
eeg 0/2
Z0→e1e2 1470/1613
Z0→e1e21E”T 9/3
Z0→e1e21g 0/1
Mee.110 GeV/c2 40/40
Mee.110 GeV/c21E”T 1/3
Mee.110 GeV/c21g 0/1

Other numbers

Bunch crossings 331012

Central electron fake rate ,731025/jet
~95% C.L. upper limit!

Central photon fake rate 131023/jet
Plug electron fake rate 231023/jet
2-21
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F. ABE et al. PHYSICAL REVIEW D 59 092002
The results for the dominant sources of overlap events
summarized in Table XX. To take into account the fact th
there are 4 interactions in theeeggE”T candidate event, the
estimate is multiplied by 6 to reflect the 6 possible permu
tions of any two of the four interactions causing the sign
ture. Summing all the sources, the total rate due to over
ping events is estimated to be (868)31029 events.

The process 1 rates~column 1! in Table XX are derived
as follows:

~i! epluggg: the 22eplugg events in the data, multiplied
by the fake1real additional photon rate of 631024.

~ii ! eeg: the 80eeevents in the data with Mee.110 GeV,
multiplied by the fake1real additional photon rate o
631024.

~iii ! egg: the 49eg events in the data, multiplied by th
fake1real additional photon rate of 631024.

~iv! WWg: the 4WWevents in the data, multiplied by th
fake1real additional photon rate of 631024.

~v! Wgg: the 4egE”T events in the data, multiplied by th
fake1real additional photon rate of 631024.

TABLE XVIII. The estimated rates for finding fake object
~electrons, photons or E”T) in an event from various processe
These numbers are estimated using the numbers in Table XVII.
rate for finding an additional central photon is probably an over
timate by a factor of 2 because both methods include contribut
from real photons as well as fakes.

Rate for finding additional objects Rate/event

Fake E”T 431023

RE”T
'

Z0→eeE”T Events
Z0→ee Events

5
913

147011613
'431023

An additional central photon 631024

Rg 'Rg
Fake1Rg

Radiation

'PExtra Jet
Central 3Pg

Fake 1
eeg Events
ee Events

5
1513

58000
3~131023!1

012

166011771
53310251631024

'631024

An additional plug electron candidate 231025

Rplug e
Fake 'PExtra Jet

Plug 3Pplug e
Fake

5
620

58000
3~231023!

'231025

An additional central electron~95% C.L.! ,231026

Rcentrale
Fake 'PExtra Jet

Central 3Pcentrale
Fake ~95% C.L.!

5
1513

58000
3~731025!

'231026
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~vi! eplugE”T: the 40000eplugE”T events in the data. Thes
events come from bothW and cosmic ray production

C. Total standard model rates

The possible standard model sources are divided into
classes—those in which the second electromagnetic clu
passing the electron selection criteria is caused by an e
tron and those in which it is not. The standard model e
mate for the number of events with theeeggE”T signature
where the plug cluster is allowed to be due to an electro
dominated by realWWgg production with a total of 8
31027 eeggE”T events expected. Standard modelt t̄ produc-
tion contributes an additional 331027 events. The total fake
rate, split roughly equally betweeneegg1fake E”T,
eegE”T1fake photon andeggE”T1fake plug electron, con-
tributes a total of 331027 events. Overlapping events, in
cluding cosmic rays, are estimated to contribute a total o
31029 events. Including the uncertainties, the total rate
estimated to be

NExpected
Standard Pluge Requirements5~161!31026 events. ~9!

With the addition of the SVX data and a thorough scrutiny
the plug cluster, there are good indications that the clu
may not be due to an electron. The total rate where the p
cluster is not due to an electron is reduced from that ab
because the dominant backgrounds (WWgg andt t̄ ), each of
which produce two electrons, are removed. The total, do
nated byeggE”T1fake plug electron, is 631028. Overlaps
are again negligible. Including the uncertainties, the total r
is estimated to be

NExpected
Plug Cluster not ane5~666!31028 events. ~10!

VI. SETTING LIMITS WITH THE gg1X ANALYSIS

The low probability of a satisfactory standard model e
planation for the ‘‘eeggE”T’’ candidate event leaves open th
possibility of new physics interpretations. A number of the
ries put forward to explain the event predict that other eve
from related decay modes should appear in thegg1X
searches. Since there is no evidence of these events in
central diphoton sample, quantitative limits can be set
such scenarios.

