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Measurement of the Decay r K K K 2Ã Vr
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The decay ~ x n+x 2x v, has been observed in e+e annihilation using the CLEO II detector
at the Cornell Electron Storage Ring. ln a data sample collected at Js —10.6 GeV, 668 ~ 38 decay
candidates have been identified by exclusively reconstructing two x s accompanying three charged parti-
cles, which are assumed to be pions. Normalizing to the number of r pairs detected with one charged
particle recoiling against three charged particles, this yields a branching ratio of B3 2„0 (0.48
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4-0.04~0.04)%. A signal of 430~ 33 events for the decay r x rom v has also been observed,
corresponding to a branching ratio of 8 „„0=(0.39+ 0.04 ~ 0.04)%.

PACS numbers: 13.35.+s, 14.60.3j

The decay of the z lepton provides a good laboratory
for studies of the hadronic weak current. Its large mass
allows the z to decay to a variety of final hadronic states
while the V —8 coupling of the hadronic weak current re-
stricts the allowed quantum numbers of these states. The
decay modes with high multiplicity in the final state are
of particular interest because of their high sensitivity to
the z neutrino mass. In this Letter, we report the obser-
vation of the decay mode [1] r x x+x 2x v, . The
decay is identified by exclusively reconstructing two z s

accompanying three charged particles, which are as-
sumed to be pions. An co signal has also been observed in

the z+x x invariant mass spectrum of the decay, corre-
sponding to a new decay mode z z ~x v, .

The data used in this analysis have been collected with
the CLEO II detector [2] at the Cornell Electron Storage
Ring (CESR). CLEO II is a general purpose spectrome-
ter with excellent charged particle and shower energy
detection. Charged particles are measured with three cy-
lindrical drift chambers between 5 and 95 cm from the
e+e interaction region (IR), with a total of 67 layers.
These are surrounded by a scintillation time-of-Aight sys-
tem and a CsI(T1) calorimeter with 7800 crystals. These
detector systems are installed inside a 1.5 T supercon-
ducting solenoidal magnet, surrounded by a proportional
tube muon chamber with iron absorbers.

The data sample was collected from e+e collisions at
a center-of-mass energy Js —10.6 GeV (E, ). The to-
tal integrated luminosity of the sample is 1.6 fb, corre-
sponding to —1.4 & 10 z events produced. The selection
criteria for the z events are similar to those described in a
previous Letter [3]; we brielly recount the criteria here.
Each z event is required to contain four charged tracks
with zero net charge. To ensure that the event is well
measured, we demand the distance of closest approach of
each track to be within 1 cm of the IR in the xy plane
and 10 cm in z (the beam direction). These criteria also
reject z events with a Kp or photon conversion; in addi-
tion no more than one track may be identified as an elec-
tron. QED backgrounds such as radiative Bhabha and
two-photon interactions are suppressed by requiring that
the total energy of the event be greater than 0.30E,
and the total shower energy be less than 0.75F, The
QED and hadronic (e+e qq) backgrounds are fur-
ther reduced by requiring the missing mass of the event
to be between 0.5 and 7.0 GeV/c, computed from the
visible charged and neutral energy. The event is divided
into two hemispheres by a plane perpendicular to the axis
defined by the highest momentum track and there must
be one charged particle in one hemisphere recoiling
against three charged particles in the other hemisphere
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FIG. 1. The invariant mass of one photon pair versus that of
the other in events with four photons in the 3-prong hemisphere.

("1-3" topology). The total invariant mass of the
charged and neutral particles in each hemisphere is re-
quired to be less than 1.7 GeV/c . The total momentum
vector of the particles in each hemisphere is required to
be in the barrel region of the electromagnetic calorimeter,
~cos8~ &0.80, where the polar angle 0 is defined with

respect to the beam direction. Photon candidates are re-

quired to have a minimum energy of 60 MeV in the bar-
rel region and 100 MeV in the end-cap region (0.80
& ~cos0~ &0.95), and the crystal clusters forming the
photons must not be associated with any charged track.
Finally, we require exactly four such photons in the bar-
rel in the 3-prong hemisphere; a sample of 2827 events
satisfies these criteria.

We search for 2z candidates in these events. Figure 1

shows the invariant mass spectrum (Mr„) of one photon
pair versus that of the other pair, for all three possible
combinations. An enhancement at the z mass is evident.
The invariant mass spectrum of the x z+z 2z events
is shown in Fig. 2, where the invariant mass of both pho-
ton pairs forming the n 's is required to be -+25 (o =6
MeV/c ) of the nominal x mass. The combinatoric
background has been subtracted from the spectrum using
the n sidebands and the invariant mass cut on the 3-

prong hemisphere has been removed. An excess of events
over the expected hadronic background (described below)
is observed.

