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1 Introduction

There are strong theoretical and experimental motiva-
tions to search for neutrino mass. The Standard Model of
electroweak interactions provides the framework in which
the fundamental particles are arranged into pairs and
generations (or flavors) of quarks:

() () ()

and of leptons:

e T

Ve v,
Experimentally, the neutrinos appear to be massless, and
hence the assumption that they are exactly so is built
into the basic Standard Model. However, despite the
experimental success of the model, we know that it is in-
complete. In particular, many of the major outstanding
challenges in particle physics today have to do with the
question of mass. For example, we ask, “Why is the top
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quark so heavy?” (or “Why are the other fermions so
light?”), “Is the Higgs particle the origin of mass?”, and
“Are the neutrinos really massless?” There are also a
number of persisting questions in cosmology and astro-
physics, such as “Where are the solar neutrinos?”, “Are
there missing atmospheric neutrinos?” and “What makes
up the mass of the universe?”.

In the minimal Standard Model and in certain exten-
sions such as SU(5), neutrinos are assumed massless. The
Standard Model can, however, easily accommodate mas-
sive neutrinos without contradicting firmly established
symmetries, so the existence of neutrino mass is an open
experimental question. Direct measurements of neutrino
masses have yielded only upper limits (< 5.1 eV, < 0.27
MeV, and < 31 MeV for electron, muon, and tau neutri-
nos, respectively [1]). Non-zero neutrino masses below
these limits contradict neither theory nor experiment.
The exciting possibility is that massive, flavor-mixed neu-
trinos (e.g., ¥ — v, ) may answer many of the above
questions. The next generation of oscillation and direct
mass measurements will extend sensitivities into ranges
of mass and mixing parameters for which a a positive



result is likely. This could well constitute the first break
with the standard model. Alternatively, the experiments
should be able to exclude cleanly most of the interest-
ing parameter range. In either case, the implications for
particle physics, astrophysics, and cosmology will be sig-
nificant.

Almost all extensions of the standard model predict
non-zero neutrino masses. Both general directions for
new physics — grand unification/superstrings and com-
positeness — are likely to lead to neutrino masses. Many
models predict seesaw-type masses, m, ~ m% /M, where
mp 1s a typical quark or charged lepton mass and M
is the scale of new physics. Such theories naturally ex-
plain why the neutrino masses are so small. Measuring
these masses and the leptonic mixings would probe the
physics at the underlying mass scale M and would be
an excellent complement to searches at high-energy col-
liders. Large values for M (e.g., 10'? GeV, as expected
in many grand unified theories), predict masses relevant
to the solar neutrinos (e.g., ¥. — v,) and to hot dark
matter (e.g., v;).

Observation of non-zero neutrino masses could well
shed light not only on new physics, but also on the origin
of fermion masses in general, which are among the least
understood aspects of the standard model.

During the last decade, several scientific develop-
ments have given us reasons to believe that neutrinos
may indeed be massive. Recent results by COBE and
other groups on angular variations of the temperature of
the cosmic background radiation [2] as well as the ob-
served clustering of galaxies on very large scales may be
explained by a significant component of hot dark matter
[3]. The most economical hypothesis for providing such
hot dark matter is to assume that 7 neutrinos, which
are a component of the primordial radiation field, have
a mass somewhere in the range from 5 to 35 €V. The
precise mass value depends on the Hubble constant and
on the fraction of the cosmic energy density contributed
by hot dark matter, but a typical estimate is m,_~ 7
eV. If true, neutrinos could well be among the dominant
constituents of the universe! As we shall see later in this
report, most of this interesting parameter range can be
probed in planned short baseline oscillation experiments,
supplemented with direct mass searches and neutrinoless
double beta decay experiments. The latter is also sensi-
tive to the nature of the neutrino mass. Observation of
a nearby supernova would extend the sensitivity to very
small or zero mixing.

A second and perhaps more direct experimental in-
dication that neutrinos have mass comes from the detec-
tion of solar neutrinos. All solar neutrino experiments
observe a deficit of neutrinos compared to the expecta-
tions of standard solar models. The gallium results are
now significantly below the predictions of almost all solar
models. Even more compelling, the relative suppressions

120

observed in the Homestake and Kamiokande experiments
imply a distortion of the ®B spectrum, which is incon-
sistent with any conventional astrophysical explanation,
and strongly suggestive of non-standard neutrino proper-
ties. Neutrino oscillation effects are expected to be exag-
gerated by passage through solar matter. This “MSW ef-
fect” provides the simplest and most natural explanation,
adequately describing all data for Am? around 107° V2,
Planned and proposed solar neutrino experiments have
the potential for cleanly confirming or refuting MSW and
other hypotheses, independent of solar model uncertain-
ties. They should also allow a model-independent deter-
mination of the major neutrino flux components, even
in the presence of oscillations, and therefore serve as a
powerful tool for solar astronomy.

Three experiments indicate a deficit in the ratio of
muon and electron neutrinos produced in cosmic ray in-
teractions. This ratio is relatively free of theoretical am-
biguities in the incident fluxes, and hints at neutrino os-
cillations with Am? ~ 1 — 10723 eV? and large mixing
angles. These possibilities could be definitely established
or excluded by proposed long baseline experiments.

LEP results on the Z lineshape indicate that there
are only three light active (left-handed) neutrinos, and
limits from big bang nucleosynthesis severely constrain
the parameter space allowed for sterile neutrinos. These
results, combined with the experimental and theoretical
clues described above, significantly limit the possibilities
and the likely parameter space for neutrino mass and os-
cillations. The program of experiments that are planned
or proposed for the next decade could unambiguously es-
tablish neutrino masses or exclude almost all of the likely
possibilities.

A serious program to probe neutrino masses and mix-
ings in the ranges suggested by hot dark matter, atmo-
spheric neutrinos, and solar neutrinos, as well as many
well-motivated theoretical ideas (such as grand unifica-
tion through supersymmetry), has a real possibility of
observing positive signals. These could well be the first
break with the standard model of particle physics, could
have profound consequences for cosmology, and would
serve as a quantitative probe of the solar core. Even neg-
ative results would severely constrain the possibilities for
new physics beyond the standard model, would exclude
one of the major possibilities for the dark matter, and
would be a powerful tool for studying the sun.

2 Basic Properties of Neutrinos

There are literally hundreds of models of neutrino mass
[4]. The nomenclature, notation, and variety of models
are very confusing. In this section, we give an overview
of the basic concepts and principal classes of models.
The first concept is that of a Weyl neutrino. A Weyl
fermion is the basic two-component fermionic degree of



freedom. A left-handed state v, is necessarily related by
a CP or CPT transformation to a right-handed antipar-
ticle state by

(1)

where C is the charge conjugation matrix, given by C =
i72~° in the Bjorken-Drell conventions.®Thus the L and
R states are essentially adjoints of each other. It is a
matter of convenience which is defined as the particle
and which is the antiparticle. Sometimes it is useful to
define all right-handed states as antiparticles; when there
is a conserved lepton number it is convenient to label the
leptons as particles and the antileptons as antiparticles.

An important distinction is between active (SUs-
doublet) and sterile’(SU,-singlet) neutrinos. The former
have normal weak interactions, while the latter have no
weak interactions except those induced by mixing. In the
standard model with an additional sterile Weyl neutrino

Npg, one has
)L

Ve
e~

The v, and its partner are active, associated in weak dou-
blets with the electron, while the extra Npg is sterile with
no weak interactions. In the ordinary standard model one
introduces three active massless neutrinos v.r, vur, vrr
and no sterile states.

v, o Vg =Col,
CP

—
CP

Np  N§.
CP

(2)

Mass terms induce transitions between right and left-
handed states. A Dirac mass term, which conserves lep-
ton number, involves transitions between two different
Weyl neutrinos, vy, and Ng (or v§, and N7). That is, the
right-handed state Ny is different from v;. The form is

(3)

where the Dirac field is defined as v = v, + Ng. Thus
a Dirac neutrino has four components vy, v§, Ng, Nj,
and the mass term allows a conserved lepton number
L = L, + Ly. This and other types of mass terms
can easily be generalized to three or more families, in
which case the masses become matrices. In that case,
the charged current transitions involve a leptonic mixing
matrix (analogous to the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix), which can lead to neu-
trino oscillations between the light neutrinos.

For an ordinary Dirac neutrino the vy, is active and
the Ng is sterile. The transition between these states is
Al = %, where I is the weak isospin. The mass requires

— Lpirac = mp (P Ng + Ngvr) = mpiv,

®The subscripts L and R really refer to the left and right chiral
projections. In the limit of zero mass these correspond to left and
right helicity states.

bSterile neutrinos are often referred to as “right-handed” neu-
trinos, but that terminology is confusing and inappropriate when
Majorana masses are present.
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SU, breaking and is generated by a Yukawa coupling

S00

- LYukawa — hu(Deé)L ( _ ) NR + H.C. (4:)
14

One has mp = h,,v/\/i, where the vacuum expecta-
tion value (VEV) of the Higgs doublet is v = v/2(p°) =
(\/EG’F)_U2 = 246 GeV, and h,, is the Yukawa coupling.
A Dirac neutrino mass is just like a quark or charged lep-
ton mass, but that leads to the question of why neutrino
mass is so small. One would require h,, < 1071 in order
to have m,, < 10 eV. For this reason most people do not
take normal Dirac masses seriously. However, some cau-
tion is advised since we do not understand the patterns
of quark or charged lepton masses either. One interest-
ing idea is to invoke some sort of symmetry that requires
h, = 0 at tree-level, so that neutrino masses would only
be generated at the loop level and might naturally be
small. However, there are no compelling or simple mod-
els to implement this otherwise attractive idea. Some-
thing of this sort may be one possibility for superstring
models, in which it is difficult to implement the simplest
version of the seesaw mechanism. (Non-renormalizable
operators are another possibility.)

