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L. Stanco,25 J. Steele,40 A. Stefanini,27 R. Ströhmer,7 J. Strologas,13 F. Strumia,10 D. Stuart,7 K. Sumorok,19

J. Suzuki,37 T. Suzuki,37 T. Takahashi,24 T. Takano,24 R. Takashima,12 K. Takikawa,37 M. Tanaka,37 B. Tannenbaum,22

F. Tartarelli,27 W. Taylor,14 M. Tecchio,20 P. K. Teng,33 Y. Teramoto,24 K. Terashi,37 S. Tether,19 D. Theriot,7 T. L. Thomas,22

R. Thurman-Keup,1 M. Timko,38 P. Tipton,30 A. Titov,31 S. Tkaczyk,7 D. Toback,5 K. Tollefson,19 A. Tollestrup,7

H. Toyoda,24 W. Trischuk,14 J. F. de Troconiz,11 S. Truitt,20 J. Tseng,19 N. Turini,27 T. Uchida,37 F. Ukegawa,26 J. Valls,32

S. C. van den Brink,28 S. Vejcik III,20 G. Velev,27 R. Vidal,7 R. Vilar,7 D. Vucinic,19 R. G. Wagner,1 R. L. Wagner,7

J. Wahl,5 N. B. Wallace,27 A. M. Walsh,32 C. Wang,6 C. H. Wang,33 M. J. Wang,33 A. Warburton,14 T. Watanabe,37

T. Watts,32 R. Webb,34 C. Wei,6 H. Wenzel,16 W. C. Wester III,7 A. B. Wicklund,1 E. Wicklund,7 R. Wilkinson,26

H. H. Williams,26 P. Wilson,5 B. L. Winer,23 D. Winn,20 D. Wolinski,20 J. Wolinski,21 S. Worm,22 X. Wu,10 J. Wyss,27

A. Yagil,7 W. Yao,18 K. Yasuoka,37 G. P. Yeh,7 P. Yeh,33 J. Yoh,7 C. Yosef,21 T. Yoshida,24 I. Yu,7 A. Zanetti,36

F. Zetti,27 and S. Zucchelli2

~CDF Collaboration!
0556-2821/98/58~5!/051102~5!/$15.00 © 1998 The American Physical Society58 051102-1



RAPID COMMUNICATIONS

F. ABE et al. PHYSICAL REVIEW D 58 051102
1Argonne National Laboratory, Argonne, Illinois 60439
2Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy

3Brandeis University, Waltham, Massachusetts 02254
4University of California at Los Angeles, Los Angeles, California 90024

5University of Chicago, Chicago, Illinois 60637
6Duke University, Durham, North Carolina 27708

7Fermi National Accelerator Laboratory, Batavia, Illinois 60510
8University of Florida, Gainesville, Florida 32611

9Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
10University of Geneva, CH-1211 Geneva 4, Switzerland
11Harvard University, Cambridge, Massachusetts 02138
12Hiroshima University, Higashi-Hiroshima 724, Japan

13University of Illinois, Urbana, Illinois 61801
14Institute of Particle Physics, McGill University, Montreal H3A 2T8, Canada

and University of Toronto, Toronto M5S 1A7, Canada
15The Johns Hopkins University, Baltimore, Maryland 21218

16Institut für Experimentelle Kernphysik, Universita¨t Karlsruhe, 76128 Karlsruhe, Germany
17National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan

18Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720
19Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

20University of Michigan, Ann Arbor, Michigan 48109
21Michigan State University, East Lansing, Michigan 48824

22University of New Mexico, Albuquerque, New Mexico 87131
23The Ohio State University, Columbus, Ohio 43210

24Osaka City University, Osaka 588, Japan
25Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy

26University of Pennsylvania, Philadelphia, Pennsylvania 19104
27Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, I-56100 Pisa, Italy

28University of Pittsburgh, Pittsburgh, Pennsylvania 15260
29Purdue University, West Lafayette, Indiana 47907

30University of Rochester, Rochester, New York 14627
31Rockefeller University, New York, New York 10021
32Rutgers University, Piscataway, New Jersey 08855

33Academia Sinica, Taipei, Taiwan 11530, Republic of China
34Texas A&M University, College Station, Texas 77843

35Texas Tech University, Lubbock, Texas 79409
36Istituto Nazionale di Fisica Nucleare, University of Trieste/Udine, Italy

37University of Tsukuba, Tsukuba, Ibaraki 315, Japan
38Tufts University, Medford, Massachusetts 02155

39Waseda University, Tokyo 169, Japan
40University of Wisconsin, Madison, Wisconsin 53706

41Yale University, New Haven, Connecticut 06520
~Received 20 April 1998; published 5 August 1998!