A. Anomalous WWgg production

It is improbablea priori that theeeggE”T candidate event
is from standard modelWWgg production, as shown in Sec
V. However, the event could be an example of anomal
WWgg production@47#. This hypothesis can be tested qua
titatively by assuming that the one event was produced a
mean cross section and using the standard modelWWgg
Monte Carlo simulation to estimate the mean number
events in theWW→ j j j decay channel using the following

Ngg1 j j j
Expected'Ngg1 l i l jE”T

Observed S Rate~WWgg→gg1 j j j !

Rate~WWgg→gg1 l i l jE”T! D
~11!

he
-
s
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TABLE XIX. An estimate of the number of events passing theeeggE”T selection criteria from events with
fake electrons, photons or E”T. Individual rates are estimated as being equal to the number of observed e
~real process! multiplied by the rate at which additional objects from fakes~fake process! are observed in the
event. The real process rate is taken or estimated from Table XVII and the fake process rates are tak
Table XVIII.

Real
process

Fake
process 1

Fake
process 2

Fake
process 3

Events
in 85 pb21

eegE”T gFake — —
231023 331025 — — 83 1028

eegg E”T
Fake — —

331025 431023 — — 13 1027

ecentralggE”T eplug
Fake — —

231023 231025 — — 53 1028

eeE”T gFake gFake —
4 331025 331025 — 53 1029

ecentralgE”T gFake eplug
Fake —

4 331025 231025 — 33 1029

eeg gFake E”T
Fake —

531022 331025 431023 — 63 1029

ecentralgg eplug
Fake E”T

Fake —
331022 231025 431023 — 33 1029

ecentralg gFake eplug
Fake E”T

Fake

49 331025 231025 431023 1310210

ecentralE”T gFake gFake eplug
Fake

58000 331025 331025 231025 23 1029

ee gFake gFake E”T
Fake

80 331025 331025 431023 4310210

Sum '33 1027
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where thegg1 j j j channel is defined as two photons whi
pass the high-ET diphoton selection criteria (ET

g.25 GeV)
plus 3 or more jets as defined in Sec. III and thegg1 l l E”T
channel is defined as 2 or more leptons in any combina
as defined in Sec. III and E”T.25 GeV. Only 3 jets are re
quired because the acceptance is almost cut in half by req
ing a fourth jet. All leptonic decays~e, m or t! of the WW
pair are used as a normalization rather than just theeechan-
nel to be conservative.

The Monte Carlo calculation estimates thatWWgg pro-
duction should producegg events with 3 or more jets 30
times more often than events with two photons, two char
leptons and E”T. With one gg l l E”T candidate event and n
events with 3 or more jets in the data~see Table VIII and
Fig. 13! anomalousWWgg production is excluded as th
source of this event at the 95% C.L.

B. Supersymmetric models

Several theories have been proposed to explain
eeggE”T candidate event@2,3,4#. The trademark of many o
09200
n
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e

the supersymmetric versions@48# is that in addition to the
two photons produced, two or more of the lightest supersy
metric particles~LSPs! are produced in every event, either b
direct production or by cascade, and leave the detector, c
ing an energy imbalance.

In light gravitino scenarios@2# the gravitino can have a
mass on the order of 1 eV and for most of the parame
space the lightest neutralino,N1 , has a branching ratio o
'100% intogG̃. The lifetime of theN1 depends on MG̃ ; the
decay occurs inside the detector for a gravitino mass
than approximately 1 keV. TheG̃ is very weakly interacting
and escapes the detector, leaving an energy imbalance. T
models can produce theeeggE”T signature, for example, via

C1C1→~nẽ!~nẽ!→n~eN1!n~eN1!→en~gG̃!en~gG̃!

→eeggE”T. ~12!

For concreteness, limits on light gravitino scenarios
set using a gauge-mediated model in the minimal supers
metric standard model~MSSM!, hereafter referred to as th
2-23
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TABLE XX. The number of events with theeeggE”T signature due to two overlapping events. The
include double interactions, two separate events occurring in the same bunch crossing, as well as a
with additional objects from a cosmic ray which interacted or radiated in the detector. The number of e
ed events is estimated to be equal to the rate of the ‘‘real’’ part of the event~process 1! times the probability
of observing a particular type of overlapping event~process 2!. The probability is defined to be equal to th
number of events with the signature divided by the number of bunch crossings in the data (331012). To take
into account the fact that 4 interactions are observed in this event the estimate is multiplied by 6.

