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1.0 INFTRODUCTION.

The most direct searches for neutrino mass are
the experiments which seek a kinematical conse-
quence of this mass in some physical process. These
experiments include the study of the 8 spectrum
in tritium S decay as a probe of the mass of Ve,
the measurement of the muon momentum in pion
decay as a probe of the mass of vy, the study of
the hadronic invariant mass and energy distribu-
tion in 7 — w,-thadrons as a probe of the mass
of v, and other studies. The present analysis will
be concerned with kinematical probes of this kind,
and with neutrinoless double beta decay (BBov), 2
probe of neutrino mass which, like some of the kine-
matical probes, involves a nuclear decay. We will
survey the present situation, argue that interesting
physics might be revealed by experiments with some-
what improved sensitivity, and consider some ideas
for achieving the heightened sensitivity.

In Sec. 2, we review the present bounds on neu-
trino mass from both kinematical probes and g3, .
In Sec. 3, we discuss the fact that the tritium g decay
probes of the mass of v,, M,,, reveal an anomalous
B spectrum whose character is such that the value
of M7 that fits it best is negative. We describe
a neutrino-mass explanation of this anomaly which
does not work, and suggest future tests of molecular-
chemistry explanations which might work. In Sec.
4, we turn to future neutrino-mass experiments with
somewhat improved sensitivity. We explain how cur-
rent hints of neutrino mass suggest, albeit specula-
tively, that the neutrino masses might be big enough
to be visible in some of these experiments. Other im-
proved experiments, when combined with astrophys-
ical arguments, could serve to significantly restrict
some of the possibilities for neutrino masses. We dis-
cuss some ideas for more sensitive kinematical probes
and for more sensitive 88,, measurements. In Sec.
5, we describe certain new types of experiments, and
in Sec. 6, we state our conclusions.

2.0 WHERE WE STAND.
2.1 The M,, Bound.

the bounds on the », mass yielded by the recent
tritium f# decay experiments. These bounds come
from study of the shape of the 8 spectruma near its
upper endpoint. It is seen that the 4 spectrum has an
excess of events near its upper endpoint, rether than
having the deficit of events that would correspond to
a positive Mi. We note from Table 1 that in all of
the experiments, the vatue of M2 that fiis this shape
best is negative, in some experiments significantly so.
This excess can be seen clearly in the data from the
Livermore experiment.[5)

In Table 1, we show

Since the 3 spectrum has an anomalous shape
which is not understood — a shape that corresponds
neither to a vanishing value of Mfe nor to a physical
(positive) nonvanishing value — it could be that M.,
is actually somewhat larger than the bounds quoted’
in Table 1. However, if it were, say an order of
magnitude larger, its effects would have been seen.
Thus, the bounds in Table 1 do indicate that current
experiments are sensitive to values of M,_ roughly in
the 10 eV range.

2.2 The M,, Bound. Upper bounds on M, ,
the mass of v, have come from studies of the decay
T -» py, using pions at rest or ones in flight,
and from studies of the decay K, — mv,. The
most stringent existing bound is M, < 0.16MeV
at 90% confidence level.[7] This bound comes from
measurement of the muon momentum in the decay
7 — ur, of pions at rest, combined with information
on the pion and muon masses.

2.3 The M,_  Bound. Limitson M. _, the mass of
vy, have come from studies of the invariant mass and
energy of the hadronic system in 7 — . .+hadrons.
The bigger the invariant mass is, the less energy
is available to make the mass of v, in the final
state. The most stringent existing published bound
is My, <24 MeV at 95% confidence level [8]

2.4 The M.;;(86,.) Bound. The measurement
of the neutrinoless double beta (BBoy,) decay is at
present a more sensitive test of a non—zero neutrino
mass than are the kinematic probes. Unlike the
latter, 88,, may be one of the best tools to directly
explore sub-eV neutrino masses. However one has
to pay a price for this extraordinary sensitivity:
the mass limits only apply for Majorana neutrinos.
Excellent reviews have been given on this subject



{see eg. [9]).1n double beta decay two neuirons
are simultaneously converted into two protons. The
decay becomes observable in those nuclides where
single beta decay 1s either energetically forbidden or
at least strongly suppressed. ff-emitters are even-
even isotopes. Three decay modes are in general
discussed:

(BB82) : A(Z,N) —
A(Z +2,N = 2) + 2¢~ + 97, (2.1)
(BB0V) - A(Z,N) — A(Z +2,N —2)+ 2~ (2.2)
(BB0vx) : A(Z, N) — A(Z+2, N=2)+2e™ +x (2.3)

Although extremely rare, decay (2.1} is allowed as
a second order effect in the (S)tandard (M)odel of
the electro~weak interaction. Decay channel (2.2)
and (2.3) are the much more interesting scenarios be-
cause they test physics beyond the SM since lepton
number conservation is violated. The right-handed
anti-neutrino, emitted in the decay of the first neu-
tron, has to be re-absorbed as a left—-handed neutrino
in an inverse beta decay of the second neutron. This
obviously requires the neutrino to be a massive Ma-
Jorana particle. The question whether 83,, can hap-
pen spontaneously (through an incomplete polariza-
tion of the massive neutrino) or is due to the coupling
of the neutrino to a massless Majoron x allows us to
draw conclusions on the underlying physics.

In the SM, minimally extended to include Ma-
jorana neutrino masses, the amplitude for 88,. is
proportional to an effective neutrino mass for double
beta decay, Mes;(808,.), given by

Meps(B8on) = D CP(¥m) | Lem | M,,..  (2.4)

Here, the sum runs over all the neutrino mass eigen-
states v, . The quantity CP(vy,) is the intrinsic CP
parity of vp, and M, is its mass. The quantity
Lem 15 the element of the leptonic mixing matrix
(the leptonic analogue of the quark mixing matrix)
coupling v, to the electron. In writing Eq. (2.4),
we have neglected any CP violation in the leptonic
sector. In the SM, the matrix [ is unitary, so that
[Lem]* < 1. Note that owing to the factor |Lem|?
and the CP parities in Eq. (2.4), an upper bound
on Mer;(38..) does not imply an upper bound on
the actual neutrino masses M, . (If CP is violated
tn leptonic mixing, then the CP(vy,) in Eq. (2.4) is
replaced by a more general phase factor.)

in order to draw conclustons from a measured
neutrinoless—decay rate (or a limit of this rate} on
the effective Majorana mass of the neutrinos (or a

limit on M,;;), obviously, one has to uufold the lep-
tonic phase space integral and the nuclear matrix el-
ement first. While the calculation of the phase space
seems to be well under control, the determination of
nuclear matrix clements is a difficult and often con-
troversial task. So far, 88,;, has not been seen, and
the most stringent existing bound on M. ;¢ (88,,) is
[Merg(BBos)| < 0.68 ¢V at 90% confidence level [10)
'This limit comes from a lower bound of 5.1 x 10%% y¢
on the half-life for ®Ge —7% Se 4 2e~.

3.0 THE PROBLEM OF NEGATIVE Mf

3.1 Neutrino Physics Possibilities. Could the
cxcess of events near the upper endpoint of the tri-
tium 3 spectrum, relative to the number predicted
by the standard formula either for vanishing or pos-
itive Mfc, be a consequence of neutrino physics not
included in this formula? One possibility we have ex-
plored is that the excess results from the existence of
a v, magnetic dipole moment. If the outgoing &, in
a tritium § decay has such a moment, then it will in-
teract electromagnetically with the charged particles
it leaves behind. At first sight one would not expect
this interaction to be significant, since there is a lab-
oratory upper bound of 4 x 107!% Bohr magnetons
on the ¥, magnetic moment,[11] and an astrophysi-
cal upper bound of 3 x 107!? Bohr magnetons.{12]
However, the propagator, 1/¢?, for the photon whose
exchange carries the electromagnetic interaction be-
iween the v, and the charged particles in the final
state is large for small ¢2. Since one will encounter
small values of ¢% near the upper endpoint of the
B spectrum, where the momentum carried by the
neutrino is small, the dipole moment possibility was
examined. Unfortunately, it was found that the large
photon propagator is offset by small phase space fac-
tors. It was estimated that if the 7, magnetic mo-
ment is 107'9 Bohr magnetons, then the interaction
between it and the charged final-state particles in tri-
tium # decay modifies the decay amplitude near the
upper endpoint of the # spectrum by only one part
in 10'%! Clearly, a neutrino dipole moment is not the
explanation of the observed excess of events.

A second neutrino-physics possibility, which has
been considered previously, is that some of the tri-
tium “f decay” events are actually v, capture events
induced by capture of a v, in the cosmic neutrino
background. For this mechanism[13] to produce as
many excess events as are seen, the local density of
background reutrinos would have to be 10%:m=3.




3.2 Molecular Chemistry Possibility. As s
clear from Sec. 2.1, the issue of negatlive experimen-
tal results for the square of the electron antineutrino
mass needs further attention. {This problem has
also been summarized nicely by Wilkerson [14].) [t
should be noted that experiments which have yielded
significantly negative M2 have all involved a 7%
source. Now, the 3 decay of this molecule creates
a3 He Tt molecular ion. While there is presently no
specific, known problem with the 2-electron molecu-
lar spectrum, there is a lack of experimental data on
the electronic final states of this molecular ion and it
is reasonable to seek a possible solution of the nega-
tive M7 problem by spectroscopic studies of events
involving *He T . The branching ratios and energies
for all possible final states must be known precisely in
order to extract the neutrino mass from the beta de-
cay spectrum. The theoretical calculations pertain-
ing to these states [15] are believed to be very accu-
rate, but the negative-mass-squared results indicate
that something is not understood completely. It is
thus important to remove as many model-dependent
components as possible from the data analysis pro-
cedures.

At least one measurement of the vibrational-
rotational (infrared) spectrum of the ® HeT molecule
has been carried out [16]. Transitions were observed
from the de-excitation of vibrational states which
were excited during the beta-decay process. How-
ever, no transitions originating from excited elec-
tronic orbitals in the 3HeT* molecule have been ob-
served. These transitions are in the vacuum ultra-
violet range, with wavelengths less than 100 nm, and
the development of efficient, high-resolution detec-
tors of photons in this range is still in its infancy.
Most of the recent detector development has cen-
tered on semiconductor photodiodes {17], although
superconducting tunnel junction devices also sound
promising [18]. Some detector development would
no doubt be necessary before a successful experiment
to obtain electronic transition spectra could be per-
formed.

Ideally, the measurement of electronic photon
spectra from *HeTt should be done in event mode
and in coincidence with the emitted beta particies.
It would seem that the sites at which the neutrino
mass measurements (using Ty) were performed, i.e.,
LANL {3} or/and LLNL [5], would be good loca-
tions to pursue such measurements. However, the
source tubes would probably have to be redesigned
to permit cfficient observation of VUV photons. Fur-

ther, even with the development of an cfficient VUV
detector, the counting rate may he Loo low o use
high precision {and low solid-angle acceptance) beta-
ray spectrometers—the use of large solid-angle (and
lower energy resolution) beta detectors as coinci-
dence triggers would have to be considered. Photon
spectra obtained in this way should, nevertheless, be
quite useful.