We search for new long-lived particles which decay toZ0 bosons by looking forZ0→e1e2 decays with
displaced vertices. We find no evidence for parent particles of theZ0 with long lifetimes in 90 pb21 of data
from the CDF experiment at Fermilab. We set a cross section limit as a function of the lifetime of the parent
particle for both a genericZ0 parent and a fourth-generation, charge2

1
3 quark that decays intoZ0b.

@S0556-2821~98!50217-2#

PACS number~s!: 13.85.Qk, 13.85.Rm, 14.65.2q, 14.80.2j
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In the standard model, there are no particles with a m
above 20 GeV and lifetime greater than 10220 sec. In par-
ticular, there are no metastable particles that decay into aZ0

boson. Inpp̄ collisions, theZ0 can be produced either in th
primary interaction through quark-antiquark annihilation
possibly from a neutral-current decay of the short-lived
quark (t→Z0c). By searching forZ0→e1e2 with thee1e2
05110
ss

r
p

vertex displaced from thepp̄ interaction point, we are sen
sitive to non-standard-model sources of theZ0.

There are a number of extensions to the standard m
that can accommodate a long-lived parent to aZ0. One class
of models contains a fourth-generation, charge2 1

3 b8 quark.
A b8 with mass less thanmZ/2 has been ruled out by exper
ments at the CERN electron-positron collider LEP@1#. A
2-2
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recent analysis by the DO” Collaboration has excluded th
existence of ab8 with massmZ/2,mb8,mZ1mb which de-
cays via the flavor changing neutral current,b8→b1g @2#.
A more massiveb8 could decay into aZ0 and a bottom quark
(b8→b1Z0) through a loop induced flavor-changing neut
current @3#. This is expected to be a dominant decay mo
for mZ1mb,mb8,mt ,mt8 , wheremt8 is the mass of thet8
quark ~the partner of theb8). This decay may have a sma
partial width due to the neutral current decay and the fou
generation quark mixing angles@4#. The competing charged
current decay mode,b8→W2c, could also have a very sma
partial width, since it depends on the mixing of quarks se
rated by two generations. This analysis searches for a lo
lived b8 in the mass region above theZ0 through the decay
chainb8→Z0b, whereZ0→e1e2.

Some models of supersymmetry also allow for long-liv
particles which decay toZ0. For example, a low-energ
symmetry-breaking model@5# in which the gravitino is the
lightest stable particle allows for a long-lived parent of t
Z0. This model predicts that the lightest neutralino, whi
could decay into aZ0 and a gravitino,Ñ1

0→Z01G̃, may
have a long lifetime because of the small coupling cons
to the gravitino.

The data used in this analysis were collected with
Collider Detector at Fermilab~CDF! during the 1993-95
Tevatron run, and correspond to an integrated luminosity
90 pb21 of pp̄ collisions atAs51.8 TeV. The CDF detecto
is described in detail elsewhere@6#. We describe here only
the detector components most relevant to this analysis.
central tracking chamber~CTC!, which is immersed in a 1.4
T solenoidal magnetic field, measures the momenta and
jectories of charged particles in the regionuhu,1.1 @7#. The
four-layer silicon vertex detector~SVX! @8#, located just out-
side the beam pipe, provides precise tracking in the pl
transverse to the beam direction, giving a track impact
rameter relative to the beam line with a resolution of (

FIG. 1. Thee1e2 invariant mass distribution after applying a
cuts.
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140/PT) mm, wherePT is the transverse momentum of th
track in GeV/c. The transverse profile of the Tevatron bea
is circular with an rms width of;35 mm. Electromagnetic
and hadronic calorimeters surround the solenoid. This an
sis uses the central detector region (uhu,1), where there is
full tracking efficiency.