Process 1 Process 2 Calculation Expected Events

WWhigh mass gg
43

218

331012

3310210

Wg Wg
43

4

331012

5310212

Wgg→epluggg W→ecentralE”T
1310223

58000

331012

3310210

eeg gE”T
5310223

3181

331012

5310211

Wgg→ecentralgg eplugE”T
3310223

40000

331012

4310210

WWg Cosmic→g
3310233

3181

331012

3310212

Sum '13 1029

Sum36 '83 1029
n
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minimal gauge-mediated model. The parameter space
these models is spanned byM2 , tanb and the sign ofm. To
simulate these models we have used a custom interface@49#
to the SPYTHIA Monte Carlo program@50# which calculates
the inputs toSPYTHIA using the full one-loop renormalizatio
group effects calculated in@2~e!#. Full simulations are done
for a total of 50 points in parameter space:M2575, 100,
125, 150 and 200 GeV, tanb51.1, 2, 5, 10 and 25 and
sgn(m)561. For most of parameter space MC1

.MN2

.2MN1
and the production cross section is dominated

C1N2 andC1C1 production which in turn decay to produc
two photons and E”T in every event. Figure 28 shows distr
butions in ET of the photons and E”T ~after simulation and the
full diphoton andDfE”T2jet requirements of Sec. III A! for

M25150 GeV, tanb510 and sgn(m)51.
TheN2→gN1 model of Kaneet al. @3# predicts theN2 to

be pure photino,N1 to be pure Higgsino and the Higgsino
be lighter than the photino. In this case, theN1 is the LSP,
the gravitino is too massive to play a role in the phenomen
ogy and the dominant decay of theN2 is through the one-
loop radiative decay with Br(N2→gN1)'100%. The
eeggE”T signature can be produced, for example, via

ẽLẽL→~eN2!~eN2!→e~gN1!e~gN1!→eeggE”T. ~13!

For concreteness, limits are set on a particular poin
parameter space @51# with MN1

536.6 GeV, MN2

564.6 GeV and a total sparticle production cross section
11.5 pb. To provide a normalization point for future mod
builders to estimate the detector efficiency,N2N2 production
09200
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(sN2N2
'2 fb) is used to set cross section limits. The dist

butions in ET of the photons and E”T ~after simulation and the
full diphoton andDfE”T2jet requirements of Sec. III A! are
shown in Fig. 29.

FIG. 28. The distributions in ET of the photons and E”T in the
minimal gauge-mediated model withM25150 GeV, tanb510 and
sgn(m)51. The sample is normalized to 5000 events genera
which correspond to an integrated luminosity of 7163 pb21.
2-24
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C. Acceptances

The acceptance for a given model is determined using
following equation:

Acc5SAMC
i 3C~ ID and Iso!

i 3Czvertex
3CET out-of-time3CTrig

i

~14!

where the index,i, is for the two different regions (12 GeV
,ET

g2,22 GeV and ET
g2.22 GeV) to take into account th

different trigger requirements and photon selections,AMC
i is

the acceptance from the Monte Carlo using the full detec
simulation for the different regions,C(ID and Iso)

i is the correc-
tion for differences between photon identification and iso
tion variables in the data and in the detector simulati
Czvertex

is the correction for differences between the distrib

tions of the interaction point,zvertex, in the data and tha
simulated in Monte Carlo calculation,CET out-of-time is the ef-

ficiency of the energy-out-of-time requirement andCTrig
i is

FIG. 29. The distributions in ET of the photons and E”T for N2N2

production in theN2→gN1 model with MN2
564.6 GeV and MN1

536.6 GeV. The sample is normalized to 5000 events genera
which correspond to a luminosity of 2272 fb21.
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the correction for the trigger efficiency. The correctio
~taken from Sec. II! are summarized in Table XXI.

D. Results for gg1E” T

A single set of requirements, ET
g.12 GeV and

E”T.35 GeV, is chosen as it is estimated to exclude the ma
mal amount of parameter space for the light gravitino mod
The acceptances are typically between 1% and 10%. Fig
30 shows the acceptance and number of expected events
sus theN1 mass.