The 2n signal is extracted by performing a binned
maximum likelihood fit to the two-dimensional two-

photon mass spectrum shown in Fig. 1, assuming Poisson
statistics. The spectrum is parametrized using a Gauss-
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FIG. 2. The invariant mass spectrum of the x z+z 2x
system. The dashed histogram shows the hadronic background
expectation (see text) and the solid histogram shows the Monte
Carlo expectation including this background. For clarity, the
statistical errors on the histograms have been omitted except
the solid histogram with mass less than 1.7 GeV/c .

ian signal with a long low-mass tail and a Chebyshev
polynomial background. With the mass and width of the
Gaussian as free parameters, the fit yields a signal of
668 ~ 38 2z events, with a g of 388 for 393 degrees of
freedom.

The dominant source of background in the data is ha-

dronic events. This background is calculated empirically
using a sample of 1-3 hadronic events obtained from the
data. We select the hadronic sample using the criteria
described above, but require the total invariant mass of
the charged and neutral particles in the 1-prong hemi-

sphere to be greater than 1.8 GeV/c, kinematically ex-

cluding z-pair events. Assuming that the total invariant
masses of the particles in the two hemispheres are not

correlated, the mass spectrum of the 3-prong hemisphere
thus obtained should reproduce the hadronic background
component in the r sample. The mass spectra of the
3z2z candidates for the two samples are superimposed
in Fig. 2, normalized so as to contain the same number of
events above 2.0 GeV/c . The agreement in the shapes of
the spectra in the normalization region indicates the reli-

ability of this background calculation. By performing a
similar fit for the 2z signal in the hadronic sample, the
background fraction in the r sample with the 1.7 GeV/c
mass cut is estimated to be (7.2+ 2.9)%.

The detection e%ciency is calculated using a Monte
Carlo technique. We use the KORALB program to gen-
erate r +i pairs according to the standard electroweak
theory, including a radiative corrections [4]. The
GEANT program [51 is used to simulate the detector
response. Backgrounds not associated with e +e annihi-

lation events are modeled by embedding random trigger
events into the Monte Carlo events. The decay

x z+z 2x v, is modeled using a phase space distri-
bution with a V —8 weak interaction. Within the statist-
ical errors, the observed spectrum shown in Fig. 2 is con-
sistent with this simple model [6]. Repeating the same
analysis procedure on the Monte Carlo events yields the
detection e%ciencies and the "migration" backgrounds
from other r decay modes as shown in Table I. The
dominant migration backgrounds arise from the decays
z z 3z v, with a photon conversion or Dalitz decay
and i z z+ n z v, with two extra neutral showers
forming a fake x .

The branching ratio for z x z+z 2z v, is calcu-
lated by normalizing to the number of "generic" 1-3 r
events. This method has the advantage that it is.indepen-
dent of precise knowledge of the luminosity and r cross
section and many systematic errors cancel in the ratio.
The 1-3 ~ events are selected with the same criteria, ex-
cept that the number of photons in the 3-prong hemi-

sphere is restricted to two or less to reduce hadronic con-
tamination. In this normalization, the branching ratio for

n x+z 2x v, is related to the 3-prong topologi-
cal branching ratio B3 by

~~bN 3~2

32 'b

where N3 2,0 and N3„2,0 are the number of 3x2z events

in the data and background, respectively. N~ 3 and N) 3

are the corresponding numbers for 1-3 events. t. 3„2 0 and
are the detection eSciencies for 3n2n and 1-3

events. The detection eSciency and backgrounds for the
1-3 events are also listed in Table I. The two-photon
background is estimated by using a Monte Carlo model

for the process [7] e+e e+e 2@+2+ and by com-

paring data and Monte Carlo distributions for kinematic
variables which are sensitive to two-photon processes such

as transverse momentum and visible energy [8]. Using
the results in Table I yields the ratio B3 2 0/B3
=0.034+ 0.002, where the error is statistical only.

We have searched for substructure in the x z+ n 2n

system. Figure 3 shows the z+ x z invariant mass spec-
trum for all four possible combinations, where the invari-

ant mass of both photon pairs forming the x 's is required
to be within +. 20 MeV/c of the nominal x mass. A

clear enhancement at the ro is observed [9], correspond-

ing to a new decay mode r x mz v, . We measure
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FIG. 3. The a+z m mass spectrum of the 3x2z candidates
in the r sample. The curve shows the fit to the data.

the branching ratio for z n con v, by performing a
maximum likelihood fit to the mass spectrum. The spec-
trum is parametrized using a Gaussian signal with a Che-
byshev polynomial background. The width of the m sig-
nal is constrained to the expectation from the Monte Car-
lo simulation [10]. The fit yields a signal of 430+'33
events, with a g of 51 for 46 degrees of freedom. We
perform similar fits to the z Monte Carlo and hadronic
samples to determine the detection efficiency and back-
grounds listed in Table I. Correcting for the detection
efficiency and backgrounds, the branching ratio, normal-
ized to B3, is B„„o/83=0.028 ~0.003, where the error is

statistical only. We have also searched for the p meson in

the 3n2z and +cod events; no strong p signal is observed
in either mode.