To find a long-lived parent of theZ0, we search for events
containing an electron-positron pair with a mass consis
with a Z0 and a vertex displaced from thepp̄ interaction
point. We begin with a sample of electron-positron pai
each lepton havinguhu,1 andET.20 GeV @9#. The elec-
tron and positron are each required to be isolated, havin
total calorimeterET in anh-f cone of radius 0.4 around th
lepton of no more than 1.15 times the leptonET . We also
require that the electron-positron invariant mass be in
range 76.2,Mee,106.2 GeV/c2 as calculated from the
calorimeter energies and the track directions. Because p
sion tracking measurements are critical to the determina
of the lifetime of the parent particle, track quality cuts a
applied which have been optimized using a high-statis
sample of J/c→m1m2 events. These include minimum
numbers of hits in the SVX and CTC as well as a maximu
x2 for the track fit. The electron and positron tracks are fit
a common vertex, and a good vertex fit is required. Eve
are removed if the track pair is within 0.02 radians of bei
back-to-back~Df cut!, since nearly collinear tracks have
large uncertainty in the vertex position. The invariant ma
spectrum of the 703 events that pass all cuts is shown in
1.

To search for long-livedZ0 parents, we measureLxy , the
distance in the transverse (r -f) plane between thepp̄ inter-
action point and thee1e2 vertex. For a long-lived parent

FIG. 2. TheLxy distribution of theZ0s after applying all cuts.
The data are represented by the circles. The histogram is the
pectedLxy distribution for promptZ0s based on the measuredLxy

uncertainty in the event sample. The inset shows the distribu
after the 2 jet requirement is applied. The vertical dashed li
separate the prompt and non-prompt regions.
2-3
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Lxy5gbxyct, wheret is the proper decay time andbxy is the
transverse component of the parent’s velocity divided byc.
Lxy is a signed quantity, the sign being that of the dot pro
uct between two vectors in the transverse plane: the nePT
of the e1e2 pair and the vector pointing from thepp̄ inter-
action point to thee1e2 vertex.Lxy significantly less than
zero is generally due to tracking mismeasurement. For s
dard model directZ0 production (qq̄→Z0→e1e2), we ex-
pect Lxy'0, since theZ0 lifetime is negligible.Lxy signifi-
cantly greater than zero suggests that either theZ0 is a decay
product of a long-lived parent particle or there is tracki
mismeasurement.

TheLxy distribution is shown in Fig. 2 after all of the cut
have been applied. The observed distribution is in go
agreement with the expectedLxy distribution for promptZ0s,
obtained from theLxy uncertainty measured in each eve
from propagation of tracking errors. Events with largeuLxyu
that are due to mismeasurement should be symmetric aro
zero. The number of events withLxy significantly less than
zero is thus an effective measure of this background.
search for long-lived sources, we have examined the ev
with uLxyu.0.1 cm, the point beyond which less than o
event is expected from promptZ0s based on theLxy uncer-
tainty distribution. We observe 1 event withLxy.0.1 cm
and 3 events withLxy,20.1 cm. Thus, there is no evidenc
for a long-lived parent of aZ0. We proceed to set limits
based on this observation.

The production cross section times branching ratio@10#
for long-lived parent particle~s! decaying to aZ0 and passing
our data selection criteria is calculated by normalizing to
observed promptZ0 boson signal. It can be written as

FIG. 3. The 95% confidence level upper cross section limit
s•B times the acceptance for an electron-positron pair to be wi
the detector as a function of fixedlxy . Cross sections above th
curve have been excluded at the 95% confidence level. The
shows the exclusion curve and the theoretical prediction for ab8
quark of mass 110 GeV/c2 as a function of its lifetime, assumin
100% decay intoZ0b.
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s•B•AX5
nX•AZ•sZ•B~Z0→e1e2!

