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DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, rademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ermnment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.
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Results of recent experiments suggest that the neutrino may be more
than a thousand times more massive than previously believed. Studies
performed at four different laboratories on the decays of five different isotopes
indicate that a neutrino with a mass of 17 keV (17,000 electron volts) is emitted
approximately 1% of the time in nuclear beta decay. Such a "heavy" neuirino
would have profound implications in both particle physics and astrophysics.

Neutrino History. Early in this century, physicists discovered a type of

radioactivity that is now known as beta decay. In this process, a neutron inside

‘an atomic nucleus converts into a proton and an electron (beta particle). The

proton remains bound inside the nucleus by the strong nuclear force, while the
beta is ejected. The amount of energy available in such a decay, Qg, is equal
to the difference in rest-mass energy between the initial and final nuclear states.
Up until this time, every process studied by physicists had obeyed the law of
energy conservation - that is, the total energy of an isolated system dées not
change. Thus, it was expected all beta decays of a given isotope would
produce electrons with a unique energy, Qg. However, when the energy
spectrum of the emitted electrons was first measured in the 1920's, a very
surprising result was found. Instead of a single electron energy, what was
observed was a continuous spectrum extending from zero energy up to the full
decay energy, Qp. At this point, physicists had two choices: either to give up

their cherished belief in energy conservation or to hypothesize the existence of
an additional unseen particle that is erhitted in beta decay. This .particle would
share the available energy with the electron such that the sum of the two
energies would equal Qg. The particle that accompanies the electron emitted
in nuclear beta decay is now known as the electron-type anti-neutrino. Related
processes that have also been observed are (1) positron decay, in which a

proton inside a nucleus converts into a neutron plus a positron plus an electron-



type neutrino and (2) electron capture, in which a proton inside a nucleus
captures a bound atomic electron and converts into a neutron plus an electron-
type neutrino.

Neutrinos interact with matter only through thé weak and gravitational

forces. Thus, the direct detection of neutrinos is a formidable experiméntal

challenge. It took nearly thirty years before the electron-type neutrino was

detected in the laboratory. Since then, two additional types of neUtrinos have
been discovered: one associated with the muon, v, and one associated with
the tau lepton, v;. Today neutrino beams are routinely available at a number of
acéelerators around the world; ahd neutrino detectors are playing a major role

in particle physics and astrophysics.

Massive Neutrinos? The fact that the spectrum of electrons emitted in -

nuclear beta decay appears to extend all the way up to the maximum energy

allowed by énergy conservation suggests that the neutrino is either massless or

at least very low in mass. Studies of the high energy portion of the beta -

spectrum of tritium (3H) have established that the mass of the electron-type anti-
neutrino is less than 10 electron volts. It was suggested around 1980, ho.wever,
that the object emitted in beta decay might not be a simple particle with a well
defined mass. It might instead be a composite object made up of two particles

with quite different masses. If one assumes that the major constituent is

" massless and that the other smaller component has a mass on the order of .

keV's, then beta decay spectra would be more complicated than previously
thought. As illustrated in Fig. 1, each spectrum would actually consist of two
components. Thg one associated with the emission of the massless neutrino
would extend all the way up to Qg, and the second weaker component

associated with the emission of the massive neutrino would end at an energy of

QB. - myc2, where m,, is the mass of the heavy neutrino. In beta decay studies,
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one detects only the electron, not the neutrino. Thus one would observe the
sum of these two spectra. At the energy where the spectrum associated with the
emission of the heavy neutrino ends, there would be a change in the slope or a
"kink" in the observed beta spectnjm. This spectral feature is the signature of
the emission of a heavy neutrino. L

The first reported observation of such a "kink" came in 1985 when John
Simpson from the University of Guelph in Canada claimed to see an excess
number of events at low energy in the beta spectrum of tritium, which he
interpreted as being due to the emission of a heavy neutrino. Most béta decay
studies suffer from the problem of betas scattering within the radioactive source
before reaching the detector and the problem of betas backscattering out of the
detector. ‘Both of these processes mimic the effect of the massive neutrino in that

they result in an excess of low-energy events appearing in the beta energy

- spectrum.  In order to be able to observe the tritium spectrum (Qg = 18.6 keV)

with a minimum of distortion, Simpson implanted the tritium into a silicon semi-
conductor detector. After the implantation, the beta particles from the tritium
decays were detected via the ionization they produced in the silicon. A high
voltage applied across the silicon crystal caused negatively-charged electrons
to drift to one electrode while positively-charged ions drifted to the other .
electrode. The amount of ionization produced in such a device is proportional
to the energy deposited by the beta particle. From a detailed study of the tritium
beta spectral shape, Simpson inferred that a neutrino with a mass of 17 kev was
occasionally emitted instead of the massless neutrino.

This unexpected result caused quite a stir in the physics community.
Between 1985 and 1988, eight different groups at laboratories scattered
around the world attempted to duplicate Simpson's results by studying the beta

decays of several different isotopes using a variety of techniques. All of these



subsequent experiments found no evidence of such a "kink™ and each claimed
to rule out the existence of a neutrino with a mass of 17 keV. |

In 1989, however, Simpson presented results of two new exberiments
which again showed evidence for the emission of the heavy neutrino. The first
experiment again involved tritium implanted in a semiconductor detector, but
this time germanium was used instead of silicon. The point of this was to
demonstrate that the "kink" was not an artifact peculi.ar to the use of a silicbn
detector. The second experiment was a more conventional beta decay study
utilizing a radioactive source external to the detector. In this experiment, a
source of 358 (sulfur-35) was put on a thin backing and the beta particles were
observed in a cooled silicon detector. Both of these experiments provided
further evidence that a neutrino with a mass of 17 keV is mixed with about'1%
probability with the massless neutrino.