A variant form of Dirac neutrino is the Zeldovich,
Konopinski, Mahmoud (ZKM) type [5], for which vy,
and Ny are both active states — the Ny is just a right-
handed antineutrino associated with a different family
than the vy. For example, one could have N.p = v¢p
as the partner of the v.r. In this case L, — L, would
be conserved and v.r, Vg, Vvig, v would be the four
components of the ZKM neutrino. Similarly, one could
choose N.p = I/ZR, so that L, — L, would be conserved.
The ZKM case is defined as a Dirac neutrino by most
authors, because it has a (somewhat unusual) conserved
lepton number and has four components. However, a
ZKM neutrino requires a more complicated Higgs struc-
ture than doublets, and in many ways is more analogous
to the Majorana neutrinos to be described below. In fact
a ZKM neutrino is a limiting case of Majorana neutrinos,
and not all authors agree that it should be referred to as
a Dirac neutrino.

A Majorana mass, which violates lepton number by
two units (AL = +2), makes use of the right-handed an-
tineutrino, Ngr = v, rather than a separate Weyl neu-
trino. It is a transition from an antineutrino into a neu-
trino. Equivalently, it can be viewed as the creation or
annihilation of two neutrinos, and if present it can there-
fore lead to neutrinoless double beta decay. The form of
a Majorana mass term is given in Eq. 5.

1
_LMajorana = Em(DLV]c{ + D;{VL) +

1
= 5m(:?LCD{ + H.C)+



1

= Fmv (5)
v = vy, + 4% is a self-conjugate two-component state sat-
isfying v = v° = Co”. If vp is active then the above
transition involves AJ = 1 and m must be generated by
either an elementary Higgs triplet or by an effective oper-
ator involving two Higgs doublets arranged to transform
as a triplet.

For an elementary triplet m ~ hpvp, where hp is a
Yukawa coupling and vy is the triplet VEV. The simplest
implementation is the Gelmini-Roncadelli (GR) model
[6], in which lepton number is spontaneously broken by
vp. The original GR model is now excluded by the LEP
data on the Z width. The decay Z — My, in which
M is the Majoron (the Goldstone boson associated with
the spontaneous breaking of lepton number) and x ~
Re ¢) is a physical scalar field with mass m, = O(vr),
occurs rapidly and contributes AN, = 2 to the effective
number of neutrino flavors. Since, N, = 2.988+0.023 [7]
there is no room for this decay. Variant models involving
explicit lepton number violation or in which the Majoron
is mainly a weak singlet (énvisible Majoron models) are
still possible.

If the mass, m, is generated by an effective operator,
one expects m ~ Cv?/M, where C is a dimensionless
constant and M is the scale of the new physics which
generates this operator. The most familiar example is
the seesaw model, to be discussed below.

All of the effects of lepton number violation associ-
ated with Majorana masses are proportional to the mass,
and there is no distinction between Dirac and Majorana
neutrinos in the limit m — 0 unless there are new inter-
actions. For m — 0 both reduce to a Weyl neutrino with
the standard model interactions, and the Ni decouples
in the Dirac case.

It is also possible to consider mixed models in which
both Majorana and Dirac mass terms are present. For
two Weyl neutrinos one has a mass term

(71, 3¢) ( ZZ Z’Z ) ( ;’; )—I—H.C., (6)

where vy < v}, and Nj < Np are the two Weyl states.
mr and mg are Majorana masses which transform as
weak triplets and singlets, respectively (assuming that
the states are respectively active and sterile), while mp
is a Dirac mass term. Diagonalizing this 2 X 2 matrix
one finds that the physical particle content is given by
two Majorana mass eigenstates n; = n;;, + nig, =
1,2; as usual these are two-component objects (n; = nf)
constructed from the Weyl neutrinos n;;, < nfp.

There are a number of important special cases of the
general mixed model:

— L =

DN | =

e The simplest is that of pure Majorana masses, mp —
0, in which the two Majorana eigenstates are just
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the original active and sterile neutrinos: n,; =
vy, mop = Nf.

Another important case is the Dirac limit, mpr =
mg = 0. When one diagonalizes the mass matrix in
the Dirac limit the two Majorana mass eigenstates

1 1
ny = —(VL+NE)+E(V§%+NR)

o1
(ve — Np) — 7

are degenerate with mass mp, and can be combined
to form a Dirac neutrino with a conserved lepton
number. Thus, a Dirac neutrino can be viewed as
a pair of degenerate Majorana neutrinos with 45°
mixing and opposite C'P parity.

S-S

(Ve —Nr) ()

D _
Ny =

The pseudo-Dirac case mp € mp, mg < mp is a
perturbation on the Dirac limit. The Majorana mass
terms lead to a small splitting of the mass eigen-
states, z.e., one has two almost-degenerate Majorana
neutrinos and a small breaking of L. For example,
consider the case ms =0, my < mp. One obtains
two Majorana neutrinos

D
ny = nj —|——4 Ny, Mg = ——n] + Ny,

with masses
mi,2 = mp £ myp /2. (9)

Thus, one can have v;, — N} oscillations with near
maximal mixing.

In the seesaw limit [8], mp = 0, mp <K mg, one

obtains two Majorana neutrinos

mp
nyy = VL_—NLC,
mgs
mp
Noy =~ —VL+N£ (10)
mgs
with masses
mD2
m ~ — <mp
mgs
my ~ mg. (11)

Thus, there is one heavy neutrino and one neutrino
much lighter than the typical Dirac scale. Such mod-
els are a popular and natural way of generating neu-
trino masses much smaller than the other fermion
masses.

There are literally hundreds of versions of the see-
saw and related models [4]. The heavy scale mg can
range anywhere from the TeV scale to the Planck
scale. The TeV scale models are motivated, for ex-
ample, by left-right symmetric models [9]. Typically,



the Dirac masses mp are of the order of magnitude
of the corresponding charged lepton masses, so that
one expects masses of order 10~! eV, 10 keV, and 1
MeV for the v, v,, and v;, respectively. (The latter
two violate cosmological bounds unless they decay
rapidly and invisibly.) Intermediate scales, such as
10'?2 — 106 GeV, are motivated by grand unification
and typically yield masses in the range relevant to
hot dark matter, and solar and atmospheric neutrino
oscillations. The grand unified theories often imply
Dirac masses mp ~ m,, where m, is the mass of
the up-type quark of the corresponding family. De-
pending on whether there is also a family hierarchy
of heavy masses mg, the light masses

2
m,, .
m,, ~ C;i—=, (12)

of the i** family may vary approximately quadrati-
cally with m,, (the quadratic seesaw) or linearly (the
linear seesaw) [10]. C; ~ (0.05 — 0.4) in (12) is a ra-
diative correction. Typical light neutrino masses in
the quadratic seesaw are (1077 eV, 1073 eV, 10 eV)
for Mg, ~ 10'?2 GeV (the intermediate seesaw, ex-
pected in some superstring models or in grand uni-
fied theories with multiple breaking stages). Such
masses would cause v, — v, oscillations in the sun,
and make v, be a dark matter candidate (or, for
a somewhat smaller v, mass, v, — v, atmospheric
neutrino oscillations). Similarly, for Mg, ~ 10'¢ GeV
(the grand unified seesaw, expected in old-fashioned
grand unified theories with large Higgs represen-
tations) one typically finds smaller masses around
(10=11 eV, 1077, 102 eV), suggesting v, — v, os-
cillations in the sun. In such models one often (but
not always) finds that the lepton and quark mixing
matrices are similar.

One can easily generalize the mixed models in Eq. (6)
to three or more fermion families. For three families there
will be three active and three sterile neutrinos. These will
mix to form six Majorana mass eigenstates and a 6 x 6
mixing matrix. One would in general expect both oscil-
lations of the active neutrinos into each other (known as
first class or flavor oscillations) and also (second class)
oscillations of the active neutrinos into sterile neutrinos.
However, the latter are only significant if the Dirac and
Majorana mass terms are of comparable magnitude (z.e.,
the mass eigenstates that are predominantly active and
sterile have comparable masses). This does not occur
naturally in most models (it does not occur at all for pure
Dirac or Majorana masses, and is strongly suppressed in
the seesaw models), so that oscillations between active
and sterile neutrinos, while a logical possibility, are per-
haps less likely than flavor oscillations.

A very different class of models are those in which
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the neutrino masses are zero at the tree level (typically
because no Weyl singlets or elementary Higgs triplets
are introduced), but only generated by loops [11], i.e.,
radiative generation. Such models are very attractive
in principle and explain the smallness of m,. How-
ever, the actual implementation generally requires the
ad hoc introduction of new Higgs particles with nonstan-
dard electroweak quantum numbers and lepton number-
violating couplings. There are a great variety of these
models. When phenomenological constraints are im-
posed they often have a pseudo-Dirac neutrino, e.g., in
which L, — L, + L. is approximately conserved. Many
of the models were motivated by attempts to gener-
ate a large value for the neutrino magnetic moment g,
[12] (suggested by hints of possible time dependence in
the Homestake solar neutrino rate) without generating a
large value of the effective neutrino mass (m,_) relevant
to neutrinoless double beta decay.

3 Neutrino Counting

e There are N, > 2 Weyl neutrinos in Nature, because
the v, and v, have been directly observed.

e We also know that N, > 3, because the interactions
of the 7 are not suppressed by mixing. There must
therefore be a separate v,. (SU, gauge invariance re-
quires that each doublet involves a different neutrino
state.)

e One has N, = , 72—/ z—wvs = 2.988 &£ 0.023
from the LEP measurements of the invisible Z width
s Zoiny = » Z — 3 Z—vis [7)- N, counts the active
neutrinos with masses m <« My /2, and also includes
contributions from heavy active neutrinos up to the
kinematic limit with an additional phase space sup-
pression. It does not count sterile neutrinos. Other
light invisible states also contribute. For example, a
triplet Majoron [6] yields AN, — 2, which is clearly
excluded, while a doublet Majoron [13] or a light
scalar neutrino in supersymmetry each contribute
AN = %

e There is a limit N < 3.3 at 95% CL from the
observed abundance of helium and other light el-
ements [14]. This bound is complementary to the
LEP limit. It includes neutrinos only for masses up
to m < O(30 MeV). However, in addition to active
neutrinos it includes sterile neutrinos vs for a wide
range of masses and mixing with active states [15],
for which the sterile neutrinos would have been pro-
duced in the early universe prior to nucleosynthesis.
In particular, for oscillations into sterile neutrinos
the parameter range relevant to laboratory experi-
ments and atmospheric neutrinos is excluded, as can
be seen in Figure 1. Nucleosynthesis allows v, — vg
for solar neutrinos via the MSW effect on the small



angle (nonadiabatic) but not the large angle branch?