Only one event in the diphoton data sample passes
requirements~theeeggE”T candidate event!. Figure 31 shows
the contour plot of the excluded region in the tanb versus
M2 plane. The shaded regions in Figs. 32 and 33 show
limits as a function of theN1 andC1 masses, respectively, a
the parameters are varied. The lines show the experime
limit and the theoretically predicted cross section for t
lowest value of theN1 or C1 mass which is excluded. Th
N1 is excluded for MN1

,65 GeV at the 95% C.L.~this oc-

curs at tanb55, m.0). The C1 is excluded for MC1

d,

FIG. 30. The acceptances~upper plot! and the number of ex-
pected events~lower plot! for various points in parameter spac
plotted versus theN1 mass in the minimal gauge-mediated mode
ponse
nd Iso.
TABLE XXI. The corrections used to take into account differences between the true detector res
and the detector simulation. The identification and isolation requirement corrections are labeled as ID a

Correction
Requirement

12 GeV,ET
g2,22 GeV

Requirement
ET

g2.22 GeV

ID and Iso 0.6960.07 0.8460.08
uzvertexu,60 cm 0.96560.008 0.96560.008
ET out-of-time50 0.97560.004 0.97560.004
Trigger 0.96 60.01 1.0

Total correction 0.6260.06 0.7960.08
2-25
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,120 GeV at the 95% C.L.~this occurs at tanb55, m,0).
The same selection criteria are used for theN2→gN1

model. The model is not excluded by the data as only
events from all sparticle production and decay are expe
to pass the selection criteria. The acceptance forN2N2 pro-
duction is 5.4% with a 95% C.L. cross section upper limit
1.1 pb. These results, along with the light gravitino resu
and the results of Sec. III, are comparable to those of

FIG. 31. The contour plot of the excluded region of the minim
gauge-mediated model in the tanb versusM2 plane.

FIG. 32. The 95% C.L. cross section upper limit from the d
versus theN1 mass in the minimal gauge-mediated model. T
shaded region shows the range of cross section limits as the pa
eters are varied within the ranges 1,tanb,25,M2,200 GeV, and
m.0 or m,0. The lines show the experimental limit~solid line!
and the theoretically predicted cross section~dashed line! for the
lowest value of MN1

that is excluded (MN1
,65 GeV at the 95%

C.L., for tanb55, m.0).
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CERNe1e2 collider LEP@52,53# and the DO” Collaboration
@54#.

E. Conclusions

The diphoton data set is a good place to search for n
physics. The fact that there are nogg1>3 jet events in the
data excludes a model of anomalousWWgg production as
the source of theeeggE”T candidate at the 95% C.L. Simi
larly, the diphoton1E”T data show no evidence for new phy
ics with the possible exception of theeeggE”T candidate
event. Although we have some sensitivity to supersymme
models with photonic final states, there is a large amoun
parameter space which remains unexplored. More data
required.

VII. CONCLUSION

We have searched a sample of 85 pb21 of pp̄ collisions
for events with two central photons and anomalous prod
tion of missing transverse energy, jets, charged leptons~e, m,
andt!, b quarks and photons. We find good agreement w
standard model expectations, with the possible exceptio
one event that sits on the tail of the E”T distribution as well as
having a high-ET central electron and a high-ET electromag-
netic cluster.

The eeggE”T candidate event has sparked interest in
physics community. The most probable explanation is t
this a singlepp̄ collision which produced a high-ET, isolated
electron, two high-ET, isolated photons, a high-ET isolated
electromagnetic cluster which could be an electron, pho
tau or jet, and a significant amount of missing transve

l

m-

FIG. 33. The 95% C.L. cross section upper limit from the da
versus theC1 mass in the minimal gauge-mediated model. T
shaded region shows the range of cross section limits as the pa
eters are varied within the ranges 1,tanb,25,M2,200 GeV, and
m.0 or m,0. The lines show the experimental limit~solid line!
and the theoretically predicted cross section~dashed line! for the
lowest value of MC1

that is excluded (MC1
,120 GeV at the 95%

C.L., for tanb55, m,0).
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SEARCHES FOR NEW PHYSICS IN DIPHOTON EVENTS . . . PHYSICAL REVIEW D 59 092002
energy. A conservative estimate predicts that there shoul
a total of (161)31026 events in the data with theeeggE”T
signature. If sources which produce a second electron
excluded, the rate drops to (666)31028 events.

