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Bounds are derived on the cross section, flux, and energy density of new particles that may be responsible
for the atmospheric neutrino anomaly: 4.6310245 cm2,s,2.4310234 cm2. The decay of primordial homo-
geneous dark matter can be excluded.@S0556-2821~97!01819-5#

PACS number~s!: 95.351d, 13.35.Hb, 95.85.Ry, 98.70.Sa

The atmospheric neutrino anomaly@1–3# refers to indica-
tions that the ratio of muon neutrinos to electron neutrinos
observed in underground detectors is significantly less than
expected. Expectations are based on calculations of neutrino
fluxes derived from pions produced by primary cosmic ray
interactions in the upper atmosphere. Since Earth’s atmo-
sphere is not particularly dense the pions decay to produce
muons and neutrinos and a good fraction of the muons also
decay to produce neutrinos. Estimates based on detailed pro-
duction models put the ratio of muon neutrino flux to elec-
tron neutrino flux close to 2@4#. The overall normalization of
these models is uncertain and so, it is the ratio for which one
has the highest confidence.

The most popular explanation for the deficiency is that
neutrino oscillations have converted some of the muon neu-
trinos to some other type so that the muon neutrino flux
observed is much closer to the electron neutrino flux. The
neutrino oscillation hypothesis has failed to be confirmed by
a number of measurements@5,6# that use other, independent
portions of the atmospheric neutrino spectrum. But these re-
sults themselves are at odds with the Kamioka multi GeV
results@7#. While the oscillation alternative hypothesis can
not be ruled out it is reasonable to seek alternative explana-
tions for the observations.

These experiments are sensitive to extremely low energy
densities, which have never been probed before. Since there
is no way to tell whether the observed signal is actually
attributable to neutrinos, nor if they are neutrinos if they are
produced in the atmosphere, it is prudent to consider other
possible alternatives. In particular, a flux of any particle that
interacts in a way that does not produce the distinctive ener-
getic muon in the final state might possibly contribute to an
increase in the relative rates of observed ‘‘electron’’-like
events to muon-neutrino-induced events.

This paper explores a number of constraints that can be
placed on sources of nonmuon-type interactions in under-
ground detectors.

These events are observed in deep underground detectors.
This means that whatever is producing them must have pen-
etrated the Earth~or have been present in the detector before-
hand!. There is no evidence for any directional dependence
to the event rates so that the upwardgoing flux must be com-
parable to that from all other directions. The interaction
length must be comparable to the Earth’s diameter, or
greater:
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The interaction length depends on the cross section and den-
sity traversed. From the known density of the Earth we can
get a bound thats,2.4310234 cm2. This is a conservative
bound, in that we have used the average density of the Earth
but the upwardgoing particles would have traversed the core
which has considerably more mass. This cross section limit
is well above the cross section for 1 GeV neutrinos which is
about 0.7310238 cm2.

One might argue that while the observed events are iso-
tropic this does not necessarily require an isotropic flux.
Rather a reaction yielding an isotropic energy flow would do.
But the majority of the observed events are classified as
‘‘single prong’’ implying that the observed energy and mo-
mentum are comparable. The momentum must be brought in
with the interacting particle and so its flux is most likely
isotropic. While this argument becomes more reliable as the
energy increases the absence of anisotropy at any energy
makes it the simplest interpretation.

If we attribute the anomalous observations to the presence
of an excess of a nonmuon producing type of event we can
get a bound on this new flux from the observed event rate
and the cross section bound we have estimated. The ob-
served muon flux is about 60% of its expected value relative
to the nonmuon component. If the observed depression of the
muon to electron ratio is interpreted as an enhancement in
the ‘‘electron,’’ i.e., nonmuonic component, this enhance-
ment must account for from 20% to 30% of all of the ob-
served events. The event rate in a 3.3 kiloton water detector
is about 1 event per day@8#, which is about R55.8
310239 events/sec nucleon. This yields a flux limit of

FDM.PR/s,

whereP is the fraction of all events attributable to new phys-
ics andFDM is the flux of new~dark! matter.

Here any possible nuclear shadowing has been neglected.
It is assumed that all of the target nucleons available for
neutrino interactions are available for this new interaction
too. While one might argue that the lack of a significant
observed atmospheric neutrino anomaly in iron detectors@9#
might imply some shadowing in the heavier iron nucleus the
upper bound we have found for the cross section, in the
Earth, makes this unlikely.

PHYSICAL REVIEW D 1 OCTOBER 1997VOLUME 56, NUMBER 7

560556-2821/97/56~7!/4416~3!/$10.00 4416 © 1997 The American Physical Society



The limit on flux obtained from these arguments isFDM
.P32.431025 particles/cm2 sec. With P50.25 this is
FDM.631026 particles/cm2 sec.

Recall that the flux is inversely proportional to the cross
section. These additional particles could be electron neutri-
nos that are not of atmospheric origin. Using an average
neutrino cross section ofsne

53.4310239 cm2, ^En&
5500 MeV the excess flux would beFne

50.4

neutrinos/cm2 sec.
Only a lower bound on the flux of new particles can be

obtained from this argument since, if it is a new interaction
of a new particle, the cross section is not known.