Another problem which may be encountered in
such measurements arises from interactions of pho-
tons from *HeT™" with the Ty source gas. The de-
sired photon spectrum may thusly be contaminated
with transitions corresponding to the de-excitation
of T;. Measurements may have to be done at sev-
eral gas pressures in order to positively identify the
transitions of interest.

Several other experimental problems would, no
doubt, be encountered in trying to measure °Hel't
photon energies and intensities. However, if such
measurements are not pursued, the tremendous ef-
forts already undertaken to obtain high quality beta
spectra for neutrino mass measurements may be par-
tially wasted, merely for lack of understanding of how
to properly analyze the data.

4.0 NEAR-TERM FUTURE EXPERIMENTS
WITH IMPROVED SENSITIVITY.

4.1 Motivation to improve sensitivity {Dirac
and/or Majorana). In considering neutrino-mass
experiments with somewhat improved sensitivity, it
Is very interesting to note that present hints of neu-
trino mass suggest, albeit speculatively, that there
may be neutrino masses within the range to which
these experiments would be sensitive. Let us briefly
review the present hints, see what neutrino-mass
range they point to, and then ask what experiments
would be sensitive to mass in this range.

The first exi'sting hint of neutrino mass is the
solar neutrino deficit. The solar neutrino data,
while difficult to explain without invoking neutrino
mass,(19] are elegantly explained by the M(ikheyev),
S(mirnov), W{olfenstein) effect,[20] which does in-
voke neutrino mass. The MSW effect converts a
v, produced in the solar core into another kind of
neutrino, vy, which is invisible (or at least largely
invisible) to the present terrestrial solar neutrino de-
tectors. Neglecting the possibility of so-far-unknown
sterile neutrinos, v; is a v,,, v, or some combination
of these neutrinos. The v, — v, conversion occurs
while the v, produced in the solar core is traveling
outward through solar material. The MSW cxpiana-
tion of the solar neutrino data requires that the mass



of vy, M, be related Lo that of ve, M, , by

MZ - M2 ~107% V2 (4.1)
Let us recall enough of the physics of the MSW effect
to understand why.

Neglecting mixing, the total energy of a v, of

momentinn p, in the sun is

Ee. =/ + M2 +V2GFN.. (4.2)

The second term in this expression, in which Gp is
the Ferm: coupling constant and N, is the density of
electrons at the location of the v,, is an interaction
potential energy resulting from the charged-current
interaction between the v, and the electrons. Now,
the v, which does not have a v, component, does not
have a charged-current interaction with electrons.
Consequently, the total energy of a v, of momentum
p, in the sun 1s stmply

By, =[P} + M2 = \[p} + M2

+ (M7 —M2)/2E,. (4.3)

Here, in the second step we have assumed that M,
and A, are both tiny compared to p,, and denoted
(P2 + MEC)VZ, which is an excellent approximation
to the neutrino energy, by E,.

The MSW v, — v, conversion requires that,
somewhere in the sun, the energy levels £, and
E,, given by Egs. (4.2) and (4.3) cross. Thus, this
conversion demands that

M2 — M,f=

\/§GFN3= Ve

9E, {4.4)

Now, we can understand the observation that the
solar neutrino flux is below the predicted amount,
but not zero, by supposing that the level- crossing
condition (4.4) is satisfied for, say, neutrino energies
E, above ~ 0.7MeV (hence for the “Be and 8B
neutrinos), but not for energies below this point
(hence, not for the pp neutrinos). Noting that the
electron density rises from zero at the outer edge of
the sun to a maximum of ~ 102°/¢c at the center of
the sun, we find that Eq. (4.4) will hold somewhere in
the sun for £, 2 0.7MeV, but not for £, < 0.7MeV,
if M — M2 obeys condition (4.1). This is the origin
of that condition.

Detailed calculations of the MSW effect show
that 1t can explain existing solar neutrino data if
M? — M? satisfies condition (4.1), and sin® 20 ~
5 x 1072 or 0.6,{21) where § is the v, — v, mixing

angle. Of these two solutions, the one with small
# is favored because it distorts the detectable solar
neutrino spectrum in the manner that is suggested by
the observations. The pp electron neutrinos do not
undergo conversion, and are detected on earth. Both
the 7 Be and ® B neutrinos undergo MSW conversion
to 1he undetectable v, particles, but in the case of
the ¥ B neutrinos, this conversion is not fully efficient
because the region in the sun where the level-crossing
condition (4.4} is satisfied is too thin. Thus, the 853
flux 1s not suppressed as much as the “Be flux.

The second hint of neutrino mass is the anoma-
lously low value of the v, /v, ratio in the flux of neu-
trinos generated in the earth’s atmosphere by cosmic
ray interactions. This flux of atmospheric neutrinos
15 detected by underground detectors, each of which
observes not only neutrinos generated in the atmo-
sphere directly above it, but also neutrinos produced
in much more distant parts of the atmosphere, such
as those on the side of the earth opposite to the de-
tector.

The anomalously low atmospheric v, /v, ratio
has been interpreted in terms of vacuum neutrino
oscillations. The present data are consistent both
with v, — v and with v, — v, oscillation.[22,23] To
sec what neutrino mass difference must be involved,
we note that the probability that a neutrino of one
flavor, vy, will be converted by neutrino oscillation
into one of another flavor, vy, is proportional to

sin2{1.27 (f:ﬁ) (g’ﬁg”:&)} (4.5)

Here, §M? is the difference between the squared
masses of the two mass eigenstates of which v, and
vy are composed, and we are assuming that mixing
between the vy —vp system and the third, remaining
flavor may be neglected. The quantity L is the
distance traveled by the neutrino, and E, is its
energy.

From (4.5), we see that for v; — vy oscillation to
be appreciable, (§M?/1eV?) « (L/1km)/(E, /1GeV)
must not be small compared to unity. Now, for
neutrinos created in the atmosphere directly above
a detector, L ~ 20km, while for those created in the
atmosphere on the side of the earth opposite to the
detector, L ~ 10%m. Thus, if E, is typically 1GeV
for the detected neutrinos, then if oscillation is to
be appreciable at least for those neutrinos for which
L > 10%m, we must have M2 2 10-3c1/2.

Recent datal23] show that for neutrinos with a
mean energy of 6GeV, the v, /v, ratio i1s anoma-




lously small for upward-going neutrinos (which have
travelled a large distance L to reach the detector),
but not for downward-going neutrinos (which have
only travelled ~ 20km from the atmosphere directly
above the detector). From (4.5) these data im-

ply that M2 S 10 'eV?, or even the downward-

going neutrinos would show an anemaly. Thus, we

see that 107%eV? ~ §M2 < 10-'eV2. The best

fit to all the KAMIOKANDE data is obtained for
§M? ~ 1072%eV?, and near maximal mixing of the
two flavors involved in the oscillation.[23]

The third hint of neutrino mass s the existence of
dark matter in the universe, combined with the belief
that this dark matter includes a “hot” component,
and the very natural view that this component is
quite likely comprised of neutrines. Let us call the
neutrino mass eigenstates of which v,, v, and v, are
made v\, vy, and vz, and let 3~ = M, + M,, + M,,,
where M, 1s the mass of v,. Further, let {34 be the
fraction of critical mass density contributed to the
universe by hot dark matter, and h be the Hubble
constant in units of 100 km/sec/Mpe. Then, il the
hot dark matter consists of neutrinos,

_ O /leV)
Op = S

If we take {1y = 0.2,[24] and A = 0.5, this relation
implies that

(4.6)

STEM, + M, + M, =56V, (4.7)

The previous value of h is somewhat uncertain.
Interesting new measurements, some of them made
with the aid of the Hubble Space Telescope, yield
for this parameter 0.80 £ 0.17,(24] 0.73 £ 0.09,[25]
0.52:4:0.08,(26] and 0.67+0.07.{27] Now, values larger
than approximately 0.65, combined with the non-
cosmological lower bounds on the age of the uni-
verse, would make the current mixed hot- and cold-
dark-matter picture[28] of the universe nonviable.[29]
Since this picture is an input to our considerations,
we assurne in this report that

0505 A< 0.65. (4.8)

Then, from Fq. (4.6},

45eV S>3 277V, (4.9)

Suppose, now, that the explanation of all three
of the hints we have discussed—the solar neutrino
deficit, the atmospheric neutrino anomaly, and the
hot dark matter—is indeed neutrino mass as we have

]

deseribed. o what values of the neutrino masses
does this point?

In exploring this question, we shall assume that
the only existing neutrinos are the ones we al-
ready know: v, vy, and v;, so that there are no
as-yet-undiscovered sterile neuirinos. In addition
since some observations by reactor experiments|30]
presently indicate that much of the mass-mixing
phase space allowed by the atmospheric experiments
is unlikely for v, - v, transitions we shall suppose,
as an example, that it is indeed v, — », which is
occuring. In that case, the atmospheric neutrino
data then suggest the v, — v, mixing is nearly maxi-
mal,[23] which implies that the mixing between w,
and the v, — vy system is small. Neglecting the
latter mixing, each of v, and v, is a roughly 50-
50 mixture of two neutrino mass eigenstates, which
we shall call 75 and 3. The data are best fit with
|M2 -~ M2 |~ 107%eV?, as we have said.

Tn this 2S-cenario, the small-mixing MSW mecha-
nism can still operate more or less as we have de-
scribed, despite the large mixing between v, and
4y .[31] The MSW effect may then be pictured as re-
sulting from the circumstance that, in the absence of
mixing between v, and the v, — v, system, the total
energy of v, crosses, somewhere in the sun, that of i
or 3. Let us say it crosses that of 5. The neutrino
vy into which the MSW effect converts a v. is then
Py, a 50-50 v, — vy mixture. As for the case where
all mixing angles are small, so here the level crossing
requires that, somewhere in the sun, Eq. {4.4) hold.
To explain the apparent fact that some solar electron
neuirinos undergo MSW conversion while others do
not, we must then have Eq. (4.1), as before. Since
the degeneracy between v, and v, required by Eq.
{4.1) is much greater than that between 7y and &, it
is clear that only one of the latter two neutrinos can
be involved in the MSW effect. {When the mixing
between v, and the v, — v, system is not neglected,
the true mass eigenstates of the three-neutrino sys-
tem are vy ~ v, and two states, vy and va, which
are not too different from ¥; and 3.)

