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We present the first observation &° beta decay, using the KTeV beam line and detector
at Fermilab. We have identified 176 beta decay events after subtracting a 7 event background.
Normalization to 41024 simultaneously collecteédl® — A°7° decays yields a branching ratio
of T(E® = 2" e 7,)/ Tl = (2.71 £ 0.22atistical = 0.31gysemaric) X 107, The flavor symmetric
quark model calculation agrees with this result. [S0031-9007(99)09086-9]

PACS numbers: 13.30.Ce, 14.20.Jn

We report the first observation oE’ beta decay, in the neutral kaon system (E832) and studies of rare
2% — 3*e 7, and measurement of its branching ratiodecays (E799-1). Since the apparatus was situated far
(BR). Underd ands quark interchange, this process is from the production target, to reduce background¥to
the direct analog of the neutron beta decay> pe 7..  decays, only the highest momentum hyperons (from 130
Thus, in the flavor symmetric quark model, differencesto 600 GeV/c with a mean momentum ag0 GeV/¢ for
between these two decays arise only from the differing2°) reached it. An intense neutral beam, powerful particle
particle masses and from the relevant Cabibbo Kobayaslnlentification, and very good resolution for both charged
Maskawa [1] matrix elementsV(, rather thanV,;). In  particles and photons made it a good facility for the study
the symmetry limit, the calculated [2] branching ratio of Z° decays. During data taking, abofitx 10% Z°
is (2.61 = 0.11) X 107*. Flavor symmetry violation ef- arrived at the decay volume each day. The data presented
fects [3,4] are expected to modify this branching ratio byhere were collected during two months of E799-11 data
several percent. The directly measurable final skite taking in 1997 and correspond to 20% of all the hyperon
polarization should allow future precision measurementslata taken in 1997.
of form factors, providing additional information on fla-  An 800 GeV/c proton beam, with up tes X 102
vor symmetry. protons per 19 s Tevatron spill every minute, was targeted

The KTeV beam line and detector at Fermilab wereat a vertical angle of 4.8 mrad on a 1.1 interaction length
designed [5] for high precision studies 6fP violation (30 cm) BeO target. Photons were converted by 7.6 cm
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of lead immediately downstream of the target. Chargedaf the ECAL were used to trigger on charged particles.
particles were removed further downstream by dipoleAnother scintillator plane (hadron-anti), located behind
magnets. Collimators defined tMdA®25 wsr neutral beams both the ECAL and a 10 cm lead wall, acted as a hadron
that entered the KTeV apparatus (Fig. 1) 94 m downstrearahower veto. The hodoscopes and the ECAL detectors had
from the target. The 65 m vacuum-(0~° Torr) decay two holes (5 X 15 cn? at the ECAL) and the hadron-
region extended to the first drift chamber. anti had a singles4 X 34 cn? hole to let the neutral
The charged particle spectrometer consisted of a dipolbeams pass through without interaction. Charged particles
magnet surrounded by foud.28 X 1.28 m? to 1.77 X passing through these holes were detectetbby 16 cn?
1.77 m?) drift chambers (DC1-4) with~100 um posi-  scintillators (hole counters) located along each beam line
tion resolution in both horizontal and vertical views. To in the hole region just downstream of the hadron-anti.
reduce multiple scattering, helium filled bags occupied the The beta decay2’ — X*e 7, followed by 3" —
spaces between the drift chambers. In E799-I, the magp7°, has a topology similar to the domina’ decay
netic field imparted a-205 MeV/c horizontal momentum sequenceZ? — A%z followed by A° — par~, which
component to charged particles, yielding a momentunwas used for normalization. Both sequences had a high
resolution of o(P)/P = 0.38% ® 0.016% P (GeV/c)  momentum £100 GeV/c) positive track (proton) which
(quadratic sum). The magnet polarity was flipped on a@eémained in or near the neutral beam region, a second lower
daily basis. momentum negative tracks(" or ¢~), and two neutral
The electromagnetic calorimeter (ECAL) consisted of(i.e., unassociated to any track) ECAL energy clusters
3100 pure Csl crystals. Each crystal was 50 cm londphotons from ar’). The beta decay was distinguished
(27 radiation lengths, 1.4 interaction lengths). Crystals irby the presence of a decay electron and by its different
the central region1(2 X 1.2 m?) had a cross-sectional vertex structure.
area of2.5 X 2.5 cn? while those in the outer region  The basic hyperon trigger thus required a signal in one
[(1.2-1.9) X (1.2-1.9) m’] had a5 X 5 cn? area. After of the hole counters with corresponding signals from DC1
calibration, the ECAL energy resolution was 0.85% forand DC2, one or more hodoscope signals, no activity in the
the electron momentum spectrum in this analysis. Th¢hoton veto system (to veto events with photons escaping
position resolution was-1 mm. the fiducial volume), and a trigger signal from a special
Nine photon veto assemblies detected particles leavingardware stiff track trigger (STT) element designed to se-
the fiducial volume. Two scintillator hodoscopes in frontlect high momentum>50 GeV/¢) tracks based on hit po-
sitions in the DC1—4 horizontal views. This basic hyperon
trigger, prescaled by 50, provided ogf — A%#° candi-
MUON COUNTERS dates for normalization. The beta decay trigger, in addi-
LEAD WALL tion to the basic hyperon trigger criteria, further required
EM CALORIMETER (ECAL) one to four in-time (within a 19 ns wide time slice) energy
HODOSCOPE clusters [6] with a total energy of at least 18 GeV in the
DRIFT CHAMBER ¢ (DC4) B eOUNTER ECAL, minimal hadronic shower activity in the hadron-
HADRON-ANTI anti (<2.5 times the minimum ionizing particle energy),
and hits in the DC1-4 vertical views consistent with two
X tracks. The beta decay trigger was prescaled by 2 to fit in
DRIFT CHAMBER 2 (DC2) 7\ its limited trigger bandwidth with respect to the kaon trig-
2 \ gers. Finally, to allow studies of the basic hyperon trigger
DRIFT CHAMBER 1 (DC1) ﬁ% and of the beta decay trigger, there was a minimum bias
trigger, prescaled by 20000, that required signals only in
the hodoscopes and in the hole counters.
In contrast to other hyperon beta decays, the absence of
a competing two-body decay containingtd eliminated
a major background to our signal. Therefore, the possible
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DRIFT CHAMBER 3 (DC3)
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5 <$ backgrounds were as follows: (&) — 7*e* v,, A® —
X i > pa~,or A — pe~7, decays with, in each case, two ac-
- . . . 0 0 + T
PHOTONVETOS : cugentallil cc_)ln(0:|dent phojgns, (l(c)i)’LO—>_7r e VS or
: Ki — 7w 7 7" and (c)E° — A"#" with eitherA® —

