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A search for the decay z°— yX, where X is any long-lived weakly interacting neutral vector particle

+.0

with mass smaller than the neutral pion mass, was performed using neutral pions tagged by K *— 7% z°.
A 90%-C.L. upper limit for the branching ratio of the two-body decay B(x°— yX) <5x10 ™ is set.

Limits are also set for three-body decays 7°— yXX".

PACS numbers: 13.40.Hq, 14.80.Er

In this Letter we report the first experimental upper
limit on the branching ratio for the exotic decay
7n%— yX, where X is a hypothetical long-lived neutral
noninteracting particle. Owing to angular momentum
conservation, observation of such a signal would indicate
the unambiguous existence of a new vector particle [1].
The experiment is sensitive to the mass region 0= my
< m,o, Wwhere m o is the neutral pion mass. The possibili-
ties for X include a new light gauge boson [2,3] which ap-
pears in some extensions of the standard model with an
additional U(1) interaction [4], or an *“axigluon” [5].
The present search is also sensitive to three-body decays
% yXX', where X and X' could be particles such as
neutrinos [6] or supersymmetric particles [2].

This experiment is similar to a search for the rare de-
cay n%— vv previously reported [7]. A 7° was tagged by
the 205-MeV/c =% accompanying it in K ¥ — 770 de-
cay of stopped kaons. The signature of 7°— y.X decay is
a positive pion kinematically consistent with K+ — x+z°
decay, accompanied by a single photon. The principal
source of potential background is 7°— yy decay where
one photon escapes undetected. To minimize this back-
ground, it is critical to have a hermetic photon detector
with high detection efficiency.

The experiment was performed using the low-energy-
separated beam (LESBI) at the Alternating Gradient
Synchrotron at Brookhaven National Laboratory. The
cylindrically symmetric detector, whose side and end
views are shown in Fig. 1, was designed primarily to
search for K ¥ — z* vV, and is described in more detail in
Ref. [1] and references therein. A 775-MeV/c Kt beam
was slowed by a BeO degrader and stopped in a segment-
ed scintillating-fiber target located at the center of the
detector. Charged decay products were momentum ana-
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lyzed in a cylindrical drift chamber in a 1-T axial mag-
netic field. After traversing the drift chamber they were
stopped in a fifteen-layer scintillator range stack that sur-
rounded the drift chamber. These counters were used to
measure kinetic energy and range. The range-stack scin-
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FIG. 1. Schematic (a) side and (b) end views of the upper
half of the detector.
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tillators were instrumented with transient digitizers
(TDs) which recorded phototube pulse heights with an
8-bit dynamic range every 2 ns. The TD pulse-shape in-
formation was used to identify pions through their
characteristic 7t — u* — et decay sequence.

Photons were detected in an electromagnetic barrel
calorimeter that surrounded the range stack, in the range
stack itself, and in a pair of end-cap calorimeters located
upstream and downstream of the drift chamber. The
calorimeters consisted of alternating layers of 1-mm lead
and 5-mm scintillator and covered a solid angle of almost
4r. In the barrel calorimeter, the 2-m-long plastic scintil-
lators were viewed by phototubes at each end. The barrel
calorimeter had 48-fold azimuthal and 4-fold radial seg-
mentation; the end caps and range stack had 24-fold az-
imuthal segmentation. The barrel, range-stack, and end-
cap arrays had total thicknesses of 14, 1, and 12 r.l. (ra-
diation lengths), respectively. The energy resolution of
the calorimeters was approximately og/E =8%/VE (E in
GeV).

K*— n*7° data were selected by a trigger that re-
quired a charged track to stop in the region of the range
stack between 8 and 35 cm of scintillator in order to re-
move K*— utv and K+ — 37 decays. About 40% of
the total K*— 77 2% data used in the present analysis
had additional requirements imposed on-line by two
higher level triggers. The first level required that the to-
tal additional energy in the range stack not associated
with the track of a charged particle be less than 12 MeV
(extra-energy cut). This requirement eliminated events
with photons showering in the range stack, thereby sim-
plifying subsequent stages in the off-line analysis. The
second level trigger analyzed the TD pulse-shape data
from the stopping layer to distinguish pions from muons
by looking for evidence of a second pulse arising from
nt— u*v decay following the stopping pulse. For the
remaining 60% of the data that were not subject to the
on-line trigger constraints, these two additional require-
ments were imposed off-line during analysis. In addition,
in-flight K* decays were eliminated from the full data
set by requiring the kaon decay time to be at least 2 ns
later than the kaon stopping time.