Taken together, the neutrino-mass interpreta-
tions of the hot dark matter, the atmospheric neu-
trino anomaly, and the solar neutrino deficit imply,
under our assumptions, the constraints



My, + My, + My, =6V, (1.10 a)

M2 - MZLL ~ 1072 eV2, {4.10.b)

'd.ll(l

MZ - MZ  ~107° eV? {4.10.¢)
Obviously, these constraints require the three neu-
trino mass eigenstates to be approximately degener-
ate 1n mass, with each of them having a mass of ap-
proximately 6eV/3. or 2eV.{32] In summary, in this

scenario the neutrino mass spectrum is described by

M, =M, =M, ~2eV, (4.11.a)
M2~ MZ| ~107%eV? (4.11.b)

and
M2 - M2 ~107% V2 {4.11.¢)

What experiments does this scenario suggest?
First, since 1n this scenario -the electron neutrino,
ve ~ v, has a mass of 2eV, trittum £ decay exper-
iments with somewhat better sensitivity than those
whose results are reported in Table 1 would be ca-
pable of seeing the 1, mass! Thus, such experiments
are worth considering, even though they may be very
difficult. Secondly, since the small mixing between v,
and the v, — vr system implies that the mixing ma-
trix elements |Lem|? in Eq. (2.4) are all small except
for {Le1|* = 1, we see from Eq. (2.4) that the effective
neutrino mass for double beta decay, M.r;{(8f. ), is
given by

|Mepp(BBou) = My, =2 eV. (4.12)

Of course, this assumes that neutrinos are Majo-
rana particles; if they are Dirac particles there will
be no B8, .[33] Now, the current upper bound on
Me; (BP0, ), while nominally somewhat below 2eV,
1s also somewhat uncertain due to its dependence on
uncertain nuclear matrix clements (see Table 3 and
discussion in Sec. 4.3.3). Thus, an M.;;(8fo,) of
2eV is not in clear conflict with present (8fs,) exper-
iments, but suggests that future experiments which
are somewhat more sensitive than the present ones
may actually see a signall Finally, although future
solar neutrino and neutrino oscillation experiments
are outside the scope of this report, it is obviously
highly desirable to carry out solar neutrino experi-
ments which can test the MSW explanation of the
solar reutrino fluxes and long-baseline v, — v, o3
cillation experiments with accelerator-generated v,

G

beams which can test the v, — v explanation of
the almospheric neutrino anomaly. It is also inter-
esting to carry out searches, such as those bemg per-
formed by the Los Alamos LSND and the Rutherford
KARMEN experiments, for v, — v, oscillation with
§M? > 1 eV? and small mixing angle. Confirmation
of such oscillation would falsify the neutrino mass
spectrum of £q. {4.11).

What if only two of the three hints of neutrino
mass we have discussed are actually due to neutrino
mass? Let us consider the possibilities in turn.

1) Neutrino mass is responsible for the hot dark
matter and the solar neutrino deficit:

In this case, we may, to focus our thinking,
assume that neutrino mixing is small, and that

MU1 S MU'z S MV!H (4i3)

where vy, vy and vz are, respectively, the domi-
nant mass eigenstate components of v., v,, and v,.
The masses M, must obey the constraint (4.10.a)
and, assuming that the solar neutrino deficit is due
to MSW conversion of v, into »,, the constraint
(4.10.c). A possible scenario which is not possible
when neutrino mass is assumed to be responsible for
all three of the hints we have discussed 1s then

M, € 107%V, M,, 23 x 107V, M,, ~6 cV.

(4.14)
Observation of the mass of vo ~ v in tritium @
decay is then out of the question. However, for
M2 — M2 =~ (6eV)?, as implied by Eq. (4.14), the
experimental bound on the neutrino mixing param-
eter |Leal? appearing in Eq. (2.4) for M.;;(860.)
is 0.024.[34] If |L.3|? is not much smaller than this
bound, then from Egs. (4.14) and (2.4)

|Meys(BBou) = |Leal* My, > 0.1 eV, (4.15)

Assuming that neutrinos are Majorana particles,
neutrinoless double beta decay would then be visible
in experiments roughly one order of magnitude more
sensitive (in terms of M.;s{800,)) than the present
ones.[35}

With the neutrino masses as in Eqgs. (4.14), the
CHORUS and NOMAD searches for v, — v, oscil-
lation can see a signal if the v, — v, mixing angle 4,,,
obeys sin? 24, < 4 x 107*.[36]

il) Neutrino mass is responsible for the atmospheric
anomaly and the solar neutrino deficit:

The ~¢V scale of neutrino mass coming from the
kot dark matier constraint (4.10.a) is now gone. Let
us assume that the atmospheric neutrino anomaly is




due to oscillation of v, into v, , and the solar neutrino
deficit to MSW conversion of v, into . Then,
denoting as before the dominant mass eigenstate of
ve by v, and the mass eigenstates which together
are the dominant components of the v, — v, system
by vz and vz, we have the constraints (4.10.b} and
(4.10.c). It is natural to satisfy thesc constraints by
supposing that

1/2

My, = |M2 - M2 ~ 1071 eV, (4.16.a)
My, = (M2 - M2]"P ~3x 1073 eV, (4.16.b)
and

My, <3 x 1073 eV, (4.16.¢)

All neutrino masses are now toc small to have
visible effects in forseeable tritium 8 decay exper-
iments.  Turning to Bf,, we see from Bq. (2.4)
that M,, is large enough to produce an Mo;; (860, )
of order 0.1eV (which may be observable in future
experiments as we shall discuss) if the mixing pa-
rameter |L,3{” is near unity. However, the maxi-
mal v, — v, mixing implied by the v, — v, inter-
pretation of the atmospheric anomaly implies that
|Lesl? is probably not bigger than 0.1. Then the
contribution of v3 to M.;r(800,) is not bigger than
(0.1) x 107 eV = 10~ %eV. We do not know of plans
or ideas for any experiments sensitive to such a small
Meps{BBo,) in the near future. (See, however, Sec.
3.3 with regard to the distant future.)

Of course, if this scenario is true, jong-baseline
searches for v, — v, oscillation in accelerator v,
beams, aimed at confirming the v, — v, interpre-
tation of the atmospheric neutrino anomaly, would
prove very interesting.

iii} Neutrino mass is responsible for the hot dark
matter and the atmospheric neutrino anomaly:

The hot dark matter constraint (4.10.a) must
once again be obeyed. Assuming that the atmo-
spheric anomaly is due to v, — v, oscillation, and
denoting as before the dominant mass eigenstate
component of v, by v and the dominant compo-
nents of the v, — v, system by vo and vs, we also
have the constraint (4.10.b). Let us assume that

M, < Min{M,, M,,}, (4.17)

so that the neutrino mass hierarchy is not inverted.
Then, to satisfy the constraints (4.10.a) and (4.10.b),
we must have

Mo, = M,, =(2=3) V. (4.18)

-~}

In the absence of the constramt (4.10.¢) from solar
neulrinos, a possible scenario s

M, €< M, =M, ~3cV. (4.19)

Observation of the mass of v, ~ vy in tritivm 8 decay
is then hopeless. Turning to 883;,, we note that the
contributions of vy and v to the My (B80s) of Eq.
{2.4) will be below 0.1eV. However, if neutrinos are
Majorana particles, then the bounds{37] on | L 3]* for
the case where |[M? — M2 | =~ (3 ¢V)? allow vy to
contribute as much as ~ 0.1 eV to Mer i {B6os), s0
that experiments with sensitivity in this range could
sce a signal.

In this scenario, there may be v, — v, oscil-
lation with §M?* = M2 — M2 ~ (3 ¢V)% Despite
the large v, — v, mixing, the oscillation would still
depend on the distance L travelled by the neutrino
as it does in the case where just two neutrinos mix
and all neutrino mixing angles are smail. The mix-
ing angle ., governing the v, —— v, oscillation
probability would be below the present bound{38] of
sin® 20,, < 4 x 1073 for §M? ~ (3 V)2,

In summary, the existing hints of neutrino mass
suggest that tritium @ decay or 38y, experiments
with somewhat greater sensitivity to neutrino mass
than the present ones could actually see positive sig-
rals. These hints also suggest that certain searches
for neutrino oscillation could bear fruit.

The scenarios which the existing hints have sug-
gested have involved neutrino masses which are all in
the eV range or below. What if these scenarios are
ail wrong, and the heaviest of the neutrinos, presum-
ably v;, has a mass in the keV or even MeV range?
A vr with mass in the MeV range has interesting
cosmological and astrophysical consequences (for a
review see [39]). Upper bounds on the allowed to-
tal energy density of the universe during nucleosyn-
thesis (at ¢ = 1072 — 107 sec after the Big Bang)
exclude the mass range 0.2 MeV — 33 MeV for a
Dirac v;, and 0.4 MeV — 30 MeV for a Majorana
vy, if the v, lifetime is longer than O(100 sec) (i.e.
if 1 does not decay before the end of nucleosynthe-
sis) [40,41,42]. Once combined with the new labora-
tory upper bounds of less than 30 MeV (the bound
of 23.8 MeV from ALEPH, or even the preliminary
Beyjing bound of 29 MeV), this nucleosynthesis ar-
gument would push the upper mass bound for these
long-lived v, (v > 100 sec) to 0.4 MeV {and astro-
physical arguments would push the limit much Fur-
ther for Dirac neutrinos, as explained below). Let us
remark, however, that these nucleosynthesis bounds



apply only if the main annthilation modes of the vy
are those of the Standard Model. If the 1, are as-
sumed to have additional interactions which increase
their annihilation cross sections in the carly universe,
their relic abundance decreases and the nucleosyn-
thesis bounds are loosened. In most models predict-
ing neutrino masses, neutrinos have extra interac-
tions, and in many of ihem neutrinos have annihila-
tlon cross sections larger than weak.

Another interesting bound coming from the su-
pernova SN 1987 A excludes a Dirac v, of mass from
about 10keV to 1MeV. The reason is that the
mainly inert righi-handed helicity states of massive
Dirac neutrinos can be produced in weak interac-
tions due to their admixture in the left-handed chi-
rality neutrino states. Therefore, right-handed v,
with masses in the {orbidden range produced in the
core of the supernova, would have escaped from the
star carrying off too much energy and consequently
shortening the observed v, pulse [43,44]. Thus, a v,
lighter than 1AM eV must be Majorana, unless it is
lighter than O(10keV).