These new claims have prompted another round of experiments to be
performed by physicists all around the world - but this time the results are
different. New studies of the beta decays of 14C (carbon-14) and 35S and a
study of the electron-capture decay of 71Ge (germanium-71) all indicate that a
neutrino with a maés of 17 keV is emitted approximately 1% of the time when
these nuclei decay. The recent 14C experiment was similar to Simpé‘on's
tritium experiments in that the radioactive source was inside the detector. In
this case, however, the detector was made from a crystal of germanium grown
with 14C inside it. This avoided the problem of the radiation damage produced
by an implantation process. | The results of this study are shown in Fig. 2. The
spectral distortion Which appears 17 keV below the 14C endpoint energy is the
signature of the heavy neutrino. The new 35S experiment improved on
- Simpson's version by Utilizing collimators and baffles to prevent scattered

electrons from reaching the silicon detector. The results of this experiment also
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showed a clear distortion of the 35S beta spectrum characteristic of a neutrino
with a mass of 17-keV and an emission probability near 1%. The 71Ge
experiment differs from others in that what was detected were photons given off
in radiative electron capture (inner bremsstrahlung). These photons share the
available decay energy with the neutrino, much like the electron and anti-
neutrino do in ordinary beta decay. Thus, if a massive neutrino is sometimes
emitted in electron capturé, a "kink" should appear in the inner bremsstrahlung
spéctrum. Such a feature 17-keV below the endpoint is just what was observed

in this recent study. Thus, threel additional groups using quite different

: techniques have now reported evidence for the existence of the 17-keV

neutrino.

Implications of a 17-keV Neutrino. If these new results prove to be
true, they will have profound implications for both particle physics and
astrophysics. In the so-called Standard Model of elementary particles,
neutrinos are taken to be massless. While some extensions of the Standard
Model allow for neutrino masses on the order of an electron volt or so, 17 keV
is far heavier than had been expected. From experiments performed at high
energy accelerators, it is now known that there are only the three types of
neutrinos mentioned earlier, and thus the question arises as to which one has a
mass of 17 keV? The limit on the mass of the electron-type neutrino mentioned
previously eliminates the possibility that it is the 17-keV }neutrino. From so-
called neutrino oscillation experiments, in which one looks for neutrinos of one
type to convert into another, the p-type neutrino is also ruled out. This leaves
open the possibility that the tau neutrino is the object with a mass of 17 keV that
is being observed in these beta decay experiments.

Such a heavy neutrino might be expected to play a major role in a

number of astrophysical problems, such as the solar neutrino problem (i.e. the



deficit of neutrinos reaching us from the Sun) and the problem of dark matter

(the fact that the universe seems to contain far more matter than we can directly

~ see). The 17-keV neutrino appears to be too heavy to help resolve the solar

neutrino problem. Its effect would be to decrease the flux of eleét'ron-type
neutrinos reaching the Earth by only about 2% which hardly makes a dent in the
factor of 2-3 discrepancy between theory and experiment. Regarding the dark
 matter problem, the situation is not so clear. Neut}rinos were produced in huge
numbers in the Big Bang. If these particles are stable, then there are hundreds
of neutrinos per cubic cehtimeter everywhere in the universe today. If neutrinos
have a rest mass energy of approximately 100 eV, they would provide a hfg‘h
enough matter density to eventually halt the universal expansion and close the
universe. A 17-keV neutrino is a problem in this regard. If it were stable, it
would provide about 200 times the required closure density. Thus, the
uniyerse should have long ago collapsed under the weight of its neutrinos.
Since this did not happen, the conclusion is that the 17-keV neutrino must be
unstable and have a lifetime less than a million years or so. If its lifetime is near
this upper Ii.mit, fhe decay products of the 17-keV neutrino could be the sought-
for dark métter. Just what these decay products might be is an open question.

| Conclusions. It is ante suggestive that a number of Very different
recent experiments have observed "kinks" in beta decay spectra 17 keV below

whatever the endpoint energy is for the nucleus being studied. Furthermore, it

is significant that all of these experiments yield consistent mixing probabilities ‘

of approximately 1%. It is hard to find a common error that might be plaguing
all of the experiments. However, it shbuld be pointed out that all positive

reports of such "kinks" come from experiments performed with solid-state
| ionization detectdré of either silicon or germanium. To date, no magnetic

spectrometer or gas detector experiments have éeen a "kink". Clearly, if this
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object is a neutrino, it must show up in every beta spectrum. Thus, at the
present time there are many very careful experiments being performed at a
number of different laboratories to help clarify the intriguing puzzie of the 17-

keV neutrino.
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Figure Captions

Figure 1. The beta spectrum that would be observed in nuclear beta decay
studies if a massless neutrino were emitted 99% of the time and a neutrino of

mass my, werel emitted 1% of the time. The "kink" occurs at the energy where

the spectrum associated with the emission of the heavy neutrino ends.

Figure 2. The ratio of the observed beta spectrum of 14C to that expected if the
neutrino were massless. The shape of the spectrum expected for massless
neutrinos was determined from the observed data above 140 keV. The change
in this ratio from 1.0 that begins to occur at 138 keV is well fitted by the smooth
curve through the data points, which shows the deviation expected if a 17-keV
neutrino is emitted 1% of the time in the beta decay of 14C. (After B. Sur et al.,
Evidence for the emission of a 17-keV neutrino in the beta decay of 14C, Phys.
Rev. Lett. 66:2444-2447, 1991).
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