4 Cosmology and Astrophysics

There are many constraints from cosmology and astro-
physics on neutrino masses, life-times, and other proper-
ties [17]. One of the most important is the limit
D mi < 35€V, (13)
where the sum extends over the light, stable, active neu-
trinos. (Also included are sterile neutrinos with a sig-
nificant mixing with the ordinary neutrinos [15]). If (13)
does not hold, then there would be too much energy den-
sity in the present universe. If neutrinos are unstable
there are a large variety of other constraints [17]. If the
neutrinos decay via normal weak interactions then the
decays would be either v, — vy or viete™, depending
on the masses. There are many limits on such decays
from the present energy density, the properties of the
microwave background radiation, supernovae and nucle-
osynthesis. The result is that for such unstable neutrinos
one must still have m,, , < 35 eV.
The limit in (13) can be evaded if the neutrinos decay
or annihilate into invisible decay products. In this case,
one has the weaker limit [17],

T1%
m, < 35 [—0] eV,

. (14)
where Tj is the age of the present universe and 7, is
the neutrino lifetime, to ensure that their decay products
will have redshifted to a low enough energy. Other con-
straints follow from the fact that structure can only grow
in a matter-dominated universe [18]. In principle, one
could have decays of a heavier neutrino into three lighter
neutrinos, but it is difficult to find models in which the
decay is sufficiently rapid. More promising are decays
vy — v1G or 11 G, where G is a Goldstone boson, such as
a Majoron?(for a spontaneously broken lepton number)
or a familon (for a broken family symmetry). There are
many laboratory and astrophysical restrictions on such
models [4,17].

5 Supernova Constraints on Neutrino Masses

The detection of neutrinos® from SN 1987A in
the Kamiokande II (KII) [19] and Irvine-Michigan-
Brookhaven (IMB) [20] detectors on February 23, 1987

¢In fact, the present solar neutrino data are most likely incon-
sistent with a large angle solution for sterile neutrinos.

40ne can also have the annihilation of two neutrinos into two
Majorons.

¢This section is based on materials prepared by Andrew Hime,

LANL.
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Figure 1: Allowed and excluded regions in the neutrino os-
cillation parameters Am? - sin’f. Shown are the regions
excluded by laboratory experiments (upper right), and by
big bang nucleosynthesis for oscillations into sterile neutri-
nos (to right of solid lines). Also indicated are the regions
suggested by solar neutrinos (MSW or vacuum oscillations),
atmospheric neutrinos, and a hot dark matter component of
the universe, as well as predictions of some specific seesaw
models. From [16].



confirmed the characteristic duration, energetics, and
overall gross structure including the antielectron neu-
trino content of the burst [21]. A total of some 19 events
attributable to the supernova were recorded, and hun-
dreds of interpretations of the data in terms of upper
and lower limits on neutrino mass were offered. The va-
riety of conclusions speaks to the considerable model-
dependence of the supernova burst structure as well as
uncertainties related to experimental sensitivity, timing,
and background. In a thoughtful retrospective, Lamb
and Loredo [22] concluded that an upper limit of about
25 eV at the 95% confidence level could be set on the
mass of v, from the supernova data. Neutral current sig-
natures from muon and tau neutrinos were absent since
the IMB and KII detectors were not sufficiently sensitive.

A neutrino with a mass of a few eV would contribute
significantly to the closure density of the universe. Pre-
cision measurements of the tritium endpoint rule out the
electron neutrino as the dominant dark matter in the
universe, unless significant amounts of both hot and cold
dark matter exist [3], as does the limit on neutrinoless
double beta decay for Majorana v,. Muon and tau neu-
trino masses in the cosmologically interesting regime are
unlikely to be determined directly in any foreseeable ter-
restrial experiment. Consequently, the detection of neu-
trino bursts from supernovae may present our best hope
for directly inferring a neutrino mass of cosmological sig-
nificance. (Short baseline laboratory oscillation exper-
iments will probe this range if there is non-negligible
v, — V; mixing.)

5.1 Neutrinos from Supernovae

In The Future of Supernove Detection, Burrows, Klein,
and Ghandi [23] describe generic models of supernovae
in our own galaxy, and discuss the response for a num-
ber of representative Cerenkov detectors and scintillation
neutrino telescopes to a nearby neutrino burst. The su-
pernova model employed by Burrows et al. assembles a
number of modern calculations. While not representa-
tive of a specific event it is meant to be realistic in terms
of gross structure, temperature, energy, and time scale.
Figure 2 displays the initial electron neutrino spike due
to the release of trapped neutronization neutrinos as the
initial shock breaks out of the core. The ringing that fol-
lows is not necessarily a feature that will occur in most
supernovae. There then follows a longer period of ther-
mal decay during which the neutrino flux drops according
to a power law until the neutron star becomes transpar-
ent to neutrinos, at which time (~ 50 seconds) neutrino
emission ceases. Burrows et al. point out that limits on
the electron neutrino mass as low as 1 eV could be set
if the initial breakout were observed; otherwise, uncer-
tainties in supernova modeling make it difficult to derive
limits competitive with direct terrestrial experiments.
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Figure 2: Interaction rates for all neutrino flavors in the SNO

detector using a generic supernova model at 10 kpc. The des-

ignation “v,” denotes the total contributions from both muon

and tau neutrinos and their antiparticles. From Burrows et
al. [23].

5.2 Supernova Neutrinos in SNO

The unique capability of the Sudbury Neutrino Observa-
tory (SNO) [24] (see also Section 9.3.1) to measure the
neutral-current interaction of all active neutrino species
makes it possible to determine a muon or tau neutrino
mass in the cosmologically significant range by study-
ing the lengthening in flight time of a massive neutrino
species from a distant supernova. The effect of a 20 eV
and 50 eV tau neutrino mass is shown in Figure 3a for a
generic supernova at 10 kpc (the center of our galaxy).
Even if only one neutrino species has a significant mass,
all species and their antiparticles will contribute to the
total neutral-current rate in SNO. The effect of a sin-
gle massive species is shown in Figure 3b, and can be
recovered with sufficient statistics by comparison to the
charged-current data from electron and antielectron neu-
trinos. The comparison is complicated by the very dif-
ferent temperatures of the neutrino sources of different
flavors [25].

Given a galactic supernova, about 270 neutral-
current and 150 charged-current events are expected to
be registered in the heavy water component of SNO as
well as 350 charged-current events in the outer light wa-
ter shield. Approximately one third of these events would
arrive during the first half-second, during which the de-
layed arrival of 20 eV neutrinos would be most evident.
Assuming about 30% neutron detection efficiency, a neu-
trino mass in the 20 - 50 eV range would constitute a
~ 3 standard-deviation effect. If neutral current events
are converted to Cerenkov light by radiative neutron cap-
ture, then the charged and neutral-current spectra need
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Figure 3: Neutral-current rates in the SNO detector for the

generic supernova model of Burrows et al. [23]. In (a) the

spectrum is shown for the case of a single massive neutrino

species. In (b) the total deuteron disintegration rate is shown

for the case of a single massive neutrino and two massless
species.

to be decomposed via the light water charged-current sig-
nal. It is therefore planned to deploy ®He proportional
counters in the SNO detector [25] to obtain a continuous
and distinct measure of the neutral-current signal.

5.3 An International Network of Detectors

The upgrade of KII to SuperKamiokande (SK) and con-
struction of the Large Volume Detector (LVD) [26] will
allow very high statistics measurements of the v, and
v, signal during the first second of a supernova burst.
The characteristic rise-time of 50 msec in SK and LVD
for a massless neutrino is lengthened to 300 msec for a
10 eV electron neutrino [23]. This method of neutrino
mass determination cannot be applied to the muon and
tau neutrinos without implementing a neutral-current
based detector such as SNO or the proposed Supernova
Burst Observatory (SNBO) [27]. It is desirable to com-
bine the unique features of a variety of future neutrino
detectors to optimize our ability to extract physics from a
supernova burst. For example, muon and/or tau neutrino
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masses could be determined by employing the combined
signals from different detectors. The large mass and high
sensitivity to electron antineutrinos in SK [28] would pro-
vide the time of stellar collapse, while the subsequent
time shift associated with the onset of the v, and/or v,
signal in a neutral-current based detector could be em-
ployed to constrain or determine the v, and/or v, mass
[29].

A number of unique detectors, either under con-
struction or proposed, have been discussed in references
[23] and [29], both with respect to their ability in eluci-
dating our understanding of stellar collapse and to the
prospects for detection of a cosmologically significant
neutrino mass. The next generation of underground neu-
trino detectors can serve to determine a neutrino mass
in the 15 to 100 eV range. Depending upon one’s confi-
dence in the predictive power of supernova burst models
the lower end of this range might be pushed down to 5 eV
[29]. Pennypacker et al. estimate a galactic core-collapse
supernova at least every 31 4+ 7 years [30]. Hence, over
the next decade the probability of such an occurrence is
~20-30%, a sufficiently high probability that every effort
must be made to capitalize upon the physics associated
with such an event.

6 Direct Mass Measurements

The most obvious way to explore the question of neutrino
mass is to consider the kinematics of the weak decays of
the e, ¢, and 7 leptons. In this section we will review the
experimental efforts to measure the masses of v., v,,
and v; using kinematics.

6.1 Direct Measurement of m,,

A neutrino with mass around 7 eV is a leading candidate
[3] for the hot dark matter component of the universe
suggested by the COBE and galaxy distribution results
[2]. Barring a new supernova, direct (kinematic) determi-
nations of the masses of the neutrinos are within striking
distance of this mass only in the case of v,.

For v,, the current generation of tritium beta decay
experiments set upper limits on the , mass at about this
level. Thus improved experiments, down to the 1 or 2 eV
level, as well as admixture searches in this mass range,
must be a significant priority in future efforts. At the
same time note must be taken of a curious feature of the
current experiments: the central value of neutrino mass-
squared is negative in all cases. The average of 5 exper-
iments yields m,%e = —964 21 eV?, almost a 5-0 effect.
(The parametrization in terms of m,%e is only a convenient
way to describe a “bump” that appears near the endpoint
of the tritium spectrum.) Such a statistically unlikely
result suggests the presence of some as yet unidentified
systematic error common to the experiments, such as an



unexpectedly large problem in the calculation of the ex-
citation spectrum of the residual molecular ion THe™,
or the presence of new particle physics. Speculations on
new physics include tachyonic neutrinos, capture from a
(very dense) relic cosmic sea of neutrinos which would
produce a monoenergetic peak at or above the endpoint,
and admixture of a massive neutrino with strong final-
state interactions that would produce a bump at or be-
low the endpoint. Such possibilities are exciting, even
if unlikely, and demand that improved experiments be
performed to verify or reject them.