The mentioned nucleosynthesis constraints are
based on the observational upper limit on the abun-
dance of *He, because larger densities during nucle-
osynthesis lead to overproduction of *He. A non-
relativistic neutrino species can contribute more to
the energy density of the universe than a relativis-
tic one. The number of light neutrino species al-

lowed by the abundance of 1He is N, = 3.3 [45] and,
for the ranges rejected, stable v, with weak anni-
hilation cross sections would contribute more than
1.3 relativistic neutrino species. We can understand,
therefore, that if v, decays into relativistic particles
before the end of nucleosynthesis, these bounds are
loosened and become dependent on the nature of
the decay products. “Visible” modes (1, — vy,
vr — vie™) are ruled out, as the dominant decay
mode for MeV tau-neutrinos, through a combina-
tion of laboratory bounds, nucleosynthesis bounds
and constraints from supernova observations [46,44}.
“Invisible” modes are not only allowed but may
have very interesting consequences. These modes
are vy — 3v’s and v, — v'¢, where ¢ is a light
or massless boson, most naturally a Goldstone bo-
son. A v, with mass < 1MeV and short lifetime
7 < 30 sec (producing v. or v, [4]1 and 47), but
in particular the effect of v, decay products is im-
portant [41]) would actually decrease the amount of
‘He produced, with respect to a relativistic stable
v7. Therefore v,, v, and this particular v, would
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count in nucleosynihesis as fess than three effective
neutrino species, N, < 3. This would rescue the Big
Bang from a potentially important inconsistency if
the observational data would indicate (as sometimes
argued) that the abundance of * e is actually lower
than usually thought at present (what would lead
precisely to a limit N, < 3). Alternatively, keep-
ing the present bound, N, < 3.3, the constraint
on additional “new” contributions from exotic parti-
cles would be loosened. These possibilities would be
eliminated by a laboratory upper bound of around
Mel/.

There are still other possibilities to be tested or
rejected by lowering the upper bound on m,_. A v,
with an annihilation cross section faster than weak
by a factor of 10 and with a mass of 20MeV —30AM eV
and lifetime 200 sec - 1000 sec, decaying into v,
would allow to increase the upper bound on the bary-
onic density by a factor of 10 [48]. The upper bound
on the density of baryons is due to overproduction of
He and "Li and underproduction of D. Overpro-
duction of * He is avoided because the abundance of
these v, 1s s0 low that the effective number of neutri-
nos 1s ¥, ~ 2, and the other two abundances come
out right because the very effective disappearance
of free neutrons during nucleosynthesis with large
baryon densities, is avoided by the production of neu-
trons in the interactions of the 7, produced in the v,
decay with protons (#, p — etn). Thus, this mech-
anism produces with a large n = np/ny the results
otherwise obtained for a lower n, and it allows for

Qgh? ~ 0.2. Notice that for h = 0.5, within the
accepted range 0.4 < A < 1, one could have even
Qg = 1. In this case the nucleosynthesis constraint
would not require the existence of non-baryonic dark
matter.

Finally, it has been speculated that the resid-
ual annihilations of a v, with a mass of 15 MeV
to 20MeV, in the outer core of a supernova could
help power the supernova explosion [44] (at present
the mechanism of supernova explosion is not well un-
derstood), and that a IMeV — 10MeV v, with life-
time 0.1 sec - 100 sec whose decay products include
Ve, could remedy the problems that standard cold
dark matter scenarios of structure formation in the
universe have to produce acceptably small inhomo-
genetties on small scales [49).

4.2 Can ~2 eV be Reached in Beta Decay?

Setting aside for the moment the anomaly seen at
the endpoint of the tritium spectrum, one can ask,
what 1s the smallest mass detectable in beta decay?




In order to detect the effect of a neutrino mass of
m, at the endpoint of a beta spectrum of total kinetic
energy Eo , instrumental resolution of order ’%:— 1s
needed. The spectral fraction per decay that falls in
the last m, of the beta spectrum s approximately

)

For spectrometric experiments in which the source
and the detector are physically separated, a fimit on
source thickness is set by the cross section for inelas-
tic interactions of outgoing electrons, such that one
must have on < 1, where ¢ is the inelastic cross sec-
tion {about 5 x 10-22 ¢m? for molecutar Ty). The di-
mensions of the source (area A) and the dimensions
of the spectrometer (length L} are related through

the resolution needed, specifically,
AE_ VA
E T L

In these conditions, the rate in the last m, of the
spectrum is of order
3
dN (JE ) AA

L

dt a’
where ), the mean decay time, is approximately

given in seconds (for allowed beta decay) by
A =10"3fLES,

where ft is the beta-decay reduced matrix element
(e.g., logioft = 3 for tritium decay) and o is in eV,

Then,

C—t—li = 10-33m?,ftL20'_1

dt

when background is absent and detection efficiency
is unity. For example, if one sets as a minimum
practical limit one event per day and L = 10 m,
then

My(ultimate) = 0.4 eV.

at 1 standard deviation. A 2-eV limit is then about
3000 times “easier” as a result of the exponent 5.
In practice that large factor is eroded quickly by
efficiency, background, and the need to explore the
rest, of the spectrum both for extraction of neutrino
mass and for measurements related to systematic
uncertainties.

Calorimetric experiments technically evade this
limit by virtue of permitting much more intense
sources (because energy loss is no longer an issue),
but in practice they run into a different limit set by
the presence in the data of the entire beta spectrum.
The equivalent branching ratio of endpoint data Lo
total is about 3 x 107 3¥m, 3.
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The experiment thal most nearly approaches the
ideal conditions appears to be the Iz apparatus of
Lobashev et al. {50] A retarding-field spectrom-
eter with magnetic gradients is coupled to a Los
Alamos type gaseous molecular tritium source to give
very high resolution, large acceptance, and low back-
grounds. Initial results are already at the 2.5-eV sta-
tistical level {51].

While both the idealized statistical arguments
and experimental data indicate that the 2-eV level
can be reached, and even slightly surpassed, the
anomaly observed at the endpoint must be quanti-
tatively understood before a convineing value for or
limit on the rest mass of ve can be given.

The structure of the two-electron molecule (T7)
is presumably calculable to arbitrary accuracy given
enough effort, but it would clearly be desirable to be
able to work with the T atom, or even the T* ion, for
which the atomic-structure calculations are difterent
and simpler. Space-charge limits preclude a useful
T+ source, but it may not be out of the question
to imagine an atomic tritium source of worthwhile
density. The Los Alamos source [52] was originally
designed to use atomic tritium prepared by dissocia-
tion in an RF discharge. The gas was prevented from
recombining immediately through the use of a highly
polished aluminum source volume (tube), since it
had been found that aluminum hindered surface re-
combination and volume recombination was negligi-
ble. The atomic spectrum was never taken, however,
because the molecular contamination, even at less
than 10%, had to be measured extremely precisely
since its endpoint is about 8 eV higher than that of
the atomic spectrum. The technology for vacuum
ultraviolet absorption molecular spectroscopy using
frequency doubled and tripled Nd-YAG pumped dye
laser light was still primitive.

Initially a somewhat different approach had been
considered, namely the use of the developing tech-
nology for preparing dense spin-polarized hydrogen
at very low temperatures. The advantage of this
method would be the essentially negligible contami-
nation by molecular tritium; the technology was not
sufficiently advanced in the 1980s to make this option
attractive. Now it is possible to prepare atomic den-
sities in excess of 10** cm~3, within striking distance
of the 10'® to 10 needed (53]. To establish whether
this could form the basis for a successful atomic tri-

tium experiment would require a sigaificant research
effort.



4.3 [AF Decay with Improved Sensitivity.
Many groups arc working in this field using differ-
ent methods. Because the calculations of S382u-
and AA0r-matrix elements are substantiatly differ-
ent, there is no way to test the reliability of neu-
trino mass limits determined from measured limits
of 3B0v-decay rates, except to measure this non—
standard model decay for several isotopes.

In the absence of any rigorous test, a big ex-
perimental effort has been devoted world wide to
the measurement of two neutrino double beta de-
cay rates. They can be considered as an indirect
probe of our understanding of second order weak de-
cays. It is generally believed that the SF0r-matrix
elements are less influenced by the various uncertain-
ties of those calculations than the 882y case. If this
is in fact true the agreement between calculated and
measured S52v decay rates can be considered as an
upper hmit for the uncertainties of the matrix ele-
ments of the neutrinoless decay mode.

Almost 40 experiments are studying 35-decay all
over the world. The allowed two neutrino 83-decay
has now been cbserved in 9 different isotopes and
measured half lives seem to agree reasonably well
with the theoretical predictions.

In this Section we would like to outline exper-
iments capable of sensitivities approaching (.1 eV.
Therefore, only the two types of experiments giving
the most stringent M.;;{68,,) limits today will be
discussed. For a more complete description of the
field the reader is referred to reference [9]. As will
be shown, sub-eV neutrino masses are already within
reach of the experiments discussed here.

We shall start with a brief description of the
experimental challenges of this field. In fact the
problems to be solved are very similar although the
ways to solve them might be completely different
from experiment to experiment.

Because of the extremely long half lives of 86—
decays, often resulting in only a few decays per year,
the reduction of background radiation is the major
issue in this field of research. Reaching background
levels of a few events per year is a nontrivial and time
consuming problem if the detector should have kg-
size. This goal can be achieved either by reducing
the level of background-—creating impurities or by
detecting their decay with high sensitivity. Two
examples for this will be discussed here. In order
to eliminate cosmic radiation these experiments are
in general performed in underground laboratories.

Within the direct experiments (detecting the

16

electrons emitied in the decay), those using the 58—
decaying source simultaneously as detector have at
present the highest sensitivity towards a Majorana
neutrino mass. In this approach self absorption
losses of the electrons in the source can be minimized
leading to high detection efficiencies. On the other
hand the number of 1sotopes which can be studied in
this way 1s limited.

The use of large amounts (several kg) of iso-
topically enriched source material, concentrating the
source strengih in compact detectors with a low sen-
sitivity towards background radiation, has become
custornary. “Ge and '*®Xe are the two isotopes
studied most successfully so {ar.

The inclusive geochemical method, detecting the
decay product and not the electrons, will not be
discussed here. However it can yield stringent limits
if the @B82v-half life is sufficiently long, as in the case
of 128 T [54].

4.3.1 Calorimetric "°Ge Experiments. Two
experiments, done as international collaborations,
are currently under way. Both experiments have
around 20 kg of isotopically enriched "®Ge at their
disposal. In both projects the extremely valuable
enriched material was supplied from Russia. It has
an isotopical abundance of 86% of °Ge compared to
only 7.8% in natural Ge.

The idea of using high resolution Ge semicondue-
tor detectors as source and detector has been suc-
cessfully used before with natural Ge. The 11-fold
higher concentration of the source strength allowed
however a significant step 1n sensitivity.

This purely calorimetric approach completely re-
lies on the good energy resolution of Ge detectors.
The existence of the non-standard model Z80v-
decay would lead to a narrow peak at 2.038 MeV well
within the energy range of the natural radiocactivity.
The extremely good energy resolution allows how-
ever a precise determination of the peak energy and
concentrates hypothetical FG0v events into a narrow
energy interval.

The detection efficiency ¢ for electrons created
inside the Ge crystal is limited only through the
leakage into the inactive layer of the Ge detector and
small bremsstrahlung losses. It is around € = (.9.

Attempts to use characteristic differences in the
charge collection times of strongly localized 88~
events and multi site background events, caused by
Compton scattering [55], have so far not entered the
stage of data taking.




