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Sensitivity to the KARMEN timing anomaly at MiniBooNE
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We present sensitivities for the MiniBooNE experiment to a rare exotic pion decay producing a massive
particle Q0. This type of decay represents one possible explanation for the timing anomaly reported by the
KARMEN Collaboration. MiniBooNE will be able to explore a region of the KARMEN signal that has not yet
been investigated.
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I. THE KARMEN TIMING ANOMALY

The KARMEN Collaboration at the ISIS spallation ne
tron facility at the Rutherford Appleton Laboratory uses
pulsed neutrino beam from stopped pion and muon decay
study neutrino-nucleon interactions. They have reported
anomaly in the timing distribution of neutrino interaction
from stopped muon decays@1#. One possible explanation fo
the anomaly is an exotic pion decay where a neutral
weakly interacting or sterile particle (Q0) with a velocity of
4.9 m/ms is produced. This particle, with a mass
33.9 MeV/c2 measured from the time of flight, then deca
in the KARMEN detector toe1e2n or gn. The decay to
e1e2n is strongly favored by recent data@2#.

The KARMEN experiment reports a signal curve for pio
branching ratioB(p→mQ0)3B(Q0→visible) versus life-
time. A minimum branching ratio of 10216 exists for a life-
time of 3.6 ms. Two solutions exist above this minimum
one at large lifetime and one at small lifetimes. Experime
at the Paul Scherrer Institute~PSI! have excluded any
exotic pion decays to muons with branching ratios abo
6.0310210 at 90% C.L., and to electrons with branchin
ratios above 9.031027 at 90% C.L.@3–5#. Also, the NuTeV
experiment~E815! at Fermi National Accelerator Laborator
~Fermilab! has excluded the short lifetime solution wi
branching ratios above 5310212 at 90% C.L. @6#. Still,
segments of the KARMEN signal region remain to
addressed.

Although recent data from KARMEN2 do not show
statistically significant signal for theQ0 particle, a substan
tial effect persists in the combined data sets from KA
MEN1 and KARMEN2@7#.

II. THE MiniBooNE EXPERIMENT

The MiniBooNE experiment~E898!, currently under con-
struction at Fermilab, will begin collecting data in 2002. T
Fermilab Booster ring will provide 8 GeV protons, whic
will strike a beryllium target. This interaction will produc
primarily pions, which will decay in flight in a 50-m deca
pipe. Muons from the pion decays will be stopped in a st
beam dump and about 489 m of earth between the decay
and the center of the MiniBooNE detector. The MiniBooN
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detector is a spherical tank, 6.1 m in radius, and filled w
807 tons of mineral oil. An inner tank structure at 5.75
radius supports 1280 8-inch photomultiplier tubes facing i
the tank. An additional 330 8-inch photomultiplier tubes
the optically isolated outer region of the tank will serve as
veto shield. The MiniBooNE experiment will receive ap
proximately 531020 protons on target each year.

A GEANT-based@8# Monte Carlo program was used t
simulate the production and decay of theQ0 particles from
pion decay using the decay modeQ0→e1e2n. Figure 1
shows the energy spectrum of all pions produced in
model. ‘‘Parent pions’’ which produceQ0s within the detec-
tor acceptance, and theQ0 particles that reach our detecto
are also shown. The number ofQ0s decaying in the Mini-
BooNE detector in a year of running was then calculated
a variety of lifetimes and branching ratios within the KAR
MEN signal band. The electron and the positron will rep

FIG. 1. Energy distributions for particles in the Monte Car
model. The distribution for all pions produced, the pions whi
decay toQ0s within the detector acceptance, and theQ0 energy
spectrum are shown.
©2002 The American Physical Society01-1



he
in

e
-

a

te

te
at
e

o
o

e
he
fo

r
va

e
e

x

al
s

-
g

c-
e

a

BRIEF REPORTS PHYSICAL REVIEW D 65 077701
sent the signal signature and will be reconstructed from t
Čerenkov rings in the detector. In most cases, the open
angle between the electron and the positron appears to b
small to resolve into two separate Cˇ erenkov rings. Conse
quently, the major background to theQ0 signal will be ne
quasielastic scattering. In the cases where the two rings
separately resolvable, neutral currentp0 production will be
the dominant background contribution.

III. THE BOOSTER TIMING STRUCTURE

The timing structure of the proton pulses from the Boos
allows us to discriminate between neutrino andQ0 events.
Micropulses within the Booster pulses can be approxima
by Gaussian-shaped pulses with widths of 1.5 ns, separ
by 18.94 ns. Given that theQ0 mass is very close to th
kinematic limit for the decayp→mQ0, theQ0 particles will
be traveling at speeds similar to the parent pions, and c
siderably slower than the neutrinos. Most of the neutrin
will arrive at the detector within a tight timing bunch, whil
many of theQ0s will reach the detector at times between t
neutrino bunches. Figure 2 shows the timing distributions
a neutrino bunch and for the correspondingQ0 particles, and
Fig. 3 shows the arrival time of theQ0 particle as a function
of the energy of the parent particle. The timing structu
makes it possible to impose a cut on the time of arri
which is very effective in isolating theQ0 signal. By varying
the value of the timing cut, theQ0 detection efficiency was
examined. Figure 4 shows the efficiency of detecting aQ0

particle as a function of neutrino rejection. We have assum
MiniBooNE’s timing resolution for neutrino events to b
1.2 ns and independent of neutrino energy.

This paper presents sensitivities of the MiniBooNE e

FIG. 2. Timing distribution for events at the MiniBooNE dete
tor. The solid line represents theQ0 particles, and the dashed lin
shows the distribution of neutrinos from the beam.
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periment to the KARMEN timing anomaly based onQ0 ef-
ficiencies of 10% and 100%. It is anticipated that the fin
MiniBooNE sensitivity will lie between these limits. For thi
analysis we also assume no backgrounds to theQ0 signal.

IV. MiniBooNE SENSITIVITY TO THE KARMEN TIMING
ANOMALY

MiniBooNE will be able to explore the short-lifetime re
gion of the KARMEN signal at 90% C.L. down to branchin

FIG. 3. TheQ0 time of arrival at the MiniBooNE detector as
function of the energy of the parent pion.

FIG. 4. Then rejection (%) vsQ0 efficiency for different tim-
ing cut values.
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ratios of approximately 5310215 at 10% detection effi-
ciency. Figure 5 shows MiniBooNE’s exclusion region fro
one year of running and assuming no background. M
BooNE’s maximum reach in the short-lifetime solution m
be extended to a branching ratio of 5310216 if 100% detec-
tion efficiency is assumed. These limits are based on a
liminary version of the reconstruction algorithm. Improv
ments to the sensitivity are anticipated with furth
development of the reconstruction algorithm.

Our single event sensitivity in the short-lifetime solutio
will reach branching ratios of approximately 2310215 at
10% detection efficiency in one year of running, with n
background. The maximum single-event sensitivity~based
on 100% detection efficiency! will reach branching ratios o

FIG. 5. MiniBooNE’s exclusion reach at 90% C.L. based on o
year of running and assuming no background.
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approximately 2310216 in one year of running with no
background~Fig. 6!.

In conclusion, the timing anomaly observed by the KA
MEN1 experiment has yet to be explained. The MiniBooN
experiment will be capable of probing previously unexplor
regions of the KARMEN signal.
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