The analysis was divided into two parts: 7° tagging,
and selection of events with only one photon which was
required to have converted in the barrel calorimeter.
Tagged 7%s from well-defined K — n* 2 samples were
selected by requiring exactly one positive charged track in
the target, in the drift chamber, and in the range stack
with satisfactory spatial matching at the boundaries. To
identify a pion and eliminate K*—pu*tv (y) and
K*— u*n% decays, the TD information was used to
reconstruct the decay sequence of 7+ — ut— e ™, as de-
scribed in Ref. [1]. Next, the relationship between
momentum and range was required to be consistent with
that of a charged pion. Finally, kinematic cuts were
placed on momentum, kinetic energy, and range of the
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charged track, demanding that they be consistent with
the 205-MeV/c n% from K ¥ — 7% z° decay within 30 of
the resolution in each parameter. The resolutions of
momentum, kinetic energy, and range for K*— z*x°
decay were 2.7%, 3.8%, and 3.9%, respectively. A total of
87077 Kt — ntz% events was selected. The only
significant potential source of background that could sur-
vive the selection process was pion scattering from the in-
cident beam, estimated to be < 1%.

In the second part of the analysis, events were sought
with a single-photon cluster in the barrel calorimeter and
no photons in any other detector subsystems including the
end-cap calorimeter, range stack, and target. This condi-
tion also eliminated 7°— ye*te = decay. In the range
stack and target, hit elements associated with the 7™
track were excluded from the search for photon energy.
The extra-energy cut in the on-line trigger selection con-
tained part of the photon selection for the 40% of the
data discussed above. The number of tagged z”s from
this portion of the data was corrected to account for this
photon selection before tagging to give an effective total
number of observed 7%s of N,0o=139243.

To be counted as photon energy, pulses in the barrel
were required to have a leading-edge time in a window
from —6 to +14 ns with respect to the K+ decay time.
The asymmetric time window was used to include the
slow products of photonuclear interactions. Adjacent
struck modules were considered to be associated with a
single-photon shower. For each hit module the hit posi-
tion in the plane perpendicular to the detector (beam)
axis was determined by the azimuthal and radial segmen-
tation of the calorimeter. The hit position along the
detector axis was calculated from end-to-end time and
pulse-height differences. The location of the photon
shower was then obtained by an energy-weighted average
of the hit positions of all modules belonging to the
shower. Events were kept with either one photon cluster
or with more than one cluster provided that the visible
energy of the second largest cluster was less than 0.3
MeV. For the other detector subsystems, the photon-veto
thresholds were 0.3, 1, and 2 MeV in visible energy for
the end-cap calorimeter, range stack, and target, respec-
tively.

At this stage of analysis the surviving events were
predominantly due to 7°— yy decay with the two pho-
tons hitting the same (or adjacent) barrel calorimeter
modules at different positions along the dimension paral-
lel to the detector axis. Owing to momentum conserva-
tion, events of this type have the photon cluster located at
180° to the 7™ track with respect to the K * decay vertex
in the plane perpendicular to the detector axis. To elimi-
nate this background, two cuts were applied. The first re-
quired that the azimuthal opening angle between the pho-
ton and the z° direction inferred from the =+ be greater
than 20°. This kinematic cut also effectively eliminated
background 7°— yy events where the lower-energy pho-
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ton overlayed the =%+ track, where the photon had the

highest likelihood of being missed. Second, since these
events are characterized by a single-photon cluster with
energy close to the total z° energy of E,0o=245 MeV in
K*— 7% 7° decay, events with photon energy greater
than 150 MeV were removed.

After all cuts, eight events survived, none of which
showed any evidence of being due to beam pion scatter-
ing. For those events, the missing mass squared m$ was
calculated using energies and momenta of the observed
photon and the 7° (determined from the observed n ™).
Figure 2 shows the distribution of m# for the remaining
events along with the expected mass-squared resolution
for my=0 MeV/c2. These surviving events were con-
sistent with 7z°— yy events expected with one photon
missing due to photon detection inefficiency. A Monte
Carlo (MC) simulation predicted fifteen events for this
type of background. The MC study indicated that a pho-
ton was missed due either to sampling fluctuations (for
low-energy photons) or to photonuclear interactions in
which the reaction products were not detected (for high-
energy photons). However, it is noted that the calcula-
tion is strongly dependent on the assumptions for nuclear
excitation and decay after photonuclear interactions.