The Herdelberg—Moscow experiment. ['his
experiment, performed as a collaboration betwecn
the Max-Planck-[nstitut fir Keraphysik in Heidel-
berg and the Kurchatov Institute in Moscow, is lo-
cated in the Gran Sasso underground laboratory in
[taly at a depth of 3500 m w.e.. The experiment is
taking data since 1991. Three enriched Ge detec-
tors of 6.0 kg active mass are in regular operation
right now. Large Ge crystals, the biggest one having
2.9 kg, are used. They represent a source strength
of N=68.7 mol of °Ge. Two new detectors are in
preparation. The total source strength of the exper-
iment will be around 10 kg.

The Ge crystals are mounted in low background
cryostats custom made from electrolytical Cu. The
detectors have a common passive shield to suppress
the y-radiation coming from 232Th and 233U con-
tained in the laboratory walls, reaching up to 2.6
MeV. It is composed of 10 cm ultra pure so called
LC2 grade lead followed by 20 cm of less clean Boli-
den Pb. The shield has recently been upgraded with
10 ¢cm of boron loaded polyethylene to suppress neu-
trons coming from (o, n) reactions in the laboratory
wall, or residual u interactions with the walls. The
setup has no cosmic veto system. All construction
materials of the c¢ryostats and the shield have been
carefully selected for their radiopurity using an ex-
isting low background Ge detector. Their exposure
time to the cosmic radiation above ground has been
limited to a minimum, to prevent the produciion of
long lived activation products. The passive shield is
mounted in an airtight steel container continuously
Hushed by high purity nitrogen gas to displace ra-
dicactive [n gas contained in the air,

The large body of data accumulated by this
experiment during the last three years of operation
allowed for the first time to reach a neutrino mass
limit below 1 eV. The group has published (56] a
half life limit of Tf’/"z > 5.1-10% y (90% c.l)
corresponding to Mesr < 0.7 eV if the nuclear
matrix element of [57] is used. This August 1994
result is based on 8.6 kg - y of measuring time
corresponding to an exposure of 98.3 mol-y for "6Ge.
Available now and being analyzed are 157 mol cy of
measuring time. Earlier tentative indications for an
excess of events at the §8-decay energy seem to have
disappeared with longer measuring time. Figure
L, which was taken from reference [56], shows the
measured spectrum around 2.04 MeV.

The large source strength together with the low
background of the detectors allowed the first high
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statistic measurement of the 332v-decay channel
[58]. The half life measured is f['{“’/"g = (143 +
0.03%9 4 0.13°%*%) . 102! y. A stringent limit for
the Majoron-neutrino coupling of {g.,) < 1.8 - 10"
[59] has been determined as well.

Taking into account the background of 0.021
counts/keV -y - mol measured in the interval from
2.00 to 2.08 MeV and assuming that the experiment
will continue for two more years after the full source
strength has been implemented one can estimate the
Tsz range which can be eventually tested. A square
root approach, discussed later, yields a half life limnit
of around 2 - 1075 3,

The International Germanium Experiment.
The IGEX collabaoration is formed by groups from
Russia, Spain and the US. The experiment has
Just recently started taking data. The experimen-
tal ansatz is quite similar to the project described
before. Five enriched Ge detectors having an ac-
tive mass of 5.8 kg are in operation in different
underground locations. Two of them having 2 kg
each, installed in the Homestake mine in SD at
~ 4000 m.w.e., can be considered to be in their fi-
nal configuration. The cryostats are made under-
ground of electro-formed Cu. The electro-chemicai
production of Cu parts called electro-forming is an-
other cleaning step since elements as &/ and T'h tend
to be depleted in this way. If done underground it
prevents the activation of the Cu. The detectors are
in a passive shield made of selected lead. In addition
one detector of 0.65 kg fiducial mass is operated in
the Canfranc tunnel in Spain and another one of 0.7
kg in the Baksan underground laboratory in Russia.

To date, the experiment has accumulated 15 mol-
y of "CGe exposure time, The background of 0.014
counts/keV - y-mol around 2.04 MeV is comparable
to the level of the experiment described before. The
group used 11 mol - y to derive a half life limit of
T{)/"Z > 1.7-10* y (90% c.l.) for the neutrinoless
decay mode. The experiment sees evidence for the
BB2r—decay of ®Ge but with a somewhat shorter
half life of 777, = (1.12:+:0.17)- 10** y [60} than that
of the Heidelberg-Moscow experiment. The goal of
the collaboration is to produce as many (e crystals
as possibie from their enriched Ge. Perhaps they
will also end up with around 10 kg in form of Ge
detectors. In this respect the reachable sensitivity
towards neutrino masses will be similar to that of
the previously discussed experiment.



4.3.2 The Caltech—Neuchatel-PSI 3% Xe TPC.
The investigation of *%Xe is at preseni the only
other method to match the sensitivity level reached
with (7e detectors. The fact that Xe can be used as
a counting gas has stimulated many experiments to
study this topic. The most successful instrument is
the Caltech-Neuchatel-P51 TPC using isctopically
enriched {62.5 %) **®Xe gas at 5 bar pressure. The
spatial resolution of this instrument allows to distin-
guish two—electron events from one-electron events
and various other backgrounds. This 1s a powerful
tool to reduce backgrounds even below the astonish-
ing levels reached with Ge detectors. The Q-value
of the decay 15 2.48 MeV slightly higher than that of
"8(7e but still within the energy range of the natural
radioactivity.

The TPC is operated in the St. Gotthard un-
derground laboratory in Switzerland at a depth of
3000 m.w.e., by a collaboration between Caltech in
Pasadena, the University of Neuchétel and the Paul
Scherrer Institut in Villingen [61]. A source strength
of N=24.2 mol of 3% Xe is used. The TPC itself
and all its metallic components are made from se-
lected OFHC Cu. All technical cormponents such as
e.g. resistors have been selected by monitoring with
a low background Ge detector. The TPC is shielded
against the radioactivity of the laboratory by 5 ¢m
of Cu and 20-30 cm of Pb. The shield is continu-
ously flushed with dry nitrogen gas to remove the
Rn. The purity of the counting gas itself is main-
tained on the 0.1 ppm level in electro-negative con-
taminants by continuously pumping it through a low
Rn getter. The setup 1s equipped with a cosmic ray
veto to tag the muons.

Two—electron events are identified through differ-
ences in dE/dx at the beginning and end of a track,
respectively. The discrimination efficiency for single
electrons is 98 %. Multiple scattering in the high
pressure gas prevents the identification of the ver-
tex of the decay. The TPC has an energy resolu-
tion of 6.6 % at 1.6 MeV. The powerful background
rejection capability of this instrument results in the
lowest background level among all existing f3-decay
experiments of B = 0.002 countsfkeV -y -mol. A
drawback is the relatively small detection efficiency
of e = 0.23 for electron pairs, which is a folding of the
probability that both electron tracks are completely
contained in the TPC (30 %) and the finite analysis
elliciency (76 %).

The first phase of this experiment, was completed
in 1992, Figure 2 depicts the measured sum energy
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spectrum of the two-clectron events, together with
the excluded g80v—signal.

An exposure time of 18.9 mol - y allowed to
exclude a neutrinoless decay half life of '1‘10/"2 <
3.4 .10 y (90% c..) which corresponds to a
neutrino mass limit of 2.8 eV. Due to the steep rise
of the TPC background at lower energies the g320-
decay has not been measured yet. A half life limit
of TY, > 2.1 10%° y has been determined which
i1s the best limit obtained so far for this isotope.
The group published also a limit for the Majoron-
neutrino coupling of {g,,} < 2.4 - 107* using the
matrix element of ref. [62].

The TPC has recently undergone remodelling
[63]. A new anode has been constructed. Resistors
were replaced by those having lower background. To
aveoid soldering the TPC wires are now crimped to
an acrylic frame. The XY plane was reconstructed
as well,

After installation of these new components about
1000 h of data has been taken by mid August 1994.
These data show an encouraging factor 5 reduction
in background. Meaningful new results should be
available within a few months. The group plans
to reach a half life limit of 10%* y in one year of
operation. Another important goal 1s to measure
the two neutrino 3f-decay. To do this the TPC will
be operated at lower pressure to improve the track
quality at low energies.

Xe gas depleted in the isotope 1% Xe is available
and could be used to measure the background. This
method, however, relies on the assumption that the
background of the enriched source and the depleted
sample is identical.

The measurement of the 8682v-channel is inter-
esting because the theoretical predictions show a
considerable discrepancy, while reference [57] gives
1.4 — 21.1- 102! y, ref. {62] predicts 8.2- 1020 y.

4.3.3 Discussion of the Results. If we combine
the technical parameters of both detection concepts
into a figure of merit S we can directly compare the
TPC to the calorimetric Ge experiments.

N
AE-B
AE [keV] is the energy resolution (FWHM) at
the Bf-decay cnergy. The sensitivity S is directly
connected to the half life limit to be determined from
the data if no peak can be found after measuring for

the time t {y]. This relation which does not depend
on the used isotope, is

S=¢-

(4.9)




. 5
TP/, > (3.2 10" mol ™ty - 7 V1t (4.10)

f depends on the chosen confidence level of the limit.
The Caltech—-Neuchatel-PSI TPC has a sensitiv-
ity of § = 1.98 mol - \/y whereas the Heidelberg-
Moscow experiment has S = 27.9 mol - VU 1n its
present configuration. From this we see that the su-
perior background of the TPC is more than compen-
sated by its worse energy resolution and efficiency.

A comparison in terms of the neutrino mass lim-
tts which can be reached is more difficult because the
nuclear matrix element calculations of refs. [57,62]
are similar to each other for 3¢ Xe but differ consid-
erably for "®Ge. Table 2 gives a compilation of these
sensttivities.

As can be seen from Table 2 the technology
available today will allow us to explore neutrino
masses around 1 ¢V. Because these experiments are
already using tens of kg of highly enriched, and
therefore very expensive isotopes, it is difficult to
imagine how to gain another order of magnitude
by scaling up these ideas. Some of the new ideas
are discussed in the next section. To set the scale
we estimate the lifetimes corresponding to 0.1 eV
neutrino mass.

How good will detectors have to be to see neu-
trino masses M.sy = 0.1 eV? The Table 3 contains
estimates of the lifetimes that correspond t0 0.1 eV in
several potentially useful nuclei. The table was con-
structed by culling calculated rates from the avail-
able literature. The “best values” reflect a certain
degree of personal bias towards one calculation or
another. The uncertainties are obviously difficult to
estimate; what they really represent is a conservative
assessment of the spread in values from respectable
calculations. The possibility that none of the catcu-
lations is good in some particular nucleus cannot be
completely ruled out. The ranges of uncertainty are
usually least reliable where they are smallest, (e.g. in
36 Xe), most often because only one method of the
several in circulation (shell model, QRPA, pseudo-
SU(3) ...} has been used. When no uncertainty is
given it is because only one believable result was
found.

5.0 PROSPECTS FOR FURTHER IMPROVE-

MENT.