pm~ or A — pe~ 7, as subsequent decays, B —
30y with 30 — A%y followed by A° — p7~. As de-

/) ’ ; i .
/;SEAMS scribed below, clustering, kinematic, and event topology

FIG. 1. The KTeV apparatus as configured for this measure?‘dec'[ions strongly suppressed these backgrounds that are

ment. The transition radiation detector (TRD), muon, and backdue either to out of time activities (a) or to a misinter-
anti systems are not used in this analysis. pretation of the decay strings (b) and (c). The primary
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residual background wag? — A%7 followed by A — ~, 50
p + anything. Background investigations and acceptance 3 |
calculations were carried out with a detailed Monte Carlo =
simulation of the beam and detector. 2%
During reconstruction and analysis, we sought to mini- s |
mize event losses and to treat beta adtr® candidates @
30

as similarly as possible. All events were required to have
at least two neutral ECAL clustersr{ candidate) above

3 GeV and separated by more than 15 cm, and a low -
momentum negative track2.6-50 GeV/c¢ for ¢~ and 20
2.5-75 GeV/c for 77 7) pointing outside of the beam hole I
regions of the ECAL. The proton was identified by a high

momentum {10-400 GeV/c) positive track pointing to or

one of the beam holes of the ECAL. To rejét back-

grounds, the ratio of the positive track momentum over the [ oo Ingfad M
negative track momentum was required to be greater than 9.08 1.14 1.19 1.24 1.29
3.5. ldentical track quality and fiducial requirements were M,0 (GeV/c?)

'mgos%qdo? agoevenzter. _ tructi ded FIG. 2. Reconstructecp7° invariant mass distribution for
anaigate =" — 2 "e v, reconstruction proceeded the =0 peta decay candidates. Superimposed in gray is the

from downstream to upstream. The secondafydecay simulated background fronE? — A°7° decays withA® —
vertex was located, with a longitudinal resolution of p + anything.

0.4 m, at the point along the proton track where the two

highest energy neutral ECAL clusters matched tht
mass. The primanZ° vertex was then defined at the
point of closest approach of the extrapolatd path and
the negative track. To removg® — A%7° background
candidates, &° — A%#% hypothesis, described below
was used to reject candidates with a reconstructes®
mass belowl .33 GeV/c>.

background from the mass distribution, the residual back-
ground was estimated to be negligible by counting events
in two 15 MeV/c? mass regions on either side of the
peak (1.155-1.170;1.21-1.225) yielding a total sample of
' 176 = 14 E° — ST~ 7, events. The reconstruct@i

and 2° decay distance distributions matched those pre-
dicted from known lifetime values. Distributions such as

