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We search for new long-lived particles which decayztbbosons by looking foz®—e"e™ decays with
displaced vertices. We find no evidence for parent particles oZtheith long lifetimes in 90 pb* 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 generi@® parent and a fourth-generation, chargeé— quark that decays int@°b.
[S0556-282(198)50217-2

PACS numbgs): 13.85.Qk, 13.85.Rm, 14.65q, 14.80-]j

In the standard model, there are no particles with a massgertex displaced from thpp interaction point, we are sen-
above 20 GeV and lifetime greater than #®sec. In par-  sitive to non-standard-model sources of #fe
ticular, there are no metastable particles that decay i@td a There are a number of extensions to the standard model
boson. Inpp collisions, theZ® can be produced either in the that can accommodate a long-lived parent @®°aOne class
primary interaction through quark-antiquark annihilation orof models contains a fourth-generation, chargke b’ quark.
possibly from a neutral-current decay of the short-lived topA b’ with mass less tham,/2 has been ruled out by experi-
quark ¢— Z°c). By searching foZ°—e*e™ with thee*e™ ments at the CERN electron-positron collider LEH. A
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FIG. 1. Thee'e™ invariant mass distribution after applying all FIG. 2. TheL,, distribution of thez%s after applying all cuts.

cuts. The data are represented by the circles. The histogram is the ex-
pectedL,, distribution for promptZ®s based on the measured,

recent analysis by the D@ollaboration has excluded the uncertainty in the event sample. The inset shows the distribution
existence of &’ with massm,/2<my,<m,+m, which de-  after the 2 jet requirement is applied. The vertical dashed lines
cays via the flavor changing neutral curreint—b+y [2].  separate the prompt and non-prompt regions.
A more massivé’ could decay into @° and a bottom quark
(b’ —b+2° through a loop induced flavor-changing neutral + 40/P;) wm, whereP; is the transverse momentum of the
current[3]. This is expected to be a dominant decay moderack in GeVk. The transverse profile of the Tevatron beam
for mz+m,<my,, <m,m, , wherem,, is the mass of the’ s circular with an rms width of~35 um. Electromagnetic
quark (the partner of thé"). This decay may have a small and hadronic calorimeters surround the solenoid. This analy-
partial width due to the neutral current decay and the fourthsjs yses the central detector regidm| 1), where there is
generation quark mixing angl¢4]. The competing charged | tracking efficiency.
current decay moddy’ —W™c, could also have avery small  To find a long-lived parent of th&°, we search for events
partial width, since it depends on the mixing of quarks sepacontaining an electron-positron pair with a mass consistent
rated by two generations. This analysis searches for a longgjth a z° and a vertex displaced from thep interaction
lived b’ in the mass region above tiZ€ through the decay point. We begin with a sample of electron-positron pairs,
chainb’—Z%, wherez’—e’e". each lepton havingy| <1 andE;>20 GeV[9]. The elec-

Some models of supersymmetry also allow for long-livediron and positron are each required to be isolated, having a
particles which decay t&°. For example, a low-energy total calorimeteiEy in an 7-¢ cone of radius 0.4 around the
symmetry-breaking modgb] in which the gravitino is the |epton of no more than 1.15 times the leptEa. We also
lightest stable particle allows for a long-lived parent of therequire that the electron-positron invariant mass be in the
Z°. This model predicts that the Ilght(ist neutralmo, whichyange 76.2M,.<106.2 GeVt?2 as calculated from the
could decay into a&° and a gravitinoN{—Z°+G, may calorimeter energies and the track directions. Because preci-
have a long lifetime because of the small coupling constansion tracking measurements are critical to the determination
to the gravitino. of the lifetime of the parent particle, track quality cuts are