5.1 M, : Ideas for going below 160 keV. His-
torically, J‘-’[Eu has also suffered from having negative
experumental values yielded from experiments with
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stopping pions. However. recently this difficulty has
been removed by improved extraction of the pion
mass {rom studies of pionic x-rays. Nonetheless ef-
forts should continue to seek other means to lower
the limits especially by in-flight methods.

In this workshop, preliminary studies were car-
ried out. The first involves the use of K3 decay
spectra and the second a novel suggestion using pion
decays in a (g — 2) apparatus.

Limit on the m,, from K°u3 Decay Spectra.
Recent upgrades to the BNL-AGS have made it pos-
sible to make many high statistics measurements.
Here we will consider the statistics and the resolution
needed to improve the limit on the muon neutrino
mass using decays. The method relies on the shape
of the invariant mass distribution of the pion and the
much, rrg,, near the end point where the neutrino
energy 1s low in the center of mass [64]. The use of
simultaneously detected K} — 7+~ events to cal-
ibrate the mass scale and understand the resolution
of the spectrometer reduces the sensitivity of this
method to previously measured particle masses and
to the magnetic field in the spectrometer. An addi-
tional check on the experimental method can be ob-
tained by measuring the endpoint of K$ — atuFy,
decays in which one does not expect to observe a non-
zero neutrino mass at the sensitivity level of this ex-
periment. Finally, by comparing the end point spec-
tra for neutrinos and antineutrinos one can obtain
the most stringent limit on a neutrino-antineutrino
mass difference, a non-zero value of which would
violate CPT invariance. The only other method
that limits a neutrino-antineutrino mass difference
is the measurement of v+ and 7~ lifetimes, if one
atiributes the difference in the lifetimes to the de-
pendence of the decay amplitude on neutrino mass
[65,66].

The V-A theory of weak interactions predicts
little dependence of the K3 matrix element on the
neutrino mass. The boundary of the Dalitz plot
does, however, depend on the neutrino mass. In
the case of zero neutrino mass the m,, distribution
approaches mg with the first derivative zero, and
in the case of non-zero neutrino mass the same
distribution terminates before approaching mg. The
measured quantity, my, , at the endpoint is simply
related to the neutrino energy in the kaon center of
mass by the following formula:
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Since my is effectively measured m the same ex-
periment by using Kj — a+a~ decays, the neu-
trino energy measurement is independent of the kaon
mass. Furthermore, the dependence on pion mass is
only in second order, and therefore the plon mass un-
certainty (0.4 keV) contributes only about 0.23 keV
to the neutrino energy uncertainty.

The previous best experiment of this type achieved
mass limits of 725 keV for the muon neutrino and 500
keV for the electron neutrino at 90% confidence level
{64]. The experimenters collected 2130 well identt-
fied K} — =¥, events with mey > 493.5MeV
(the fraction of the total spectrum in the Dalitz plot
that is above this mass without dilution due to res-
olution smearing is 3.1 x 107%). They used the in-
variant mass spectrum including the non-Gaussian
tails of K§ — nta™ events to calibrate the abso-
lute mass scale and also to simulate the experimental
resolution. The lower limit on the mass window is
dictated by the need to suppress background arising
from K} — 247~ events in which one of the pions

either decays in flight or is misidentified as a muon.

Kinematically this background should not populate
events with my, above 489 MeV. This is seen most
simply from the use of the following approximation
for two body invariant mass in the laboratory frame:

m?, mm?+mi+ Esz + p—lmg +pipaft (5.2)
P1 p2

where py, ps and 8 are the iaboratory momentum
of particte 1, particle 2 and the laboratory angle
between particles 1 and 2, respectively. In the
extreme case that the momentumof the misidentified
muon is much larger than the momentum of the
pion the invariant mass will be: mi, = mi, —
{m2 — m2). Errors in momentum measurements
cause background events to leak out of this kinematic
limit to populate the end point region.

One must collect much higher number of events
with m., > 493.5MeV with better mass resolution
and muon identification to improve the muon neu-
trino mass limit. BExperiment E871, a search for
K¢ = p¥e®, at the BNL-AGS offers such a possibii-
ity (67,68]. E871 is a two arm magnetic spectrometer
optimized for two body charged decays of neutral
long lived kaons. Two magnels provide nearly in-
dependent measurements of the momentum of cach
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particle. A Cerenkov counter, jcad glass, and a fine
grained muon range system provides redundant pax-
ticle identification. The trigger and data aquisition
system is buill Lo take data at very high rates to
achieve sensitivities of 107'2 for two body charged
decays of the K§.

The estimated mass resolution for E871 15 1.13
MeV for K¢ — nta~ events. The number of K} —
¥ pFu, events with mxy > 493.5 MeV necessary as
a function of the limit on m,, assuming a Gaussian
mass resolution with o, = 0.5, 1.0 and 1.5 MeV have
been computed; see Figure 3. Barring systematic
error the number of events needed to achieve a
sensitivity of 100 keV (a significant improvement
on the best 90% confidence level limit of 160 keV
fror pion decay at rest {7]) is about 3.0 x 105. The
number of events needed increases very rapidly as
the limit is lowered mainly because the V-A shape
approaches the kaon mass with zero slope so that in
the case of zero neutrino mass there are no events
at the end point. Most possible systematic errors,
such as variation in the spectrometer acceptance over
the fitted mass range or background contamination,
will either change the shape smoothly or cause the
overall normalization to shift. A non-zero neutrino
mass should cause a relatively abrupt change in the
shape only at the endpoint, therefore the systematic
errors should not be a major difficulty. This, of
course, will have to be studied with actual data.
The geometric dimensions of the E871 spectrometer,
the appropriate kaon spectrum, and the requested
intensity have been used to compute the rate of
K2 —» m£p¥u, events with mq, > 493.5MeV to be
about 300 per hour. E871 should be able to collect
more than enough events in a 4000 hour run for this
measurenent.

Limit on M,, from (g — 2) Apparatus. Kine-
matic tests of the neutrino mass which rely on nu-
clear beta decay can provide very sensitive limits for
the electron neutrino mass, but need well understood
resolution functions for the spectrometer and model-
dependent atomic corrections as discussed above. A
complementary kinematic test of neutrino masses
which does not suffer from these limitations is pro-
vided by the decay @ — pv. As a simple 2-body
decay, it is more accessible to experimental measure-
ments of the neutrino mass than the 3-body purely
leptonic muon decay g — evv. The current lowest
Lounds on the muon neutrino mass were measured
in experiments of this kind: from the ploa-stopping
experiment of Assamagan et al. [7) mentioned above,




and m, < 500 keV (90% CL) from the pion in flight
experiment ol Anderhub et al. [69].

Experiments where the pion is brought to rest
rely on a very accurate measurement of the momen-
tum of the daughter muon, from which the neu-
trino mass is inferred using the relation pﬁ + mi =
(mZ 4+ m?2 — m?2)2/4m?. The other ingredient in the
formula is the mass of the pion, which contributes
about equally to Am?2. Uncertainties in the mass of
the muon are a much less significant contribution.
Two earlier papers from the same group ([70] and
(71]), used essentially the same technique, but with
a less efficient production mechanism which necessi-
tated wider collimator openings in their spectrome-
ter and thus a poorer momentum resolution. In the
first paper, Abela et al., an upper limit of 250 keV
(CL=0.9) is calculated by assigning the probability
function to zero for m2 < 0, 2 necessary step since
plugging directly in the values in the formula above
and using the pion mass defined in the Review of
Particle Properties {e.g. m, = 139.5675 % 0.0004
MeV [1990}) yields a negative value for m?. In
the second paper by Daum et al., the uncertainties
on the muon momentum were reduced, measuring
Pu = 20.792064 0.000684 MeV, but the problem
of a non-physical neutrino mass squared term re-
mained, with m2 = —0.154+ 0.044 MeVZ/ct. If the
momentum measurement is correct, there are only
2 other aiternatives (barring the interesting sugges-
tion that neutrinos are tachyons): either the 7~ mass
measurements are wrong or my— # m,+. Since the
second alternative implies a violation of CPT, it is
more likely that the pion mass is the problem, since
the Particle Properties value is heavily weighted by
one experiment [72] which is based on pion capture
(4f—3d transitions in 2*Mg) and therefore subject
to a vacuum polarization correction of 0.2% for a
0.0002% measurement. Thus, the authors choose
to quote their result as a determination of the =+
mass, a result which is 3¢ larger than the previous
world average. Since that time, the Jeckelmann pi-
onic X-ray spectrum has been reanalyzed [73], re-
sulting in two solutions for the pion mass, depend-
ing on whether the strongest component in the 4f-3d
transition is assumed to be one or two K-electrons.
With the larger pion mass (2 K-electrons), Assama-
ganet al. find m2 = —0.02240.023MeV?, consistent
with zero. Since the smaller pion mass still gives a
negative mass-squared term by six standard devia-
tions, and since earlier pion mass experiments (e.g.
{74]) which observed pionic X-rays in other materials
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(e.g. phosphorus and titanium) are consistent with
the smaller mass, there is still a model-dependent,
clement in this analysis.

If, instead, the pion decay is observed using high
energy pions in flight, the neutrino mass determina-
tion becomes almost independent of the value of the
pion and muon masses. Measuring the difference in
momema p» — p, for forward going muons gives the
neutrino momentuir, from which the mass can be ex-
tracted: m? = |, /p?l +mi—/p? + m2]2—p2 . In the
Anderhub experiment, 350 Mev pions were momen-
tum analyzed in a 180° spectrometer, passed through
a decay region, and the daughter muons were rean-
alyzed in the same spectrometer to reduce any sys-
tematic error in the momentum difference measure-
ment. Time of flight was used to identify the decay
muons. It is interesting, but not significant, that
the Anderhub experiment also measured a negative
mi = —0.14 £ 0.20 MeV?/c*.

For 350 MeV pions, the effect of a massive 300
keV neutrino is to reduce the forward going daugh-
ter muon momentum of 355.7 MeV by ~ 3 keV. Such
a precision momentum difference measarement re-
quires superb determination of the decay angle and
15 ultimately limited by multiple scattering and en-
ergy loss along the flight path. Since small angle
multiple scattering goes as the square root of the
number of radiation lengths of material, and we are
measuring the square of m,, then to achieve a fac-
tor of 10 improvement in m, one must be able to
reduce the thickness of the chambers by 10* while
maintaining the same position resolution. This is
an extremely difficult, but not necessarily impossible
task, and would require new technologies. One pos-
sibility is the use of high yield secondary emission
foils. The secondary electrons can be electrostati-
cally accelerated across the vacuum chamber, using
the magnetic field of the spectrometer to maintain
their coherence, then read out by a microchannel
plate and image intensifier/CCD chain. These types
of detectors have been in use for a long time, usually
as beam monitors in accelerators {75]. In order to
achieve the required efficiency for very thin foils, it
may be necessary to go to NEA (negative electron
affinity} foils such as GaAs [76]. Although requir-
ing a considerable amount of detector R&D), it now
seems possible to repeat the Anderhub experiment
with thinner detectors in order to improve the ruon
neutrino mass limit. Since the uncertainties in the
pion mass will still be negligible, even with a factor of
ten improvement in precision, this experiment woulid



be worthwhile.