Because the MC calculation is too uncertain to allow
us to confidently assign the observed events to back-
ground, the number of surviving events without back-
ground subtraction is used to give upper limits. To calcu-
late the 90%-confidence-limit (C.L.) counts Ngo(my), the
surviving events in Fig. 2 were summed within * 2o from
m#, where o is the expected Gaussian mass-squared reso-
lution for a particular value of my. The 90%-C.L. upper
limit of the branching ratio for z°— y.X for given my is

Noo(my)
N”os(mx)eza ’

B(x’— yX) < 4]

where e(my) is the acceptance for my and &, =0.9454 is
the acceptance of a % 20 peak integration. The contri-
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FIG. 2. Invariant missing mass squared for the surviving

eight events. The solid line shows the Monte Carlo-expected
mass-squared resolution for my =0 MeV/c2.

TABLE 1. Acceptance factors for z°— yX with my =20
MeV/c?.

Category Acceptance
One photon at barrel 0.52+0.03
Opening angle cut 0.51 £0.02
Energy cut (E, <150 MeV) 0.88 +0.04
Disruption of z* analysis by photon 1.09 +0.02
Accidental loss 0.66 = 0.02
Net acceptance 0.17 £0.01

butions to acceptance loss reflected in e(my) fall into
four major categories: (1) acceptance loss due to restrict-
ing valid photon conversions to the barrel calorimeter, in-
cluding geometrical loss and loss by photon conversion
before reaching the barrel; (2) acceptance loss due to ki-
nematic factors, including the opening angle and photon
energy cuts described above; (3) acceptance loss due to
disruption of the % selection by a photon from z%— yy
or n%— yX decay; and (4) acceptance loss due to ac-
cidental hits causing false vetoing of events. These are
shown in Table I for my =20 MeV/c?. Loss due to pho-
ton conversion was determined from MC simulation, and
tested by comparing the rejection for MC-produced
K *— n* 20 data with that for real data. The acceptance
loss due to the kinematics cuts and that due to photon
disruption of the z* analysis was also determined from
MC calculation. The latter factor is greater than unity
because the denominator of Eq. (1), consisting primarily
of two-photon events, suffers greater disruption than the
numerator. The acceptance loss due to accidentals was
evaluated by applying the photon cuts to K+t— u*v
samples. The branching-ratio limits obtained for
7%— yX, typically <5%10 4 are shown as a function
of my in Fig. 3 by the solid curve for the case in which X
is noninteracting and stable.

This result can be used, for example, to set a limit on
the magnitude of the coupling of the hypothetical gauge
boson X to the quarks,

g2<3x107%(1 —mg/m?) ~3, )

about a factor of 10 below the maximum expectation in
the model described in Ref. [3].

Upper limits for X decaying to detectable particles
with different lifetimes are also shown as a function of
my in Fig. 3, assuming a 1.5-m effective thickness for the
active part of the detector. For small my the sensitivity
decreases more slowly as a function of lifetime due to the
increased kinetic energy of X.

Branching-ratio limits can also be set for the three-
body decay 7°— yXX'. For simplicity, the masses of X
and X' were assumed to be the same, thus 0=<my
=< m,o/2. Two different spectra, phase space and Dalitz-
type, were used. The latter was found by replacing the
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FIG. 3. The 90%-C.L. upper limits for the branching ratio of
7%— yX (solid curve) as a function of mass my. The dotted
curves are the corresponding limits for finite lifetimes of X as
labeled. The dot-dashed and dashed curves show the upper lim-
it for the three-body decay 7°— yXX' with a phase-space spec-
trum and a Dalitz-type spectrum, respectively.

electron mass in the matrix element of 7°— ye te = de-
cay with my [8]. The surviving events in Fig. 2 were in-
tegrated over several intervals, each corresponding to a
range of my. The net acceptance was evaluated by
averaging &(my) in each interval and taking into account
the three-body spectrum. Limits (90% C.L.) for
7% yXX' are shown in Fig. 3 as a function of mass my
for the two assumed spectra and X, X’ stable.
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