A” Vf?(;t'cesl W?re regglreldSOto fall Vé'th'.n ;%; decay the proton and electron momentum spectra in the labora-
region nduciai vo ume_( o m), and prim Ver . tory frame and the neutrino momentum spectrum in the
tices were required to lie within a neutral beam. We elimi-—g rest frame (Fig. 3) for simulateE® — 3 *e 7, de-

o . e

. 0 o i Y
nated prl_maryA or K” two-body decays by rejecting cgys all agreed with the data,
events with charged vertex transverse momentum square

less thar0.001 (GeV/c)?>. To enforce correct vertex ge-

ometry and to reduce further the primaty® or K° de- 045 [
cay backgrounds, each secondary vertex was required to %3 |
be 1-20 m downstream of the primary vertex. Further re- =40 F ——
quirements were imposed on reconstrud@dmomentum 535 3 —l_
(160-500 GeV/c) and decay distance<(10 lifetimes). I
Only those events in the beta decay trigger sample @30 |
which contain are ™, identified by the deposition of more ;
than 90% of its energy in the ECAL, were retained. a3
We also required a suitabE* e~ invariant mass1(20- 20 E
1.32 GeV/c?) and a missing transverse momentum which
was (within a25 MeV/c¢ uncertainty) less than the recon- 15r |
structed neutrino momentum in tf rest frame. w0k #
The p ¥ invariant mass distribution for the 235 remain- : ! —l—
ing candidates is shown in Fig. 2. A cle&i mass peak 5F !
is apparent, containing 183 events withinl5 MeV/c? S .
(=3 standard deviations) of the™ mass [7]. The gray 007020 30 40 50 60 70 80 90 100110 120
region of Fig. 2 is the distribution for the primary pre- P, (MeV/c)

. 0 )
dicted background, fron=" decay, normalized to the FIG. 3. Neutrino momentum spectrum in t& rest frame.

be_am flu_x m_eafs,ure_d from the _normallzatlon S.ample. Th%oints are data with statistical uncertainties, and the histogram
tail of this distribution was estimated to contribute sevens our Monte Carlo simulation normalized to the same number

events under the mass peak. After subtracting this knowaf events. The acceptance has little effect on this distribution.
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The 2% — A°#0 candidate events were similarly iden-  In summary, we observe®? beta decay for the first
tified in the basic hyperon trigger sample withZ —  time and measured its branching fraction. The clean beta
A7 hypothesis. The two charged tracks were fit todecay signal £4% total background) implies that we
locate theA® vertex. The reconstructed® mass was have suppressed the dominadt decay mode by more
required to be within-10 MeV/c? (=5 standard devia- than103. This branching ratio result does not distinguish
tions) of its value [7]. The primang® decay vertex was between the exact flavor symmetry calculation and lower
then located along the extrapolatdd path using ther®  values based on flavor symmetry violation analyses [3,8].
constraint. Accepted events were required to have les#/e have now accumulated 5 times more events with
than 80% of the negative trackr(’) energy deposited improved triggering and systematic uncertainties, making
in the ECAL and to have &°#° invariant mass within possible future studies of decay angular distributions as
+15 MeV/c? (=5 standard deviations) of thE° mass well as a more accurate branching ratio determination that
[7]. The resulting normalization sample contained 41 024may distinguish between models.

2% — A%70 events. Again, kinematic distributions for ~We thank A. Garcia, A. Manohar, and J. Rosner for
simulated events agreed well with the data. The level omany helpful discussions. We gratefully acknowledge the
background in this sample was negligible. support and effort of the Fermilab staff and the technical
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cay and the basic hyperon trigger efficiencies and to valibepartment of Energy, The National Science Foundation,
date aspects of the simulation. For the trigger elementand The Ministry of Education and Science of Japan. In
unique to the beta decay trigger, a combined efficiency o&ddition, A.R.B., E.B., and S. V. S. acknowledge support
e = 0.98 = 0.01 was obtained. For the trigger elementsfrom the NYI program of the NSF; A. R. B. and E. B. from
common to both triggers, only the STT had significant pothe Alfred P. Sloan Foundation; E. B. from the OJI pro-
tential to create noncanceling effects. These effects aroggam of the DOE; and K.H., T.N., and M. S. from the
because the DC1-4 wires used by the STT were the limJapan Society for the Promotion of Science.
iting aperture for protons and because the STT rejected
events with more than one particle hitting these wires. We
comparedA’ — p7~ and E° — A%7% minimum bias
trigger events with a Monte Carlo simulation. The STT
absolute efficiency wadl *+ 3% and its relative accep-
tance wad.0 = 0.1. We thus included a 10% systematic
uncertainty contribution for the STT. When each of the
selection criteria was systematically varied, no statistically 705 (1960): z. Maki, M. Nakagawa, and S. Sakata, Prog.
significant variations were detected. We also found that  Theor. Phys28, 870 (1962).
the beta decay acceptance had a negligible dependence da] We have used numerical values from Ref. [7] and the
the form factor values used in the simulation. We there-  notation and formulas of Ref. [4] for this calculation
fore assigned a combined 5% systematic uncertainty to our ~ (f1 = L [Vis| = 0.2196 = 0.0023, g/f1 = 1.2670 =
simulation of the relative acceptance. We also ascribed a  0-0035, f2/f1 = 22;60, g2 =0, My =970 MeV/c?,
+3 events systematic uncertainty to the background sub- %4 = 1250 MeV/c?). ‘The uncertainties come primarily
traction to allow for possible inadequacies in the subtrac- . rom the=" mass and lifetime. . .
tion method. Combined in quadrature, these contributions[g] See, for example, R. Flores-Mendieta, E. Jenkins, and

. : . ' A.V. Manohar, Phys. Rev. D58 094028 (1998);
yielded a 11.3% net systematic uncertainty.
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