Performing an experiment to measure the pi-nu
momientum difference requires an extremely precise
and well-understood spectrometer. This has led one
of us [77] to consider using the new storage ring be-
ing built at Brookhaven for the g-2 experiment for a
neutrino mass limit experiment using pions in flight.
The ring is 7 meters in radius and will be shimmed
to 1 ppm for a median field of 1.47 Tesla. Stationary
NMR probes, an NMR trolley which maps the field
every day, and absolute NMR calibration probes will
ensure that the field is known (and controlled via
current. feedback coils) to 0.1 ppm. Pions or muons
of 3 GeV can be injected into the ring from the AGS.
There are several techniques that could work. The
most straightforward method would be to measure
the pion momentum after the production target, al-
low the pions to decay in the straight section of the
injection line to select for forward-going muons, then
measure the muon momentum in the g-2 storage ring
using three very thin secondary emission foils. An-
other interesting possibility is to allow both pions
and muons to circulate in the storage ring and mea-
sure the time of flight after each turn. Since the
pertod of revolution in a fixed radius, fixed B-field
ring is inversely proportional to the energy of the
particle, a forward going muon produced in a decay
with an associated massive neutrino, having a lower
momentum than one produced in conjunction with
a massless neutrino, will circle the ring faster. The
period in the g-2 storage ring is about. 150 ns. Three
GeV pions will travel 35 ps/revolution slower than
their daughter muons, and muons associated with
300 keV neutrinos will be 1 ps/rev quicker than any
of them. This type of measurement 1s extremely dif-
ficult and is only possible because some of the dilated
lifetime muons will survive 50 turns or so. In addi-
tion, the time of flight measurement must be made
in a non-destructive way; the proposed method be-
ing the detection of a change in the light output of
a laser beam passing through an electrooptic crystal
situated a millimeter or so from the particle beam.
The polarization of the material is changed by the
electric field of the passing particle and is detected by
a photodiode through a polarized filter. As with the
secondary emission foils, this will require some de-
tector Ré&D, since the required time resolution (sev-
eral psec) and sensitivity (single particles at lmm
distance) are close to the current limitations of this
method.

1G

5.2 M, : What is neaeded. No cxplicit work was
done by this group on methods to improve limits
on M, ; however, we note In passing that studies
made for future “B-factories”[78] or “T'au-Charm-
factories” with 1mproved detector resolution suggest
that levels of ~ 2.5MeV might be reached as a
consequence of increased statistics and background
subtractions.

5.3 Doubie Beta Decay: Ideas for approach-
ing 0.1 eV.

The NEMO project Theinternational NEMO
collaboration is exploring a new way to reach sub-eV
sensitivities in neutrino mass [79]. The experiment
(80], which is fully funded, will be done as a col-
laboration between French, Russian, Ukrainian and
US groups in the Frejus underground laboratory in
Modane {France) at a depth of 4800 m.w.e.. From
the previous discussion it is obvious that the combi-
nation of a detector having tracking capabilities and
a good detection efficiency for the electrons would be
desirable. Because these requirements are difficult
to be met if the source and the detector are identi-
cal, the NEMO collaboration is preparing a detec-
tor using Geiger tubes filled with a He-ethyl alcohol
mixture at atmospheric pressure as a tracking device
while the electron energy will be measured with plas-
tic scintillators covering the walls of the setup. Be-
cause the density of the gas in the sensitive volume
is only about 0.2 mg/ecm?, the average energy loss of
the electrons in the tracking device will be limited to
14 keV for a 1 MeV electron. The detection efficiency
and therefore the calorimetric features of the detec-
tor are determined by the fraction of the solid angle
covered by the plastic scintillators. The compound
efficiency for the detection of two—electron events, es-
timated through a Monte Carlo simulation, will be
¢ = 0.4. The energy resolution of these scintillators
is around 9 % at 3 MeV. Because of the separation of
source and detector one is now free to choose a 35—
emitter having a Q-value above the energy range of
the natural radioactivity. The limited energy resolu-
tion results in #32v-events being scattered into the
analysis interval of the B80v—~decay, which is hence
an irreducible source of background.

The collaboration prepares 10 kg of isotopically
enriched '%®Mo (98 % abundance), which has with
3.03 MeV a high Q-value. The source will be put
as a thin foil inside the cylindrical tracking detector
to limit the energy loss of the electrons in the foil.
The requireinent of kg guantities for the 8F-sources
hence results in a relatively large detector (3m in




diameter and 3m in height). Figure 4 shows the
planned detector and its shielding components.

The design goal of the setup is to be sensitive
to Tﬂ,"g = 10%® y. Depending on the detector back-
ground which can be achieved eventually a sensitivity
of a few tenths eV for the Majorana neutrino mass
could be reached. The spatial resolution of the in-
strument as well -as the strong segmentation of the
calorimetric part of the detector will help to identify
backgrounds. A magnetic field (30 Gauss) will allow
the measurement of the electron momenta as weli
as to discriminate against ete” events coming from
high energy vy-radiation interacting with the Mo-
foil. Delayed particles crossing the tracking device
will be tagged to identify e.g. ?!4Bi whose daughter
24Py is a short-lived o emitter.

Through a measurement of the $32v—decay in the
prototype detector NEMO II the group has already
shown that the strict background requirements can
be met by such a complicated and big device if the
enriched Mo is of sufficient radiopurity [80]. Because
the strong point of this project is that any isotope
can be used, the group is investigating whether larger
quantities of enriched 325e, %6Zr 6Cd or 159N(¢
can be made with sufficient purity.{81] This project
will perhaps allow the next major step in sensitivity.

Other ideas. Thermal detectors offer the pos-
sibility of using a wide range of #f~emitters in the
detector=source approach. A clever selection of the
isotope can yield improved sensitivities.

The Milano group uses a 334 g crystal of natural
Tellurium oxide in the Gran Sasso laboratory to
study '3°Te which has a natural abundance of 34.5
% and a relatively high decay energy of 2.53 MeV.
This instrument has an energy resclution of 16 keV
al the decay energy coming close to the values of
Ge detectors. They have reached a half life limit of
Tloj’z > 1.4-10%2 y.

Another project following the conventional calori-
metric approach is a collaboration between the 39
groups from Heidelberg and from Kiev preparing
CdW Oy scintillators. The idea is to use such scintil-
laters made from isotopically enriched #f-unstable
19Cd. The Q-value of 2.8 MeV (beyond the natu-
ral radioactivity) should help to achieve low back-
ground. The energy is on the other hand close
enough to the prominent y-line at 2.615 MeV (com-
ing from 232Th) to be contaminated. If the energy
resolution is worse than 6.6 % at | MeV the 2-¢ inter-
vals around the background peak and the gf-energy
will overlap, which sets stringent requirernents to the
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resolution of the detector. Another drawback is the
{act that only 32 % of the scintillator mass is con-
tributed by 'd leading to a relatively low abundance
of the decaying isotope even if enriched Cd is used.
The group is investigating these problems using a 1
kg detector made from natural CdW Oy, installed in
the Gran Sasso tunnel.

Another potentially promising way to get to the
0.1 eV level as a limit for neuirinoless double beta
decay is the use of °Nd in a cryogenic detector.
Until recently this favorable isotope with its 3.4 MeV
energy release could be used only as a source, and
because multiple scattering of the emerging electrons
required that it be used as a thin foil, the amount
of ""YNd had to be quite small. As NdFs cooled
to milliKelvin temperatures, it can be both source
and detector, permitting use of as much material
as one can afford. Since NdF; has a high Debye
temperature (f; = 390K), its small specific heat
provides a large signal and an energy resolution of
less than 1 keV at 3.4 MeV in a 10% g crystal. This
1s a factor of at least three improvement in resolution
compared to a Ge semiconductor detector.

Another advantage compared to G is the energy
available. In this energy range backgrounds go down
about an order of magnitude per MeV, and Ge has
only 2 MeV energy release. Indeed, 3.4 MeV is above
any naturally occurring beta or gamma background.
It appears possible using ballistic phonons to utilize
pulse shape so that alpha backgrounds could also
be eliminated. With the good energy resolution
and the low radioactivity backgrounds, it is likely
that at a deep site during the needed counting time
there would be no counts at the endpoint energy
unless neutrinoless double beta decay were seen.
The lifetime limit would then increase directly with
counting time, instead of as the usual square root of
that time.

The main issue regarding the feasibility of reach-
ing the 0.1 eV level is the 9N d matrix element.
The QRPA calculation by Staudt, Muto, and Klap-
dor [57] gives a factor 70 improvement in rate, for
all other factors equal, with respect to "®Ge. If that
turns out to be true - and the main part of that
improvement comes from the larger energv release
- then achieving the 0.1 eV level is assured. How-
ever, Hirsch, Castanfios, and Hess in a recent publi-
cation[82] get a very suppressed matrix element be-
cause the nucleus is deformed, making it less {avor-
able even than "#(Ce.

All of these experiments will probably, on a cer-



tain level, be tinited by residual background. An
elegant way to reach the zero background regime
could be to detect the electrons in coincidence with
the decay product created at the same location in
the detector, to have an additional signature for 33—
decays. This requires a detector with spatial resolu-
tion. The big problem here is, that the requirements
of a large detector containing a reasonable number of
source atoms and the identification of single atoms
in this "ocean” are hardly compatible. The double
beta group in Irvine, which pioneered in the field of
the measurement of 382v-decays in several isotopes,
is working on this problem.

All discussed projects are dealing with kg quanti-
ties of the investigated isotope. If the source should
be increased to several tonms the only practical 8-
emitter left seems to be Xe. The idea of using Xe
gas dissolved in a large liquid scintillator, having very
low intrinsic radioactive contaminations, has been
proposed [83]. Large low background facilities as
the test detector of the BOREXINO project (FV:
2 tons) in the Gran Sasso tunnel could be used. The
source strength of this configuration would be 27 mol
of 138 X ¢ if natural Xe would be used or 733 mol for
the final BOREXINO detector (FV: 60 tons).

Because the solubility of Xe gas in liquid scintil-
lator is limited to ~ 2 % the fraction of source to
active detector would be far from ideal. The use of
enriched Xe would again allow a much more compact
detector.

A serious problem would be the poor energy reso-
lution of the device spilling two neutrino double beta
events into the zero neutrino analysis interval. Any
estimate of the achievable sensitivity depends hence
on the unknown half life of the allowed background
decay channel.