Another approach [31] is a study of the beta spec-
trum of 18"Re (endpoint of 2.64 keV vs >H of 18.6 keV)
using the developing cryogenic calorimetric technique. It
offers the exciting capability of eliminating two of the
major sources of systematic uncertainty, energy loss in
the source, and atomic final state distributions. There
are, however, significant technical challenges that must
be overcome before a successful measurement can be car-
ried out.

New experimental work on the tritium spectrum is
nearing completion in Russia [32] with an intense molec-
ular tritium source and a very high-resolution retarding-
field analyzer.

A summary of the existing experimental limits on
the direct m,, is given in Table 1.

There is an anomaly seen at the endpoint of the tri-
tium spectrum in three experiments on pure Ts that far
exceeds statistical fluctuations. The current published
experimental results (post 1988) are consistent with each
other, but not with m,_, = 0 and standard Fermi 3 decay.
In this circumstance, it is difficult to assign a confidence
level to an upper limit on the mass. Qualitatively, a mass
greater than 10 eV can confidently be ruled out, but the
situation is clearly unsatisfactory.

A plan of action might include the following ingredi-
ents:

e Continuing current laboratory work on the tritium
decay. Experiments are still in progress at Troitsk
[32], Mainz [37], Austin [40], and Yorktown Heights
[39].

e Evaluation of the possibility of reactivating the Los
Alamos and Livermore experiments.

e [Experiments to measure atomic-physics parameters
of the decay of Ty to THe™, such as the branch to
(at least) the ground state, radiative decays from ex-
cited states, 1- and 2-electron shakeoff probabilities,
infrared spectra, and resonances in H-He collisions as
a check on the crucially important final-state spec-
trum calculations.

New measurements of the T-3He mass difference.

e An atomic T experiment, where the final-state spec-
trum becomes trivial. Spin-polarized tritium at low
temperatures might form the basis for a compact,
intense atomic source.
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e Bolometric (calorimetric) measurements on tritium
or 87Re.

e Continued theoretical examination of exotic possibil-
ities, such as a gross error in the theory of the two-
electron molecule, high densities of relic neutrinos,
and non-standard electroweak models.

6.2 Direct Measurement of m,,

The most precise data on the mass of v, come from mea-
surements of the p momentum following the decay of
stopped pions. The most recent determination of the
mass of the 77 by Jeckelmann et al. [41], coupled with
the muon data of Abela et al. [42], give

m, < —0.097(72) MeV?, (15)
which, with the Bayesian procedure described by the Par-
ticle Data Group [1], yields an upper limit of 270 keV at
90% confidence on the mass of v,. A result slightly more
than 1-o negative is not unexpected if the true value is
zero.

However, a new round of experiments at the Paul
Scherrer Institute has now reached such a high level of
precision that a serious problem in this approach has
been discovered. Table 2 gives the recent history of these
measurements.

As indicated, with the mass of the charged pion pub-
lished by Jeckelmann et al., the central value for m? is
over 5o negative. The reason for this is now, it appears,
understood. The mass of the 77 has been deduced from
pionic X-ray spectra. The X-ray lines have a fine struc-
ture corresponding to the presence of zero, one, or two
K-shell vacancies. The data on the 4f — 3d line in ?*Mg
show only two components of significant intensity, al-
lowing for two possible assignments of structure. Auger
widths, which depend sensitively on the K-vacancy prob-
ability, were used to resolve the ambiguity in favor of the
“B” solution, but both new results on pionic X-ray inten-
sity ratios and new calculations of the strong absorption
widths now favor the opposite choice [46], i.e., the “A”
solution. With the “A” solution, the central value for
m,,, is (by chance) exactly 0, and an upper limit of 270
keV on m,, at 90% CL can be derived.

Stopped 7 decay is approaching a limit where theo-
retical uncertainty (in deducing the masses of the 7% and
the ') is limiting the accuracy with which m, can be
determined. One novel approach was that of Anderhub
et al. [47], who used a magnetic ‘racetrack’ and 7 decay
in flight to obtain,

m,” —0.14(20) MeV?
< 500 keV (90%CL)

m,,

The method is (by design) relatively insensitive to my
and m,, and could potentially offer an avenue for further



Table 1: Existing limits on the square of the electron neutrino mass.

Institute/Location ~ Year  Source Mass?, eV? Limit, eV  Ref.
State + stat. + syst.  (95%CL)
ITEP, Moscow 88  Valine-T +676+ 235 = 26¢ [33]
Los Alamos 91 T, gas —147+ 68 + 41 <93 [34]
Univ. of Ziirich 91 OTS-T —24+ 48 £ 61 <11 [35]
INS, Tokyo 91 Cd Arach.-T  —654 85 £ 65 <13 [36]
Mainz Univ. 93 T, solid —39+ 34+ 15 <72 [37]
LLNL (Chem.) 94 Ty gas —130+ 20 £ 15 - [38]
INR, Moscow Run’g T, gas [32]
IBM, Ykin Hts Stdby Metal-T [39]
UTx/Brandeis R&D T, gas [40]
Table 2: Limits on mu neutrino mass from =1t — p.+ + v, at rest.
Collaboration Ref. m,, MeV Py, MeV/c My, MeV m2, MeV?
Abela et al. 84 [42] 105.65932(29) 29.79139(83) 139.56761(77) -0.163(80)
Jeckelmann et al. 86 [41] 139.56871(53) -0.097(72)
PDG 92° [43]  105.658387(34) 139.56737(33)
Daum et al. 91 [44] 29.79206(68) 139.56996(67)
Frosch et al. 92 [45] 29.79144(20) -0.127(25)
Jeckelmann et al. 94 [46] “A” solution: 139.56995(35) 0.000(45)
“B” solution: 139.56782(37) -0.127(46)

¢ Electron mass down 8 ppm

improvement. No direct measurement scheme is known
that can access the cosmologically interesting mass range
below 100 eV, other than time-of-flight from a supernova.

6.3 Direct Measurement of m,,_

Of the three neutrinos now known to exist, the tau neu-
trino is arguably the least well understood. Not only has
it never been directly observed, but the limits on its mass
are orders of magnitude less stringent than those on its
electron and muon neutrino cousins [1].

Studies placing the most stringent limits on the tau
neutrino mass, m,_, have used the spectrum of the in-
variant mass of the measured tau decay products, Mx.
The maximum attainable Mx in a given tau decay mode
is a function of m,_. This measurement is most sensitive
to events with Mx ~ M, since this is where the spec-
trum varies most dramatically as a function of m,,_. The
tau decay final states with the least energy available for
the tau neutrino are generally more sensitive to m,_and
recent studies have concentrated on high-multiplicity tau
decays largely for this reason. Previous limits on m,,_ are
given in Table 3.

In the next few years, any improvement in the limit
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on m,_at ete™ colliders will come from improved statis-
tics using techniques that rely on obtaining an event near
the kinematic limit Mx = M,. While experiments at
LEP and CESR can all do these analyses, the poorer
mass resolution on Mx and smaller (though purer) sam-
ple sizes at the LEP experiments places them at a com-
petitive disadvantage relative to CLEO-II.

CLEO-II will continue to accumulate large amounts
of data, and will probably update the analyses of the
7 — 57, and T — 3727%y, decays in an attempt to
set an improved limit on m,_. As with earlier analyses
of these decay modes, luck plays a regrettably large role
in the stringency of the limit one can set, since the prob-
ability of getting an event very close to the kinematic
limit is exceedingly small. The tau decay to the final
state 377° v, , while peaked lower in invariant mass than
the five pion decay modes, has a much larger branching
fraction and therefore may have a similar sensitivity to
m,

Decay modes with kaons are potentially more sensi-
tive to m,,_by virtue of the reduced g2 available to the
vy . Although the CLEO-II detector has relatively poor
K-7 separation, sufficient statistics make using the fi-



Table 3: Existing limits on the tau neutrino mass.

Expt. Year Final Events Limit Ref.
State (95% CL, MeV)
DELCO 85 KKmv, ,Knrv, 157 [48]
MARK-II 85 57xn'v, 3 125 [49]
MARK-II 85 37 (x°)uv, 22 143 [50]
ARGUS 85 3wu, 1536 70 [51]
HRS 86  5m(7" ), 13 76 [52]
CLEO 87  3x(n%)v, 9135 85 [53]
ARGUS 88 5wy, 12 31 [54]
CLEO-II 93 M, - 75 [55]
CLEO-II 93  b5wv,, 3w270v, 113 33 [56]

nal states Kwxwr, and K Krv, feasible. The final state
K, K ,wv, may also be usable. Decay modes with kaons
may be less sensitive, however, if their spectral functions
cause the 3-prong invariant mass spectrum to be peaked
at lower masses than that of the 5-pion decays.

With the advent of very high statistics (107-108 1
pairs) event samples at either B or 7—¢ (Tau—Charm)
factories, the technique described above will be super-
seded by one which relies on statistical subtraction of
backgrounds. Improved detector resolutions and particle
identification techniques will also play important roles.

Monte Carlo studies assuming 10% 7 pairs predict
a sensitivity to a 7 neutrino with a mass as low as 2
MeV at a 7-c Factory, and as low as 2.5 MeV at a B Fac-
tory [57]. These estimates are the combined result of
57y, , 37 27° v, , and K K7y, decay mode analyses, and
assume resolutions of 2-5 MeV on the invariant masses of
the final state particles.