The data used in this analysis were collected with theapplied which have been optimized using a high-statistics
Collider Detector at FermiladCDF) during the 1993-95 sample ofJ/¢y—u* u~ events. These include minimum
Tevatron run, and correspond to an integrated luminosity ohumbers of hits in the SVX and CTC as well as a maximum
90 pb ! of pp collisions atys=1.8 TeV. The CDF detector x? for the track fit. The electron and positron tracks are fit to
is described in detail elsewhef6]. We describe here only a common vertex, and a good vertex fit is required. Events
the detector components most relevant to this analysis. Thare removed if the track pair is within 0.02 radians of being
central tracking chambeCTC), which is immersed in a 1.4 back-to-back(A¢ cut), since nearly collinear tracks have a
T solenoidal magnetic field, measures the momenta and trdarge uncertainty in the vertex position. The invariant mass
jectories of charged particles in the regiop| <1.1[7]. The  spectrum of the 703 events that pass all cuts is shown in Fig.
four-layer silicon vertex detectg6VX) [8], located just out- 1.
side the beam pipe, provides precise tracking in the plane To search for long-live@® parents, we measuts,,, the
transverse to the beam direction, giving a track impact padistance in the transverse-g) plane between thpp inter-
rameter relative to the beam line with a resolution of (13action point and the™e~ vertex. For a long-lived parent,
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FIG. 3. The 95% confidence level upper cross section limit forconfidence-level regions df’ mass and lifetime that have been

o- B times the acceptance for an electron-positron pair to be within,, .| ded. Forcr=1cm. we have excluded up to a mass of
the detector as a function of fixed,,. Cross sections above the 148 GeVE? '

curve have been excluded at the 95% confidence level. The inset
shows the exclusion curve and the theoretical prediction fof a 0 .
quark of mass 110 Ge¥/ as a function of its lifetime, assuming B.A :nX'AZ' 0z2-B(Z'—e"e’)
100% decay intz®b. 7 X

Nz FDY' GA(;S' EXZ' GLXy

Lxy=vBx,Ct, wheret is the proper decay time arlyisthe  ynerea is the acceptance for finding both the electron and
transverse component of the parent’s velocity dividecchy 4 positron in the geometry of the detectuy,is the number

L,y is a signed quantity, the sign being that of the dot prod-t ayents seen with a significant decay length(1 cm),

uct between two vectors in the transverse plane: thePpet A,=22+1% is the probability that the~ ande* from a
R . iy +

of thee"e™ pair a“ﬂ the vector pointing from tf@p inter-  gjractly producedz® are in the central part of the detector,

action point to thee™e vertex.ny IS|gn|f|cantIy less than €x4 is the efficiency of the opening angle cut (81% in

zero is generally due to tracking ‘mismeasurement. For stangq’ qirectz? samplg, €,2=94+ 1% is the efficiency of the

dard model direcz® production g—Z%—e*e”), we ex- 2 cut, e, is a correction factor for the number of events

pectL,,~0, since thez? lifetime is nein_gibIe.L_Xy signifi-  seen in thelL,, window (0.1 cm<L,,<1.5 cm), andFpy
cantly greater than 2€10 suggests th_at eithezthis a decay_ =0.96+0.01 is a factor to correct for Drell-Yan contamina-
product of a long-lived parent particle or there is trackmgtion in the prompZ® sample. We normalize to the measured

mismeasurement. 0 : i 0 ata—)—
S - Z" cross section by using,-B(Z°—e"e )=231+12 pb
Thel,, distribution is shown in Fig. 2 after all of the cuts 11] and n,=859 E/he nu%zber( ofZ® event)s left after ?he

have been applied. The observed distribution is in goo lectron pair and tracking cuts. For a fixagy=y/,,cr,

. . . . 0
agre_emg-r}t with ::; expected, distribution f%r _prompﬁ S: whereris the lifetime of the parent particle, the efficiency in
obtained from thel.,, uncertainty measured in each eventyne | yindow is e =€ 01 Cmhxy_ g~ 15 CMhyy

from propagation of tracking errors. Events with lafgig, | : -
that are due to mismeasurement should be symmetric around Fpr the 95% confidence Ieve_l upper I'm't on the Cross
zero. The number of events with,, significantly less than section, we make the conservative assumption that there is
zero is thus an effective measure of this background. T4° ti_ackg\;\(/)undl and thus d?. nolt perfo:rr]n a bagkgroun? SUb£
search for long-lived sources, we have examined the evenfga.C 1on. YVe also conserva '.Ve% use the (8pen|ng-ang e cu
with |L,,|>0.1 cm, the point beyond which less than one Efficiency measured in the direft sampleZ~ bosons from
event igyexpected ,from promi@s based on thé.,., uncer- heavy particle decay would generally be boosted in the trans-
tainty distribution. We observe 1 event with, X>yo 1cm Verse direction, thus increasing the cut efficiency. We use a
. v>0.