The dominant systematic error is the uncertainty in the
relative detection efficiencies, which is estimated to be 8%
by varying the photon selection criteria. This estimate
has been checked by performing similar analyses on other
decay modes, +2', 3z, 3xn, and mo. The branching ra-
tios measured are consistent with previously measured re-
sults [11]. The fitting procedure has been verified by per-
forming a two-dimensional sideband subtraction instead
of fitting the x 's by varying the M» range over which
the fit is performed, and by varying the definition of the
z used to reconstruct the z+n x mass spectrum for ex-
tracting the co signal. The uncertainty in the Monte Car-
lo modeling of the m width used in the fit has been inves-
tigated using z z n+ m n v, and z z co v, .
Potential biases in the hadronic background estimate due
to possible correlations in the total invariant masses of
the two hemispheres have been investigated by comparing
the 1- and 3-prong mass spectra of hadronic events of 1-
3, 1-5, and 3-3 topologies. From these studies, we assign
a systematic error of 20% on the hadronic background
fraction. We have verified the background calculation by
measuring the branching ratios using a leptonic tag to
suppress the hadronic background and obtain consistent

results: B3,z,o/B3 =0.034+' 0.003 and B „0/B3 =0.027
+0.004. The systematic error in the migration back-

ground [12] due to the uncertainties in z decay branching
ratios is estimated by changing the branching ratios
within the reasonable ranges allowed by their uncertain-
ties [11]. The sensitivity to the modeling of the five-pion
mass spectrum is estimated by relaxing the cut on the to-
tal invariant mass of the 3-prong hemisphere. These sys-
tematic errors are summarized in Table II. Combining
these errors in quadrature and using 83 = (14.06
~0.25)% from the Particle Data Group [11], the final
results [13] are

B3 2 0=(0.48 ~ 0.04 ~ 0.04)%,

B, ,o = (0.39+ 0.04+' 0.04)%,

where the second error is systematic, including the uncer-
tainty in 83.

In conclusion, we have observed two new z decay
modes, z z x x 2x v, and z n con v, . The
branching ratio for z z x+z 2z v, is significantly
larger than that of its isospin partner [11]

n x+z x+x v„Bs,=(0.056+ 0.016)%. The
large co component might account for the enhancement.
These decays provide a new technique for measuring the
z neutrino mass [14].

We gratefully acknowledge the eAort of the CESR
stafI' in providing us with excellent luminosity and run-
ning conditions. J.B. thanks the Vanderbilt University
Research Council, J.P.A. and P.S.D. thank the PYI pro-
gram of NSF, I.P.J.S. thanks the YI program of NSF,
K.H. thanks the Alexander von Humboldt Stiftung, G.E.
thanks the Heisenberg Foundation, K.K.G. and A.J.W.
thank the SSC Fellowship program of TNRLC, K.K.G.,
H. N. N. , J.D.R., and H.Y. thank the OJI program of
DOE, and R.P. and P.R. thank the A.P. Sloan Founda-
tion for support. This work was supported by the Nation-
al Science Foundation and Department of Energy.

Permanent address: Carleton University, Ottawa, Cana-
da K1S 5B6.

1794



VOLUME 71, NUMBER 12 P H YSICAL REVI EW LETTERS 20 SEPTEMBER 1993

~Permanent address: INP, Novosibirsk, Russia.
[1] In this Letter, charge conjugate states are implied.
[2] Y. Kubota et al. , Nucl. Instrum. Methods Phys. Res. ,

Sect. A 320, 66 (1992).
[3] M. Procario et al. , Phys. Rev. Lett. 70, 1207 (1993).
[4] S. Jadach and Z. Was, Comput. Phys. Commun. 36, 191

(1985); 64, 267 (1991); S. Jadach, J. H. Kuhn, and Z.
Was, ibid 64,. 275 (1991).

[5] R. Brun et al. , CERN Report No. CERN-DD/EE/84-1,
1987 (unpublished).

[6] The detection efficiency is relatively constant as a func-
tion of the 3x2n mass.

[7] H. Aihara et al. , Phys. Rev. D 37, 28 (1988).
[8] The two-photon background in the 3tr2tr sample is es-

timated to be negligible.
[9] An tt signal is also evident as reported in M. Artuso et al. ,

Phys. Rev. Lett. 69, 3278 (1992). The contribution of the

q channel to 3tr2tr is expected to be (0.04~0.01)%.

[10] The decay z tr totr v, is also modeled using a phase
space distribution with a V —2 weak interaction. The
detection eSciency includes the branching ratio for
to tr+tr tr (Ref. [11]).

[11]K. Hikasa et al, Phys. Rev. D 45, 10999 (1992).
[12] Using isospin relations and the measured branching ratio

for the decay z tt tr+tr tr+tr trov, (Ref. [11]),we

find the maximum contribution from the decay
z x+z 3n v, to the 3+2m branching ratio is 11% at

the 90% confidence level. Since the branching ratio for
this decay is likely much smaller, we assume it is zero and
do not include it in the migration backgrounds.

[13] We can also express the result as a ratio of the two
branching ratios so that the systematic error in the detec-
tion efficiency cancels. The result is B, ,o/B&„2,o=(81
~6~6)%.

[14] D. Cinabro et al. , Phys. Rev. Lett. 70, 3700 (1993).

1795