7 Double Beta Decay

Double beta decay’is a very rare process, with a half-
life of order 10?° years, in which a metastable nucleus
(4, Z) transforms into its next nearest neighbor (4, Z+2)
and emits two electrons [4]. In the standard electroweak
model, two antineutrinos always accompany the elec-
trons and share the 1 — 3 MeV energy released on a
roughly equal basis. In theories going beyond the stan-
dard model, it becomes possible for the two electrons
to be emitted either by themselves alone, or accompa-
nied by a light scalar particle, the Majoron. These two
double beta decay modes violate lepton number conser-
vation, and their existence would imply that at least one
neutrino is a Majorana particle with non-zero mass.
The half-life for the two-neutrino decay mode can be

I This section is based on material prepared by Peter Rosen,
Univ. Texas at Arlington.
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calculated directly from the standard model, and can be

written
1

= G| M, %,
T, 2w | May|

(18)
where G, is a phase space integral and My, is the nu-
clear matrix element. Much theoretical progress has been
made in recent years in our understanding of the two-
neutrino matrix elements, which tend to be small. Since
the no-neutrino decay mode vanishes in the absence of
neutrino mass, its half-life depends directly upon an “ef-
fective” mass (m,,_),

1

-G |M |2 <m'/e> 2 (19)
TOy — Ov Ov m, ’

where

<m,,e> = ZmiAiUezi (20)

1

involves a sum over all light (<« 30 MeV) Majorana neu-
trino mass eigenstates, m;, weighted by the CP pari-
ties (A\; = £1) and the squares U2 of the mixing matrix
elements? For heavier m; there is an additional propaga-
tor suppression in the contribution to {(m,_).

An important diagnostic tool in distinguishing be-
tween different decay modes is the spectrum of energy
carried by the two electrons. For two-neutrino decay, the
spectrum is continuous with a broad peak just below the
mid-point and a very flat approach to zero at the end-
point; in fact, it vanishes for all practical purposes in the
last 20% of the range. For no-neutrino decay, the spec-
trum is a spike at the end-point because the two elec-
trons carry all the available energy. The spectrum for
the Majoron mode is continuous, but peaks towards the
end-point, in the region where the two-neutrino spectrum

9(m,, ) vanishes for Dirac neutrinos, which can be interpreted
as two degenerate Majorana neutrinos (m; = mg = mp) with

Uep =Ue = and opposite C P eigenphases.

V2



vanishes. Thus any events occurring in the last 20% of
the spectrum must either be background, or signals for
non-standard double beta decay modes.

Double beta decay has been the object of experi-
mental searches for more than forty years. The earliest
experiments invoked the “geochemical method” in which
one probes ancient ores rich in the parent nucleus (for
example, 32Se or 139Te) searching for traces of the noble
gas daughter nuclei (32Kr or ®°Xe). This method allows
one to establish the existence of the double beta decay
transition and measure its lifetime, but does not deter-
mine which mode, or modes are actually occurring. In
the most recent experiment of this kind [58], the half-life
of 128Te was measured to be (7.7 4 0.4) x 10%* years.

Searches specifically aimed at detecting the no-
neutrino mode have been performed with germanium
crystals, which serve as both source ("Ge, 8% natural
abundance) and detector, and which measure the total
energy of the emitted electrons. The most recent exper-
iments use 90% enriched crystals [59] and give a lower
limit on the half-life of 3 x 102? years, which corresponds
to an upper bound on {m,_) of about 1 V. This is the
best limit available to date. Actual observation of the de-
cay would imply that at least one of the Majorana mass
eigenstates must be heavier than

24 1/2
10 yrs)] (21)

max o | oy | IS
mi > e [To,,(76Ge

The first direct observation of two-neutrino double beta
decay in the laboratory was made in 1986 with a xenon-
filled time-projection chamber [60]. Electron tracks were
observed directly and timing was used to exclude back-
ground events. Spectra consistent with two-neutrino de-
cay were observed in 32Se, 1°°Mo, and '°°Nd, and the
corresponding half-lives measured. In the case of 3?Se,
the result was consistent with the geochemical measure-
ment. More elaborate versions of this technique are being
developed.

Future experiments will concentrate on the search
for the no-neutrino mode because of its implications for
physics beyond the standard model. As the bounds on
the effective mass (m,_) go down, so the experiments will
have to grow bigger and more ambitious, as in the case
of the NEMO collaboration in France, or they will have
to develop new cryogenic techniques, as is happening in
the area of solar neutrinos.

8 Neutrino Oscillations

A direct consequence of neutrino mass is that the flavor
eigenstates? v, , Vy, V7, are actually a linear combina-

hAs described in Section 2, it is also possible in principle to
have oscillations between active and sterile neutrinos. However,
these are less likely theoretically, and most of the interesting pa-
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tions of massive neutrinos, v, 9 and vs. For simplicity,
we use a two component formulation such that
v, =vicos8 + vysin b
vy = —visinf +vycosd

This is analogous to the well understood phenomena
of mass mixing in the quark sector. Because neutrinos are
only weakly interacting and ultra relativistic, the mass
eigenstates, vy and v, will evolve in time. Therefore, one
can derive a probability that a neutrino that starts out
as flavor a can be found at a later time as flavor b. This
probability is typically expressed in terms of the mixing
angle, 6, the mass-squared difference Am? = m2 —m? (in
eV?) between the two mass states, and an experimental
ratio L/F :

Py, — w) = sin? 26 sin? (1.27Am2L/E), (22)
where L is the distance (in km) from the original source of
the neutrinos to where the probability is being measured,
and F is the energy of the neutrinos in GeV. This concept
of oscillation is familiar to the particle physicist from
the oscillation phenomena observed in the neutral kaon
system.

For a given 6 and Am? the oscillation probability
varies periodically with time or distance. One does not
know a priori the values of 8 and Am?, and, because the
probability depends on the ratio L/E, there are many
regimes of particle physics in which oscillation searches
can take place.

There are two types of experiment to search for neu-
trino oscillations. Most, including the solar and reactor
measurements, are called “disappearance” experiments.
This means that a source of neutrinos of a single flavor is
created and the flux is measured at two different places
separated by a distance. Differences in the flux at the two
locations will indicate that neutrinos have oscillated into
a different flavor. Alternatively, in an “appearance” ex-
periment a source of neutrinos of a single flavor will travel
a distance to a target where they can interact. Observa-
tion of a lepton of flavor different from the original beam
will indicate that neutrinos have oscillated. Results of ex-
perimental searches for neutrino oscillations are displayed
on plots in sin® 26 vs Am? parameter space, as in Fig-
ure 1. The oscillation channels most easily explored are
Vy < Ve, Vy =V, U, — X, and v, — X, where X is
any neutrino type, including one which does not interact
(sterile). In the following four sections we will review the
status of experimental searches for neutrino oscillations.
We begin with the long-standing solar-neutrino puzzle
and progress being made toward confirming or denying
neutrino oscillations as an explanation of the puzzle. We
will then address the more recently discovered anomaly
in the atmospheric neutrino experiments. Finally we will

rameter range (except for solar neutrinos) is excluded by primordial
nucleosynthesis.



discuss the status of oscillation searches that can be per-
formed with neutrino beams produced at nuclear reactors
and particle accelerators.

9 Masses Below 102 eV (Solar Neutrinos)

Solar neutrinos provide, at present, the only available
way to reach masses in the range 1072 to 107° V. Neu-
trino oscillations which occur in vacuum [61] or which
may be amplified by passage through solar material (the
MSW effect [62,63]), can deplete the flux of v, by con-
verting some of them into v, v;, or a sterile species. The
observations made with the four experiments performed
so far indicate a flux at the earth that is consistently be-
low the results of astrophysical calculations. Moreover,
the relative rates in the different types of experiment in-
dicate that the largest depletion is in the middle of the
spectrum (the "Be line and the low energy part of the
8B spectrum), which is inconsistent with any known as-
trophysical or nuclear explanation [64,65,66,67,68,69,70].
On the other hand, the data from all four experiments
can be described well in terms of calculations which in-
clude the MSW-enhanced neutrino-oscillation effect. The
deficit of electron-type neutrinos thus provides suggestive
evidence for a nonzero neutrino mass and nonconserva-
tion of lepton family number.

The solar neutrino spectrum is dominated by the first
step in nuclear burning, the pp reaction,

p—|—p—>d—|—e+—|—ll (23)
with a continuous neutrino spectrum ending at 420 keV.
From there, several competing pathways lead to *He. In
addition, a catalytic process involving carbon, nitrogen
and oxygen isotopes (CNO) accounts for a few percent of
hydrogen burning. The fluxes and energies of neutrinos
from the sun in the standard Bahcall-Pinsonneault [71]
model are given in Table 4.

Experimentally, the higher energy neutrinos from B
decay are the easiest to detect, but they originate in a
reaction branch that plays a negligible role in energy pro-
duction in the sun.

9.1 Ezperiments Now in Operation

The low energies of solar neutrinos have severely taxed
the ingenuity of experimentalists. Cross sections are
small and the events compete with ubiquitous back-
grounds. Two general types of experiment have been
devised to overcome these difficulties, the radiochemical
method and ‘active’ (i.e., electronic) detection. Detec-
tors must be large, and they must be deep underground.

We review briefly the four currently-operating exper-
iments and then describe the experiments that are being
developed and which will begin to operate in about two
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years. Finally, we summarize some of the possibilities
among proposed future experiments.

9.1.1 The Chlorine Experiment

In this, the first solar neutrino experiment [72], neutrinos
are detected in a target of 615 tons of perchloroethylene
(C2Cly) 1500 meters underground in the Homestake Gold
Mine in Lead, South Dakota. The target isotope, 37Cl,
can capture a neutrino, producing a radioactive isotope
3TAr:

ve + 27C1 — 37AT + e (24)

The reaction can occur for electron neutrinos with
energy greater than 0.814 MeV. The neutrino reactions
are registered by extracting and counting the decays of
3TAr (r = 35 days) in a proportional counter. The
present result from runs 18 through 120 over the years
1970-93 is 2.55(23) SNU, whereas the expected rate [71]
is 8.0(10). (1 SNU = 1073° interactions per target
atom per second.) Over the 25 years this experiment
has been in operation, many refinements and tests have
been made. The most significant was the introduction in
1970 of the rise-time of the ionization pulse as a means
of distinguishing the point-like decays of 37Ar from the
longer tracks produced by background events — it was
this strategy that disclosed a true solar neutrino signal
above background. More recently, events have been an-
alyzed according to probability distributions rather than
cuts in energy-rise-time space, the muon-induced back-
ground has been remeasured [the current best estimate
[72] is 0.047(16) atoms per day, somewhat lower than the
value in general use, 0.08(3)], counter efficiencies have
been redetermined with attention to losses in handling
the argon (leading to a 3% increase in the flux) [73], and
the cross section for detection of ®B neutrinos has been
re-evaluated [74].