and 3 events witk,< 0.1 om. Thus, there is no evidence (02207, LR NEON (REC (8 DR TS DR e e,
for a long-lived parent of &°. We proceed to set limits y y

S X 0 )
based on this observation. ceptance and efficiencies. We find the 95% confidence level

The production cross section times branching ratio] ¢ross section limit to be
for long-lived parent particis) decaying to &° and passing
our data selection criteria is calculated by normalizing to the o B A< 0.36 b
observed prompZ® boson signal. It can be written as XS (@ 0T emhyy— g=T5cmhyyy PO-

051102-4



RAPID COMMUNICATIONS

SEARCH FOR LONG-LIVED PARENTS ORZ° BOSONS . .. PHYSICAL REVIEW D 58 051102

The cross section limit as a function ®f, is shown in Fig. mass[12]. We useygj,, distributions for theb’ from the
3. Monte Carlo to estimateny. This efficiency depends on the

A cross section limit can also be determined Bdrpair a5 of theb’ and the lifetime, which is a function of the

; , .
production. Theb" quark should have the same production o ,rth.generation mixing angles between the quarks. For a
cross section as a function of mass as the top quark beca‘(’jﬁﬁrticular lifetime, we finde, by calculatinge%0% cMhxy
both are pair produced via the strong interaction. We would __; 5 cmhsy for ’ h event Xynd veraging the entire Monte
also expect to find several quark jets in the eventhf air N or each event and averaging the e
Carlo sample. We also include in the calculation of tHe

were  produced, for example qq—b'b’—bZ%Z° (oo section a factoF,=0.92+0.05 that corrects for the
—be"e"bqg. We have thus required that there be 2 orreduced electron isolation efficiency due to the expected jets
more jets with | <2 andE;>10 GeV. Thel,, distribution  jn a b’ event. The excluded lifetimes for B’ of mass

for the 27 events surviving the jet cut is shown in the insetin110 GeVt? are shown in the inset in Fig. 3. The excluded
Fig. 2. The value ot.,, above which we expect less than 1 region of theb’ mass versus lifetime plane is shown in Fig.
event is now 0.01 cm. We find one such event in our data ysing the theoretical cross section§ 18] and the assump-

sample. S . S tion thatB(b’ —Z%+b)=100%.
The cross section limit fob” pair production is given by In conclusion, we find no evidence for new particles with
_ = 0 . a long lifetime decaying toZ® bosons. We set 95%
oppr-B(b’b'—=Z"+X—e"e” +X) confidence-level cross section upper limits on new particle
Ny Ay oy B(Z0—ete) production as a function af,,. A range in mass and life-

time for a fourth generatiob’ quark decaying t&°b has
been excluded.

Nz FDY'Ab’ . Ejet' 6A(j)' 6X2' Eny' F|

whereny, is the number of events seen with,>0.01 cm. We thank the Fermilab staff and the technical staff of the
If b’ always decays int@°b, the probability that at least one participating institutions for their contributions. This work
Z° decays intcete™ is 0.0662. The quantities, , (the ef-  was supported by the U.S. Department of Energy and Na-
ficiency of the opening angle criteripre; (the efficiency of  tional Science Foundation; the Italian Istituto Nazionale di
the jet requirementandAy, (the probability of observing an Fisica Nucleare; the Ministry of Science, Culture, and Edu-
electron and a positron in the detector fiducial voliraf  cation of Japan; the Natural Sciences and Engineering Re-
depend on the mass of thE. We use the Herwig Monte search Council of Canada; the National Science Council of
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