An even more avantgardistic idea would be the
use of a large (several kton) liquid Xe detector simi-
lar to the liquid Ar TPC developed by the ICARUS
collaboration. A fiducial volume of 1 kton of natural
Xe corresponds to a source strength of 6.7 - 10° mol
of Y% Xe.  In the most optimistic case of no back-
ground a neutrinoless half life of 10°° y could be
tested within one year. This corresponds to a neu-
trino mass limit of 4- 1073 eV. A simtlar background
and energy resolution as in the previously discussed
Xe TPC reduces the sensitivity to 10%° y or 0.1 eV.
The truth may be somewhere in between these two
numbers. The questions whether the high density of
the liquid Xe will allow the ideutification of tracks
of MeV electrons and whether long lived radicactive
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noble gases as e.g. 12 Ar, (produced in atmospheric
nuclear bomb tests) emitiing electrons with energies
of up to 3.52 MeV, arc a serious problem, remain to
be answered.

5.4 Other Topics.

100 keV Neutrinos. If neutrinos have mass then
it is of course possible for the different types of neu-
trinos to mix with each other. Such an admixture
would exhibit itself in the kinematics of weak two-
body and three-body decays in which the neutrino
is one of the final products. The spectra of the ac-
companying particles in these decays would feature
an extra peak (in the case of two-body decays) or a
kink (in the case of three-body decays) the location
of which will depend on the mass of the admixed
neutrino and the strength of which will depend on
the mixing angle. A wide variety of experiments
has been conducted to search for the admixture of
a heavy neutrino with the electron neutrino {r.) by
looking for such extra peaks or kinks in decays in-
volving the electron neutrino (e.g. [84]). These ex-
periments have established varying upper limits on
the strength of the admixture of v, to heavy neutri-
nos with masses ranging from a few keV to several
GeV. The least stringent limit for the mixing of v.
with v, is for 100 < mass of v, < 1000 keV, where
the current limit is ~ 0.5%. A collaboration between
a Nuclear Physics group from Tennessee Technolog-
ical University (Hindi, Kozub, Robinson) and a Sur-
face Science group from Montana State University
(Avei, Zhu, Lapeyre) is currently conducting an ex-
periment which aims to bring down these limits to
< 0.1%.

The basic idea is to measure the spectrum of re-
coil velocities of 37C! ions following the electron cap-
ture (EC) decay of 37 Ar. For an isolated 37 Ar atom
energy and momentum conservation dictate that the
recoil energy be 9.54 eV when v, is emitted. If a neu-
trino with mass m, is emitted in a certain fraction of
the decays then the recoil energy of that fraction will

be shifted down in energy by a fractional amount of

2
%E:E = (m—él‘—) , where @ is the decay energy (814-F,)

keV, where E} is the excitation energy of the hole left
in the daughter 37C{ atom). Thus the highest mass
neutrino that could be emitted in the decay is 814
keV: if a 250 keV neutirino were to be emitted, for
example, the change in energy of the recoiling 37C!
would be 9.5%. The lowest neutrino mass to which
the method could be sensitive depends on our ability
to resolve Lhe peak associated with the emission of




the massive neutrino from the dominant peak associ-
ated with the emission of the clectron-type neutrino
in the recoil spectrum. The factors which lead to
broadening in the cnergy spectrum are dependent on
the experimental technique, a brief account of which
will be given next. Full details of a preliminary mea-
surement have been published recently {85).

The spectrum of recoil velocities from a mono-
layer consisting of a mixture of one part 3 Ar and ~
5 x 107° parts 37 Ar physisorbed on a gold-plated S¢
wafer cooled to 16 K was obtained under ultra-high
vacuum conditions by measuring the time-of-flight of
the recoiling *’Cl ions. The time-of-flight spectrum
was obtained by starting a time-to-amplitude con-
verter by detecting one of the Auger electrons emit-
ted after the EC decay, and stopping it by detecting
the 37Cl ion after it had travelled a distance of ~7
cm. The observed energy distribution was found to
have a maximum close to the expected energy of 9.5
eV; the FWHM of ~3 eV is about 50% larger than
that expected for isolated 37 Ar atoms. The factors
contributing to energy broadening for an isolated
TAr atom are the thermal motion of the 3 Ar atom
prior to decay (~3% of the recoil energy at 16 K}, re-
coil from Auger electrons emitted by the 37¢! atom
after the decay (12.2% for KLL Augers, 3.5% for
LMM Augers) and various instrumental effects such
as variation in the flight distance over the finite size
of the detector and source. A Monte Carlo simula-
tion which takes into account all of these effects gives
an energy broadening of about 14% if the coincident
Auger electron was required to be a KL L Auger and
20% if any Auger electron was accepted. Several ad-
ditional experimental observations [85] have led to
the belief that the extra broadening observed is due
to inelastic charge exchange reactions between the re-
coiling C1 ions and the neighboring %% Ar atoms and
possibly with the Au substrate. Until a fuli quan-
titative understanding of the width of the observed
peak is obtained, mixing lirits from this preliminary
Ineasurement cannot be quoted.

The experimental group is currently working on
several improvements and modifications which it is
hoped will reduce the broadening of the main peak
and increase the sensitivity to admixtures with heavy
neutrinos. These improvements are 1} The produc-
tion of **Ar from the “Ca(n, ) Ar reaction in-
stead of from the 36Ar(n, ) reaction. This wiil elim-
inate the *®Ar from the surface and allow a much
higher activity at a much smaller coverage and source
area. 2} The use of position sensitive detectors to
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better define the Mlight path. 3) The use of a graphite
substrate for adsorbing the *7 Ar. This should hope-
fully lower the charge exchange probability with the
substrate and reduce the fraction of backscattered
Auger electrons, 1) Possibly detect the ! ions in
coincidence with a K x-ray instead of with Augers.
Detection of a K x-ray insures that the ¢! ends up
with a charge state of 41 (in contrast with the Auger
filling of the K hole, which leaves the Cl, on average,
with a charge state of +3); thus if the C1 were to pick
up an electron it would become neutral and hence
would not be detected by the system. This would
eliminate the problem of inelastic charge exchange.
The above improvements should enable the ex-
periment to set limits of < 0.1% on the admix-
ture of heavy neutrinos with the electron neutrino.
The measurement will be sensitive to neutrinos with
masses in the range 200-800 ke V. It would be difficult
to push the mass below 200 keV with adsorbed 37 Ar
atoms because of (the tsurmountable) broadening

due to the initial zero-point motion of the trapped
Ar.

6.0 CONCLUSION

We have considered the potential impact and the
feasibility of improved kinematical probes of neutrino
mass. Existing hints of neutrino mass lead one to
speculate that moderately improved probes of M,,
via tritium § decay, and of the effective Majorana
neutrino mass M.y via neutrinoless double g de-
cay, may actually cbserve neutrino mass signals. The
requisite tmprovement in the tritium experiments ap-
pears possible in principle, but very difficult. In ad-
dition, the tendency of current tritium experiments
to yield M,,EC < 0 must be understood; a possibie role
for molecular spectroscopic studies which might help
is also presented. The required improvement in the
BBy experiments appears Lo be attainable. Indeed,
several different approaches to significantly improv-
ing the sensitivity of 88y, searches are being consid-
ered or implemented. Turning to M, , we examined
the possibility of improving sensitivity to this quan-
tity through experiments on pion or kaon decay. We
did not examine in any detail the prospects f{or im-
proving the laboratory bounds on M, _, but argued
from astrophysics that improved bounds would be
quite valuable. Finally, we considered improving the
sensitivity to neutrinos which have masses in the 200
keV ~ 800 keV range, and are admixed in the electron
neutrino, via experiments on electron capture.

The present hints of neutrino mass, and the gen-
cral theorctical prejudice that neutrinos have non-



vanishing masses, give to experimental scarches for

neutrino mass significant and important discovery

potential. We conclude that improvements to the
kinematical searches are well-motivated and promis-
ing.
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M2 (eV?) M,, Bouud (eV)
Experiment Sources for Best Fit al 95% CL
NS, Tokyo  Cd Arach.-T  —65 + 85+ 65 1301
Zurich OTS-T —24 + 48 + 61 1112
Los Alamos T, gas —147 4 68 + 41 9.3
Mainz T, solid -39+ 34415 7.2l
Livermore Ty gas —130+ 20+ 15 7i5]
INR, Moscow Ty gas —185+6 4.5

Table 1: Bounds on M, from tritium g

decay experiments.

FExperiment TP/”Q reached Mg leV] using Tf’/”z final Mgy teV] using
(v] 90% c.l. | Ref. [29] | Ref. [34] || {y] 90% c.l. | Ref. (29] | Ref. [34)
H-M ®Ce 5.1-10% 0.7 2.3 2-10% 0.4 1.2
IGEX °Ge 1.7-10% 1.2 4.0 - - -
C-N-P 138y, 3.4-10% 2.6 4.3 1044 1.5 2.5

Table 2. Half life and neutrino mass sensitivities of
the discussed experiments using different nuclear ma-
trix element calculations. H-M and C-N-P denotes
the Heidelberg-Moscow and Caltech—-Neuchitel-PS]
experiments, respectively. The mass limits already
reached are listed together with the estimates for the
final sensitivity. Because the IGEX project is still in
a relatively early stage no final sensitivity is given

for it.

[sotope Range Preferred value
®Ca ? _ 7 3.2 x 1028
6 1.7 x 10%% — 2.7 x 1027 3.0 x 1026
82Ge 58 x 10 — 1.1 x 10?77 1.0 x 1028
$67r 5.3 x 10 — 7.8 % 10% 3.8 x 10%
100014 2.6 x 10 — 1.9x 10% 1.0 x 10%¢
18Cd ? — ? 5.1 x 10%7
150Nd 5.0 x 102 — 1.0x 107 9.0 x 1025
130 e 1.6 x 16°® — 1.3 x 1026 3.3 % 1028
136 % e 1.0 x 10%% — 6.3 x 1026 2.5 x 1026

Table 3: Lifetimes for Mesr =0.1eV.
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Figure I: Measured spectrum of the Heidel-
berg—Moscow experiment around 2.04 MeV after
98.7 mol - y of "*Ge exposure time. The Sf-signal
excluded with 90 % c.l. is also indicated.
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Figure 3: Number of K¢ — n%,%u, events needed
with m,, > 493.5 MeV versus the muon neutrino
mass sensitivity for various mass resolutions. This
was calculated assuming that the data will be binned
with a binsize equal to or smaller than the mass
sensitivity. A maximum likelihood method using the
small event statistics at the endpeint should yield
somewhat better sensitivity.
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Figure 2: Measured spectrum of the TPC Sum
energy spectrum of the two-eleclron events measured
with the Xe TPC, taken from ref. [61]. The exposure
time ts 18.9 mol - y. [un the inserl the energy range

around the gf-decay encrgy is shown together with
Lthe excluded signal.
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Figure 4: Picture of the planned NEMO III
detector depicts the NEMO II{ detector aad its
shielding. The Bf-source is surrounded by plastic
scintillators covering the walls of the gas-filled de-

tector. Electron and positron tracks have to be ce
constructed over more than 50 cm.
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