Because the Cl-Ar experiment (and its relationship
to Kamiokande) plays an important role in conclusions
about the likelihood of neutrino oscillations, a popular
pastime has been to search for internal inconsistencies
in the experiment, particularly in the form of apparent
time dependence or nonstatistical behavior. By selecting
certain groups of data points, it is possible to find dis-
agreements with the average, but little evidence for non-
statistical behavior has been demonstrated. The exper-
iment is also frequently characterized as ‘uncalibrated’,
and it is true that a test with an artificial neutrino source
has not been done. However, extensive calibrations in
which, for example, 3"Ar has been produced in situ by
neutron reactions and measured, show that the experi-
ment behaves as expected.



Table 4: Solar neutrino fluxes at the earth calculated by Bahcall and Pinsonneault.

Source Flux, 10'° cm2s~1
PP 6.0

pep 0.014

"Be 0.49

8B 0.00057

13N 0.049

150 0.043

7p 0.00054

lo, % Emaz, MeV
0.7 0.420
1.7 1.442 (line)

5 0.862 (line, 90%)
0.384 (line, 10%)

12 15

17 1.199
19 1.732
15 1.740

9.1.2 The Kamiokande Experiment

Kamiokande (Kamioka Nucleon Decay Experiment) is a
3,000-ton water Cerenkov detector with a fiducial volume
of 680 tons for solar neutrinos [75,76]. The reaction ob-
served is the elastic scattering of neutrinos by electrons,

v+e —v+te . (25)
At the energies of interest for solar neutrino detection,
reaction (25) is about six times more likely for v, than
for v, or v;. Despite a significant background from ra-
dioactivity of the rocks in the mine, from radioactivity in
the water, and from cosmic-ray induced events, neutrino
interactions can be detected at the rate of about one per
week above a threshold of 7.5 MeV because the electrons
struck by neutrinos recoil preferentially in the direction
from the sun to the earth. Kamiokande, the first “active”
(electronic rather than radiochemical) solar-neutrino ex-
periment, has shown three very important things: first,
the detected neutrinos do indeed come from the sun, sec-
ond, the observed flux is about half that predicted by the
standard solar model; and, third, that the spectrum is
consistent with the expected ®B 3 spectrum. The current
result [77]is 0.514+0.0440.06 of the Bahcall-Pinsonneault
[71] flux, 5.69 x 10% cm~2s~ 1.

9.1.3 The Gallium Experiments

The pp neutrinos are too low in energy to be detected
by either the chlorine-argon or the Kamiokande experi-
ment. Since pp neutrinos are the most abundant, their
flux is more reliably predicted than any other [78], be-
ing determined mainly by the solar luminosity and only
weakly dependent on details of the sun’s interior. Conse-
quently, the measurement of the flux of pp neutrinos has
long been seen [79,80] as potentially a decisive method
for searching for neutrino disappearance.

Two radiochemical experiments that can detect pp
neutrinos are currently in operation; they use "'Ga as
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their target via the process

ve + "Ga — "'Ge + €7, (26)
which has an energy threshold of 0.233 MeV. As in the
chlorine experiment, radioactive atoms of "'Ge are ex-
tracted and counted. The standard-model prediction is
that after a month of operation about 16 atoms of "' Ge
will be present in 30 tons of gallium.

One of the gallium experiments, SAGE [81,82] (the
Soviet-American Gallium Experiment) is operating in the
Baksan Laboratory in the Russian Caucasus Mountains.
SAGE currently uses 60 tons of gallium metal. The other
experiment, Gallex [83,84], is a European-American-
Israeli collaboration operating in the Gran Sasso tunnel
near Rome, Italy. Gallex uses 30 tons of gallium in a
GaCls-HCI solution.

The current SAGE result [85] is 6941172 SNU, and
the current Gallex result [86] is 79 + 10 + 6 SNU. The
experiments are in good agreement (gratifying in view
of the differences in method), with an average value of
74.3 £ 8.5 SNU, far below the standard-model prediction
[71] of 132+ 7 SNU. An intense artificial neutrino source
(1.7 MCi of 3!Cr) has been used to verify the proper
operation of Gallex; the ratio of observed to expected
events was 1.04 + 0.12 [87]. A similar test for SAGE is
in progress.

9.2 Discussion of the Solar Neutrino Problem

The long-standing discrepancy between the measured
rate in the Cl-Ar experiment and the predictions of astro-
physical models engendered intensive experimental and
theoretical work over the years to see if an explana-
tion could be found within the framework of conven-
tional physics. As a result, the “standard solar models”
have been quite carefully checked with respect to both
their conceptual framework and their experimental in-
puts. Small effects continue to be found, and the remote
possibility of a gross, but still undetected, error, remains.



The MSW effect [62,63] can describe consistently the
results of all four of the experiments [88,89,90,91,92,93].
Two allowed regions (see Figure 4) in oscillation space
fit the data, within the framework of the standard solar
model. An alternative particle physics solution is vac-
uum oscillations with large mixing (sin®26 > 0.6) and
small Am2~ 10~ %V 2, for which the earth is at or near
an oscillation node. This requires fine-tuning the earth-
sun distance, but is otherwise marginally allowed [94,95].
Other solutions, such as neutrino decay [96] or large neu-
trino magnetic moments [97,98] are disfavored by the cur-
rent data.
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Figure 4: Allowed regions in Am? - sin’f space for the four
solar neutrino experiments and the Bahcall-Pinsonneault so-
lar model. From [16].

The specific oscillation parameters derived depend
on standard solar models (and, of course, contradict the
Standard Model of particle physics). However, the exis-
tence of data from 3 distinctive spectral regions in 4 sepa-
rate experiments invite us to distance ourselves from the
detailed challenges of astrophysical theory. With a very
limited set of assumptions, namely that the only type
of neutrino emitted by the sun is the electron neutrino,
and the only significant sources of such neutrinos are the
pp and pep reactions, and the beta (or inverse) decays
of "Be, CNO isotopes, and ®B, one can ask if the total
measured flux of neutrinos is consistent with the known
power output of the sun. It is possible to address this
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question without reference to detailed models because
each termination in which 4 protons fuse to *He generates
26.732 MeV and precisely 2 electron neutrinos, indepen-
dent of the reaction chain leading to termination. Some
energy is carried away by the neutrinos, and is not avail-
able to heat the sun, but that ranges from 2.0% (PPI)
to 6.4% (CNO). (The exception is terminations through
8B - 26% energy loss by neutrinos — but we know exper-
imentally that that branch is orders of magnitude from
playing a significant role in energy production.)

With current values for the experimental rates seen
in the Cl-Ar, Kamiokande, and gallium experiments, one
concludes that the total neutrino flux is (marginally) con-
sistent (at about the 1.5 level) with the elementary as-
sumption set given, but that the "Be + CNO flux must
be far smaller than calculated [64,65,66,67,68,69,70].

A particle-physics solution to the solar neutrino
problem is therefore not absolutely required (yet), al-
though there is manifest and unexplained inconsistency
with “standard solar models.” This situation has been
driven home by the gallium experiments, which were
hoped to provide a clear decision for or against oscilla-
tions, but which have fallen in the “grey” region between
forced particle-physics solutions and probable astrophys-
ical solutions. To some degree, the fact that there is
fair consistency with the total expected electron-neutrino
flux tends to contraindicate a particle-physics solution.
Elegant though the MSW mechanism is, it nevertheless
is describing three data points with two parameters.

The solar neutrino problem does, however, suggest
neutrino mass and oscillations by virtue of fundamen-
tal disagreement with astrophysical calculations, calcu-
lations that give a good account of many other solar pa-
rameters, such as the spectrum of mechanical oscillations
of the sun and the Hertzsprung-Russell diagram main
sequence. The disagreement is not just in the difficult-
to-calculate flux of ®B neutrinos, but at the basic level
that "Be seems to be almost absent in spite of the demon-
strated presence of B, which can only be made from 7Be.
No plausible astrophysical mechanism has been proposed
to account for this. The possibility of failure of an ex-
periment cannot be overlooked, but at least two of the
three classes of experiment (chlorine, Kamiokande, gal-
lium) would have to be in error [66,67,69] in addition
to there being a failure in astrophysical theory. Final
resolution of the issue must await new experiments that
measure specific indicators of neutrino oscillations in a
way independent of astrophysical models. New experi-
ments are also of importance for astrophysics. With or
without neutrino oscillations, they hold out the possibil-
ity of determining the initial neutrino flux components in
a model independent way [65,66,68,69]. This and helio-
seismology are the only known direct probes of the solar
core.



9.3 Forthcoming Fzperiments
9.3.1 The Sudbury Neutrino Observatory (SNO)

SNO is a neutrino detection facility sited at the 6800-
foot level of the INCO nickel mine in Sudbury, Canada
[99]. Built with support from four Canadian agencies,
the US Department of Energy, and the UK Science and
Engineering Research Council, SNO will consist of 1000
tons of 99.92%-enriched ultra-pure heavy water (D;0) in
an acrylic sphere surrounded by 7000 tons of light water
as a shield.

Deuterium has unique nuclear properties that make
it ideal for the study of neutrino interactions. There
are four principal modes by which neutrinos can interact
with heavy water:

d +v. — p+pt+e —1.44 MeV (27)
d +v, — p+n+v,—2.22MeV (28)
d +7 — n+ntet —4.03MeV  (29)
e +tv, — e 4y (30)

The first of these reactions proceeds by the charged-
current (CC) interaction of electron neutrinos specifi-
cally. The second is the neutral-current (NC) disinte-
gration of deuterium and can be initiated with equal
probability by any of the left-handed neutrinos (v., v,
or v;) and their antiparticles. The third is the charged-
current interaction of electron antineutrinos (CA), which
are not expected to be emitted from the sun except in
certain very exotic scenarios. The fourth is the elastic
scattering of neutrinos (ES). For each of these reactions,
respectively, 9750, 5000, 0 and 1100 events per year are
expected.