A continuous flux of new particles would indicate the
presence of an energy density. The energy density can be
estimated from

e5FDM^E&/v,

where ^E& is the mean energy andv is the velocity of the
flux. The mean energy can be estimated from the energy
deposition by the interaction. But the visible energy found in
the detector is usually a fraction of the energy of the incident
particle. Forne interactions the visible energy is equal to the
energy of the electromagnetic shower produced but on aver-
age this is only 1/2 of the neutrino energy. The observed
visible energy distribution of the excess events seems to be
flat below about 600 MeV @10#. We will take ^E&
5 (300/x) MeV, wherex is the fraction of particle energy
found in the detector. It is assumed that the velocity is of the
order the speed of light, that is the particles are relativistic.
This yieldse.2.4310213(P/x) MeV/cm3. This is about 4
310219(P/x) ergs/cm3, which should be compared with the
cosmic matter density of one nucleon per cubic meter.
ecosmic51.531029 ergs/cm3.

If the events are assumed to bene induced so thats, x,
and P are known one getsene

58.631029 MeV/cm3 or ene

51.4310214 ergs/cm3 which is well below the cosmic
baryon energy density.

The choice of^E&5 (300/x) MeV is conservative. It is
possible that the anomaly does not extend to higher energies.
Even if the evidence presented in@7# is correct the mean
energy of the flux will only be higher. Higher mean energies
for this ‘‘dark matter’’ would lead to tighter bounds than
those presented here. It is possible that if the new matter
responsible for the anomaly has a cross section that drops
rapidly with energy there could be considerably more of it
present than as sampled by the observed effect. Using a,
possibly low, energy estimate based on observations makes
the limits obtained conservative.

Given a bound on the energy density of the universe we
can get a lower limit on the cross section if this energy den-
sity is manifesting itself via these excess underground
events. The relationship between energy density and cross
section can be summarized bye5 (PR/s)/(^E&/v) whereR
is the number of events observed per nucleon per second,P
is the fraction of events attributable to the new particle,s is
the interaction cross section,^E& is the mean energy of the
interacting particles, andv is the velocity of these particles.

One can expect an upper bound on the energy density to
be enough to close the universe,eclosure. Under these condi-

tions one finds smin.(PR/eclosure)(^E&/v) With eclosure
51028 ergs/cm3 @11,12# this yields smin.4.6310245

cm2 nucleon forP50.25, ^E&5600 MeV, andv5c.
A crude flux bound can be obtained from some of these

ideas. It is dependent only on the observed energy and the
closure bound on energy density:

FDM,eclosurev/^E&.

To be conservative we takev5c and^E&.300 MeV, which
yields FDM,6.23105 particles/cm2 sec.

It is possible that the excess events observed as the
anomaly come from the decay of particles in the detector
rather than interactions with an ambient flux. This hypothesis
is attractive since the anomaly is not confirmed by dense
detectors but only by the relatively low density water detec-
tors. Neutrino interactions~and proton decay! should depend
on the fiducial mass of the device. But if one is observing the
decay of an ambient dark matter flux the rate should depend
on the volume of the detector and not its mass. The low
density water detectors observe a significantly large volume,
by a factor of 3–4 relative to the mass viewed. So the
anomalous fraction of decay events found in dense detectors
should be greatly suppressed relative to neutrino interactions.

The observed decay rate should beRu5 rNV/t whereV
is the volume of the detector,rN is the number density of the
decaying particle, andt is the particle lifetime. For water
detectors the excess event rate per unit volumeRu /V5P
33.5310215 events/second cm3. P is the fraction of total
events attributable to dark matter decay, about 25%.

For a bound on this hypothesis we can rewrite it in terms
of the energy densitye and the particle lifetimet :
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Here^E& is the mean energy associated with each particle at
the present time. Such particles might be very massive but
we can bound̂ E& by the average energy observed in the
detector for each decaŷE&.300 MeV. This implies

S e
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.8.4310219 ergs/cm3sec.

One expects an upper bound one to beeclosureand a lower
bound ont to be comparable to the age of the universe. This
yields

e

t
,

eclosure

tuniverse
53.2310226 ergs/cm3 sec.

Comparing this with the observational result above we
can conclude that the hypothesis of the decay of ambient
dark matter can be ruled out. This bound could be circum-
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vented if there is a reason why the dark matter should cluster
at well above the cosmic density limit in the vicinity of the
detector.

Since the origin of the ‘‘atmospheric neutrino anomaly’’
is still uncertain we have attempted to place a number of
bounds on the possible source. While the bounds include the
conventional explanation of muon neutrino oscillations, our
more general approach gives a range of alternatives and may
provide motivation for additional theoretical and experimen-
tal work on the subject.

The dark matter we have set limits on refers to an ambi-
ent, weakly interacting form of matter. It is clear from the
work on energy density that at the low density limits permit-
ted by this work, there would be negligible gravitational ef-

fects on galactic dynamics. On the other hand, we have used
closure of the universe as other analyses have@13# to get an
upper bound on the energy density where gravitational ef-
fects would certainly be noticed.

The decay of a primordial homogeneous component can
be ruled out. The absence of any apparent point sources, in
terrestrial or celestial coordinates, in the data implies either a
diffuse local source, or a cosmological one. It is difficult to
understand how natural processes could populate the several
hundred MeV energy region with electron neutrinos or other
penetrating particles.
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manuscript.
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