TheeeggE”T candidate event is tantalizing. Perhaps it is
hint of physics beyond the standard model. Then agai
may just be one of the rare standard model events that c
show up in 1012 interactions. Only more data will tell.
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APPENDIX: DETAILS OF THE SVX STUB FINDING
ROUTINES

This appendix discusses the silicon vertex detector~SVX!
and the algorithm for finding stubs for electrons in the pl
calorimeter. The SVX is a single-sided silicon microstrip d
tector made from 300-mm-thick silicon wafers. Three wafer
are bonded together to form a 25.5-cm-long ‘‘ladder’’ wi
the strips running lengthwise to provider -f coordinate mea-
surements. Four layers of ladders~numbered 0–3! are placed
at radii of 2.86 cm, 4.26 cm, 5.69 cm, and 7.87 cm a
arranged in a projective wedge that subtends 30° inf.
Twelve wedges form a ‘‘barrel;’’ two barrels are placed en
to-end along the beam direction to cover the region 1
,uzu,28 cm. The SVX tracking results are described us
three different terms: hit, cluster and stub. When a char
particle traverses the SVX it typically deposits energy in 2
3 strips per layer. If enough energy is deposited in a strip
referred to as a ‘‘hit.’’ A ‘‘cluster’’ finding algorithm joins
the adjacent hits on the layer and determines a mean pos
with a typical resolution inf of 5–15 mrad. Joining 3 or
more clusters on different layers produces a ‘‘stub’’ with
typical resolution of 1.5 mrad.

Typically, the SVX is used to find stubs associated w
CTC tracks. We use a method similar to that in Ref.@37#
um
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which is based only on the calorimeter and the vertex po
tion information as an input to the SVX stub finding alg
rithms. The SVX stub-finding algorithm searches for SV
clusters in the region of'6100 mrad around thef of the
electron candidate and uses the ET andf information in the
fit. Any stub found is required to pass the requirements
Table XXII to ensure that it is well-measured.

Using dE/dX techniques, theh for the stub can be in-
ferred. The amount of charge~which is proportional to the
energy deposited in the silicon! collected by the SVX strips,
Q, helps determine the path length of the particle through
strip. For a given stub, the cluster with the smallest amo
of charge deposited, normalized by the trajectory an
QMin

Uncorr3sin(u)5QMin , is a good measure of the direction o
the charged particle. We require 80,QMin

Central,200 and 100
,QMin

Plug,200.
In the eegE”T candidate event, the hypothetical trajecto

between the vertex at 20.4 cm and the location of the clus
as measured in the calorimeter, passes through the i
three layers of the SVX, and passes between the two S
barrels at the radius of the fourth layer, as shown in Fig.
The 3-cluster stub which is found appears to be well m
sured,xSVX

2 50.54 andQMin5145. TheDf is measured to be
Df5229 mrad to be compared with the22.6 mrad ex-
pected for a 63 GeV positron. As a check, the charge de
sition in the SVX clusters can be studied to infer a best gu
for h. Using the vertex at 20.4 cm,QMin

Uncorr5422 and that
typically 100,QMin

Uncorrsinu,200 we find the prediction tha
1.42,uhu,2.11. Independently, assuming the vertex at 2
cm, the cluster pattern~i.e., only the inner three layers wer
hit in a single barrel! implies the range21.9,h,21.61 or
0.7,h,0.8. Both estimates are consistent with the cluste
h521.72.

TABLE XXII. The SVX stub-finding requirements for elec
trons. Any stub found by the SVX tracker must pass through
fiducial part of the SVX, be well measured and be consistent w
being from an electron in the central or plug calorimeter.

Cut description Requirement

SVX fiducial Trajectory must pass
through>3 layers of the SVX

1 cm,uzTrajectory
Layer u,26 cm

>3 layers with clusters
Well measured xSVX

2 ,2.0
Correcth 80,QMin

Central,200
100,QMin

Plug,200
ev.
J.
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and due toẽLẽL production, and thet̃ is not light.
@52# ALEPH Collaboration, R. Barateet al., Phys. Lett. B420, 127

~1997!; 429, 201 ~1998!; DELPHI Collaboration, P. Abreu
et al., Eur. Phys. J. C1, 1 ~1998!; L3 Collaboration, M. Ac-
ciarri et al., Phys. Lett. B415, 299 ~1997!; OPAL Collabora-
tion, K. Ackerstaffet al., Eur. Phys. J. C2, 607 ~1998!.

@53# ALEPH Collaboration, R. Barateet al., Phys. Lett. B433, 176
~1998!; OPAL Collaboration, K. Ackerstaffet al., Eur. Phys.
J. C1, 31 ~1998!.

@54# DO” Collaboration, S. Abachiet al., Phys. Rev. Lett.78, 2070
~1997!; DO” Collaboration, B. Abbottet al., ibid. 80, 442
~1998!.
2-29