If neutrino oscillations occur, then the neutrinos may
reach earth as other flavors. SNO therefore has the ca-
pability to reveal the presence of neutrino oscillations
largely independent of solar properties. If the NC rate
exceeds the CC rate (suitably normalized for cross sec-
tions), then neutrinos must be oscillating. If the CC
energy spectrum differs from the known ®B spectrum,
then neutrinos must be oscillating via the MSW mech-
anism [62,63], vacuum oscillations [94,95], the Voloshin-
Vysotsky-Okun mechanism [97]! or neutrino decays [96],
all of which predict different distortion patterns.

Unlike the kinematically convolved ES spectrum, the
CC electron spectrum measured in SNO directly reflects
the incoming v, spectrum (with quite good energy resolu-
tion) simply shifted down by 1.44 MeV. Being a real-time
experiment, SNO will also be able to search for day-night
differences due to regeneration in the earth (expected

iThe VVO mechanism and its variants [98] postulate a large
magnetic moment (possibly excluded by other astrophysical effects
[1]) to explain a possible anticorrelation of the Homestake rate
with the sunspot activity. This has not been supported by the
most recent data.
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for some regions of the MSW parameters) [100,101,102],
and seasonal variations expected, for example, for vac-
uum oscillations [94,95]. SNO is a high-rate experiment.
The interaction rates listed with the reactions above are
for a ®B v, flux of 6 x 106 cm~2 s~!, but no detection
threshold. The NC threshold is the binding energy of the
deuteron.

The Cerenkov light from charged-current and elastic-
scattering events is detected in SNO by an array of
9,500 photomultipliers surrounding the acrylic sphere
that holds the D5O.

Neutral-current interactions on deuterium release a
free neutron, and a number of strategies for detecting the
neutron can be devised. One is to dissolve in the heavy
water a fraction of a percent of chloride ion. When a
neutron captures on 75% abundant 3°Cl, it emits an 8.6-
MeV +, which showers. The resulting Cerenkov radiation
can be detected by the PMT array in the same way CC
events are detected.

Another method is to detect the neutron in 3He pro-
portional counters distributed in the heavy water so that
the NC and CC events become completely distinct and no
longer represent “backgrounds” to each other. One may
also compare the ES rate with the CC rate to deduce the
neutral-current contribution to the former. There are,
then, 3 completely distinct methods for determining the
NC rate, which will afford a check on systematic effects.

SNO will begin operation in 1996, and may provide
a resolution of the solar neutrino problem.

9.3.2 SuperKamiokande

SuperKamiokande is a proton-decay detector with a
total mass of 50,000 tons [77]. Like its predecessor,
Kamiokande, ‘SK’ will also have solar-neutrino detec-
tion capabilities via the elastic scattering from electrons.
However, the enormous fiducial mass (22,000 tons) means
that, if the threshold can be brought down to 5 MeV, ap-
proximately 8,000 events per year will be recorded, 160
times more than with Kamiokande. A detailed measure-
ment of the shape of the y-distribution can be made to see
if the primary spectrum has been distorted by the MSW
effect, time-dependent (day-night and seasonal) rates can
be determined with precision, and an independent deter-
mination of the neutral-current rate can be made by com-
parison with the pure charged-current data from SNO
(that can be done within SNO itself, but with much lower
statistical precision). Any of those measurements can po-
tentially provide model-independent evidence of neutrino
oscillations.

SuperKamiokande is being constructed in Japan at
the same depth as Kamiokande (3,000 mwe), and uses
11,300 50-cm photomultipliers plus 1,000 smaller tubes
recovered from the IMB experiment in the veto. New
electronics and careful control of radon will keep the



thresholds low. SK is scheduled for completion in 1996.

9.4 FEzperiments Under Development
9.4.1 Iodine

There is now under construction in the Homestake Mine
an iodine solar neutrino detector. When fully completed,
the detector will contain 100 tons of 127 (225 tons total
detector mass). The total solar neutrino detection rate of
this detector should be fairly similar to that of the present
chlorine detector at Homestake (135 tons of 37Cl, 615
tons total). It is estimated [103] that the iodine detection
rate per target nucleus is 4.5 times that of the chlorine
detector. More importantly, the detection of neutrinos
from "Be (see Table 4) by 1271 is almost half of the total
rate, 14 SNU, while the detection rate for these neutrinos
is only 1.1 SNU in the chlorine detector.

The fits to the neutrino flux measurements of the
presently operating detectors indicate that the observed
8B rate is about 40% of that predicted by the conven-
tional solar model while that for "Be is less than 10%
of the prediction. While it may be possible to reduce
the predicted ®B flux by modifications of nuclear input
parameters and thus reduce or even eliminate the dif-
ference between predicted and observed neutrino fluxes,
there have been no suggestions of any procedure that
could significantly lower the expected “Be neutrino rate.
Thus, the most critical present issue in the solar neutrino
observations is the apparent absence of "Be electron neu-
trinos. It is generally assumed that this absence is an
indication of neutrino flavor transitions, either in matter
or in vacuum, into other neutrino flavors. Solar elec-
tron neutrino flux measurements with an iodine detector
combined with those from the other detectors should be
able to provide a clear measure of the electron neutrino
flux from "Be in the sun. That, when combined with
the multi- flavor neutrino measurements from Borexino,
when that detector becomes operational, will then pro-
vide a measure of the non-electron neutrino flux from
"Be, a crucial issue in searching for neutrino-flavor tran-
sitions.

The iodine detector will be modular with 10 tons of
iodine per module. This modular structure permits fast
extraction, 2 hours per cycle. Computer controlled ex-
tractions will be carried out daily at 6 a.m. and 6 p.m.
The resulting '2"Xe will be stored in two charcoal traps,
one for the daytime produced '2"Xe and the other for the
nighttime produced '2”Xe. This procedure will permit a
search for any day/night differences in the “Be neutrino
flux caused by earth regeneration. In addition, since the
detector will always be free of accumulated solar neu-
trino 12"Xe, it will always be fully sensitive to supernova
signals.

All of the detector operating characteristics have
been tested with one module of the detector. Construc-
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tion of the full 100 ton, 10 module detector is now un-
derway. The detector should be operational before the
end of 1995.

A calibration program to determine the sensitivity of
1271 0 "Be and ®B neutrinos is also underway. The most
readily available source of high-energy electron neutrinos
is from the decay of stopped positive muons. The integral
of the cross section for 127I—127Xe has been measured at
LAMPF using the same radiochemical technique as that
developed for the Homestake detector.

The "Be neutrino sensitivity can best be determined
by calibrating the detector with a 37Ar source. This
source generates 814-keV neutrinos, very close to the
862-keV neutrinos emitted by "Be. Such a source can
be produced in a reactor by fast neutron interactions on
40Ca. It is also possible to determine the required matrix
elements from the 27I(p,n)'2"Xe reaction.

9.4.2 Borexino

Present data indicate that a measurement of the "Be flux
is of special interest. Astrophysical solutions would have
to find a method to severely suppress the "Be flux, while
MSW may convert most of the v into v, or v, which
have an ES cross section 1/5 of the v, cross section. Some
particle physics solutions predict a large time depen-
dence. An Italian-US-German collaboration is carrying
out the R&D necessary to construct a 100-tonne liquid-
scintillator detector in Gran Sasso [104]. Extremely pure
materials are required if radioactive backgrounds are not
to mask the electron-scattering signal at 250 keV. No
Cerenkov threshold protects the data from low-energy
backgrounds in this experiment. A 4-tonne test detector
is nearing completion. Given success, the INFN, NSF,
and DFG will fund construction of the full-scale detec-
tor.

9.4.3 Icarus

A 5,000-ton liquid argon time-projection chamber is
planned for Gran Sasso with a number of physics objec-
tives including solar neutrinos. ‘Icarus’ can record both
the elastic scattering from electrons and the charged-
current inverse beta decay of *°Ar to the isobaric analog
state in *°K, whose subsequent gamma decay provides a
clear signature of the CC reaction. A 3-ton prototype
has demonstrated the feasibility of drifting tracks 40 cm
and reconstructing them [105].

9.4.4 Heron

A need to go to real time detection for the lower
energy reactions (pp and "Be) requires the handling
of events with energy depositions in the few-hundred-
kilovolt range. The physical mechanisms for energy ex-
traction (e.g., phonons) in many materials at low temper-



ature would facilitate this. Because the fluxes are higher
for these reactions detectors are expected to be of lower
mass but significant complexity. They will require low
temperature but low-power-capacity refrigeration. As in
all solar neutrino detectors, extreme attention must be
paid to backgrounds by shielding, implementation of dis-
tinctive event signatures, and radioactive purity of the
target material and detector components. Helium is the
purest material known with respect to radioactivity.

“HERON” (for Helium:Roton detection of Neutri-
nos) is a project under development by a group at Brown
University which has invented a technique based on lig-
uid helium in the superfluid state. The goal is to provide
capability for a real-time detector with a threshold of 10
keV suitable for measuring the recoil-electron spectrum
and rate from neutrino-electron scattering of both the
pp and "Be neutrinos. A detector with a 10-ton fidu-
cial volume would yield 18 events per day with the full
standard-model flux of electron-neutrinos from those two
sources.

In superfluid helium, energy transport out of the
liquid can occur by ballistic propagation of rotons
(phonons), evaporation of helium from the surface, and
the subsequent detection of heat pulses on an array of
bolometers above the liquid. The high multiplicity of
rotons relative to ions is expected to be an important
advantage in achieving a low threshold. Extensive tests
of the detection method have been carried out by the
Brown group using alpha, beta and gamma radioactive
sources in a 3-liter prototype at 30 mK with a variety
of bolometers. With 5-MeV alpha particles the details of
the mechanism have been proven and sensitivity to event
position and recoil direction established through a mea-
sured asymmetry in the radiated rotons. Energy, posi-
tion and direction resolutions have not yet been measured
for electrons; further work on electron detection and on
bolometry is needed. The discovery that determination
of recoil direction might be possible, a capability cur-
rently possessed only by the water Cerenkov detectors,
is a significant development for studying the low energy
solar neutrinos [106].