nZ•FDY•eDf•ex2•eLxy

whereAX is the acceptance for finding both the electron a
the positron in the geometry of the detector,nX is the number
of events seen with a significant decay length (.0.1 cm),
AZ52261% is the probability that thee2 and e1 from a
directly producedZ0 are in the central part of the detecto
eDf is the efficiency of the opening angle cut (8761% in
the directZ0 sample!, ex259461% is the efficiency of the
x2 cut, eLxy

is a correction factor for the number of even

seen in theLxy window (0.1 cm,Lxy,1.5 cm), andFDY
50.9660.01 is a factor to correct for Drell-Yan contamina
tion in the promptZ0 sample. We normalize to the measur
Z0 cross section by usingsZ•B(Z0→e1e2)5231612 pb
@11# and nZ5859, the number ofZ0 events left after the
electron pair and tracking cuts. For a fixedlxy[gbxyct,
wheret is the lifetime of the parent particle, the efficiency
the Lxy window is eLxy

5e20.1 cm/lxy2e21.5 cm/lxy.
For the 95% confidence level upper limit on the cro

section, we make the conservative assumption that ther
no background and thus do not perform a background s
traction. We also conservatively use the opening-angle
efficiency measured in the directZ0 sample.Z0 bosons from
heavy particle decay would generally be boosted in the tra
verse direction, thus increasing the cut efficiency. We us
Poisson distribution based on the one observed ev
smeared by the Gaussian systematic uncertainties in the
ceptance and efficiencies. We find the 95% confidence le
cross section limit to be

s•B•AX<
0.36

~e20.1 cm/lxy2e21.5 cm/lxy!
pb.

r
in

et

FIG. 4. The hatched areas in this plot represent the 9
confidence-level regions ofb8 mass and lifetime that have bee
excluded. Forct51 cm, we have excluded up to a mass
148 GeV/c2.
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The cross section limit as a function oflxy is shown in Fig.
3.

A cross section limit can also be determined forb8 pair
production. Theb8 quark should have the same producti
cross section as a function of mass as the top quark bec
both are pair produced via the strong interaction. We wo
also expect to find several quark jets in the event if ab8 pair
were produced, for example qq̄→b8b̄8→bZ0b̄Z0

→be1e2b̄qq̄. We have thus required that there be 2
more jets withuhu,2 andET.10 GeV. TheLxy distribution
for the 27 events surviving the jet cut is shown in the inse
Fig. 2. The value ofLxy above which we expect less than
event is now 0.01 cm. We find one such event in our d
sample.

The cross section limit forb8 pair production is given by

sb8b̄8•B~b8b̄8→Z01X→e1e21X!

5
nb8•AZ•sZ•B~Z0→e1e2!

nZ•FDY•Ab8•e jet•eDf•ex2•eLxy
•FI

wherenb8 is the number of events seen withLxy.0.01 cm.
If b8 always decays intoZ0b, the probability that at least on
Z0 decays intoe1e2 is 0.0662. The quantitieseDf ~the ef-
ficiency of the opening angle criterion!, e jet ~the efficiency of
the jet requirement!, andAb8 ~the probability of observing an
electron and a positron in the detector fiducial volume! all
depend on the mass of theb8. We use the Herwig Monte
Carlo to estimate these quantities as a function of theb8
a
ns
,

xis

e

05110
se
d

r

n

a

mass@12#. We usegbxy distributions for theb8 from the
Monte Carlo to estimateeLxy

. This efficiency depends on th

mass of theb8 and the lifetime, which is a function of the
fourth-generation mixing angles between the quarks. Fo
particular lifetime, we findeLxy

by calculatinge20.01 cm/lxy

2e21.5 cm/lxy for each event and averaging the entire Mon
Carlo sample. We also include in the calculation of theb8
cross section a factorFI50.9260.05 that corrects for the
reduced electron isolation efficiency due to the expected
in a b8 event. The excluded lifetimes for ab8 of mass
110 GeV/c2 are shown in the inset in Fig. 3. The exclude
region of theb8 mass versus lifetime plane is shown in Fi
4 using the theoretical cross sections in@13# and the assump
tion thatB(b8→Z01b)5100%.

In conclusion, we find no evidence for new particles w
a long lifetime decaying toZ0 bosons. We set 95%
confidence-level cross section upper limits on new part
production as a function oflxy . A range in mass and life-
time for a fourth generationb8 quark decaying toZ0b has
been excluded.
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