9.4.5 Hellaz

The contrasting approach utilizing gaseous helium under
high pressure at low temperature (“Hellaz”) has been
suggested to access the low-energy fluxes by a group
from CERN/Collége de France/Gran Sasso/World Lab-
oratory [107]. Two versions of a possible detector share a
common basic technical implementation. A 20-ton mass
of helium gas would be pressurized to 25 (or 50) atmo-
spheres and held at 77 K. Operated as a time projec-
tion chamber, the detector cells would do pattern recog-
nition as well as measure energy by track length and
recoil-energy direction. The choice of TPC technology
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precludes the use of liquid helium owing to the its poor
ion-drift properties. A successful application of the TPC
method could be very powerful as a signature for solar
neutrinos if the calculated energy and angle resolution
can be achieved, and the radioactivity of the internal
TPC hardware can be kept down. The basic physics
processes are known but research is needed to provide
laboratory evidence as to its feasibility, in view of the
complexity of the device.

10 Atmospheric Neutrinos

Cosmic-ray interactions in the upper atmosphere produce
pions and kaons whose subsequent decays produce a sig-
nificant flux of neutrinos with energies below one GeV
and moderate fluxes above this. Having traveled over
path lengths of > 20 km, these neutrinos are well suited
for oscillation searches via the channel v, — X in the
range Am? between 10-2? and 10~* eV?2. There is much
recent interest in the results of experiments measuring
the flux of atmospheric neutrinos.’ The atmospheric neu-
trino flux is a mixture of approximately % (ve + P.) and

% (vu + D). It is therefore possible, in principle, to do

both v, and v, disappearance and appearance experi-

ments. It is useful to define various classes of atmospheric
neutrino interactions as follows:

e Fully contained events, with all tracks inside the fidu-
cial volume of the detector.

e Partially contained events, which have the vertex in-
side the fiducial volume but at least one exiting track.

e Upward, stopping muons are produced from neutri-
nos interacting outside the detector, and contain a
muon which stops inside a fiducial volume.

e Upward, throughgoing muons are also from exter-
nal neutrino interactions but the muons pass through
the detector, producing than some minimum track-
length inside a fiducial volume.

Low statistical precision limits the reach in sin®#,
while the neutrino energy (E,) and the earth’s radius
(Reartn) limit the reach in Am? of neutrino oscillation
experiments with the atmospheric neutrino flux. Uncer-
tainties in normalization of the primary cosmic rays, to-
gether with uncertainties in the production of pions and
kaons in proton collisions with light nuclei, translate into
significant uncertainties in the normalization and shape
of the atmospheric neutrino spectrum at production. For
this reason, conclusions based on ratios are safest.

10.1 Current Status

10.1.1 Contained Events

The neutrino flavor ratio from experiments [108,109]
which measure contained events is shown in Table 5,

JThis section is based on materials prepared by T. Gaisser, Bar-
tol Research Institute and M. Goodman, Argonne National Lab.



Table 5: The atmospheric neutrino flavor ratio from various experiments. R’ is defined in the text.

Experiment Exposure R
kT-year
IMB1 3.8 0.68 4+ 0.08
Kamiokande ring 7.70 0.60 £+ 0.06 £+ 0.05
Kamiokande decay 0.69 + 0.06 + 0.05
IMB-3 ring 7.70 0.54 4 0.05 4+ 0.05
IMB-3 decay 0.69 4+ 0.06 + 0.07
Fréjus contained 2.0 0.87 +0.13 £ 0.07
Soudan 2 1.01 0.64 +£0.17 + 0.09
NUSEX 0.5 0.99 +£0.29
Uncontained events included:
Kamiokande Multi-GeV 7.70 0.57 +0.08 £ 0.07
Frejus total 2.00 1.00 £+ 0.15 4+ 0.08

while the data and calculations themselves are shown in

Table 6. The flavor ratio is
(v /)
(v /ve)MC”

while the experiments actually measure

(31)

R = (track/shower)data
" (track/shower)MC "

These only differ if there are neutrino oscillations in the
presence of neutral current backgrounds to the track and
shower samples. Systematic errors in Table 6, where
shown are added quadratically. IMB has shown their
systematic errors added linearly [110].

The high-statistics water Cerenkov detectors in Ta-
ble 5 have two ways to distinguish quasi-elastic v, and v,
events. In one method, the shape of the Cerenkov ring on
the wall of the phototubes is used. In the other method,
excess phototube hits in a window several microseconds
after the event indicate p or w decay. The two methods
have different systematic errors, but are statistically cor-
related. Experimental tests of e/p detection efficiency
are underway at KEK. Results from the Kamioka group
presented at Eilat [111] show no sign of misidentification.
Results from the IMB exposure at KEK can be expected
in 1995. The Fréjus experiment prefers to analyze their
contained and partially contained events together. This
is discussed in the next section.

The results on contained atmospheric neutrino
events are consistent with each other, and with a 30-40%
deficit of v, events. Such a deficit could be the result of
either v, < v, or v, — v, oscillations. Since the inter-
pretation of the atmospheric neutrino anomaly in terms
of neutrino oscillations depends on the normalization of
the neutrino flux, it is desirable to check the normaliza-
tion as well as possible. In a conventional two-detector

(32)
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Table 6: The data and Monte Carlo predictions on the atmo-
spheric neutrino deficit from several experiments. TR refers
to single tracks, SH to single showers.

Experiment TR*¢ TRMC SH®*¢ SHMC

() @O () (M)
IMB1 104 136 297 265
Kam. ring 234 356.8 248 227.6
Kam. decay 182 277.5 300 313.9
IMB-3 ring 182 268 325 257.3
IMB-3 decay 208 261.5 402 348.5
Fréjus contained 94 100 89 82
Soudan 2 33.5 42.1 35.3 28.7
NUSEX 32 36.8 18 20.5

neutrino oscillation experiment, this is done by measur-
ing the interaction rate in the neutrino beam close to
the source. The nearest analog for the atmospheric neu-
trino beam of a close-in detector is a measurement of
the intensity of muons at the same altitudes where both
the neutrinos and muons are produced (10 to 20 km).
New, higher precision measurements of this flux are be-
ing made [112,113], and preliminary results [112] are con-
sistent with a relatively high normalization of the neu-
trino flux [114]. This favors an interpretation of the at-
mospheric neutrino puzzle in which v, disappear, rather
than transform into v,. (Note that the neutrino energies
are below T production threshold.)

10.1.2 Partially Contained Events

The most recent new result on atmospheric neutri-
nos is the Kamiokande analysis of their “multi-GeV”
events, which include fully contained events with Eis >



1.33 GeV as well as partially contained events [115]. The
mean neutrino energy responsible for this latter class of
events is ~ 6 GeV. This is nearly an order of magnitude
higher than for the independent sample [116] of contained
events with F.is < 1.33 GeV. In this new data sample,
there is again evidence for a v, deficit, with a measure-
ment of R’ = 0.59 & 0.08.

The most remarkable feature of the data is the ap-
pearance of an angular dependence of the muons of the
kind that would be expected if downward muons have
path-lengths too short to oscillate; that is, the upward
muons are suppressed relative to the downward muons.
Given the range of E, and R involved for the multi-GeV
sample, Eq. (22) implies an upper limit on Am? In
contrast to the muons, the angular dependence of the
electrons is closer to what is expected if the v, are not
affected by oscillations. The angular-dependence alone
therefore suggests an interpretation in terms of v, disap-
pearance.

On the other hand, a preliminary re-analysis of the
Fréjus data presented at Snowmass [117] seems to be
even more divergent from the Kamiokande and IMB re-
sults of Refs. [116,118] than the original Fréjus publica-
tion [119]. A simultaneous analysis of their contained,
partially contained, and throughgoing muons leads to a
neutrino oscillation exclusion plot which contradicts a
neutrino oscillation interpretation of the data in Tables
5 and 6. The Fréjus fully contained data are not, by
themselves, in strong disagreement with the other exper-
iments. However, their partially contained events and
neutrino induced throughgoing muons seem to be in con-
flict with the new Kamiokande result. An analysis of all
Fréjus neutrino data leads to the result R’ = 0.96 4-0.18.

One puzzling feature of the new Kamiokande result
is that there appears to be a large excess of electron neu-
trinos and a relatively small deficit of muon neutrinos as
compared to the calculation. Using the neutrino flux of
Ref. [120], they find

. measured
and 4
measure

— lik —— "} = 0.83+0.07. 34

poake (calculated) * (34)

The corresponding numbers for the low-energy, fully
contained event sample are 1.09 (electrons) and 0.66
(muons). Thus, while the low energy sample suggests
vy < Vg, the high-energy sample looks more like v, «
V.

10.1.3 Upward Stopping Muons

The measured ratio of stopping to throughgoing upward
neutrino-induced muons is consistent with expectation
[121]. The data are shown in Table 7. This means either
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that there are no oscillations of v, with mixing angle and
Am? large enough to be seen with upward neutrinos or
that there may be large mixing of v, but with Am? large
enough so that the lower energy stopping muons as well
as the higher energy throughgoing muons are affected.
The measured stopping/throughgoing ratio is used to
rule out a range of 1073 < Am? < 1072 eV? at large
mixing angle for v, disappearance [121].

The ratio of upward stopping muons to throughgo-
ing muons is sensitive to the absence of background from
events that are not initiated by neutrinos. In particu-
lar, downgoing muons which initiate hadronic cascades
in the rock could mimic upward going stopping muons
in some cases. There is evidence for such events from
Soudan, Kamioka, and MACRO [122,123,124], but it is
not straightforward to calculate the possible contamina-
tion of the IMB data sample. A background of 12 events
out of the 85 would lead to the absence of any neutrino
oscillation limit from the IMB analysis. A comparison of
upward showers to expectation in IMB may be evidence
that such a background in fact exists.

Table 7: Neutrino induced upward event rates in IMB.

Observed Calculated

Stopping tracks 85 84
Exiting tracks 532 516
Showers 49 17

10.1.4 Upward Muons

The implications of upward muon measurements have
been somewhat controversial. The IMB group [121] cal-
culated the rate of upward, throughgoing muons assum-
ing a particular neutrino flux [125] and a particular rep-
resentation of the neutrino cross section [126]. Their cal-
culated rate agreed with their measured rate, apparently
ruling out most of the available parameter space needed
for a v,-disappearance interpretation of the low energy,
contained event anomaly. Frati et al. [127] showed that
the Kamiokande data on upward, throughgoing muons
[128] is similarly consistent with a calculation assum-
ing the same input. On the other hand, they found
that, starting from different, more recent calculations
of the neutrino flux [129,130] and a different represen-
tation of the cross section [131], the predicted rate is
some 15% higher than the observed rate. They further
showed that a discrepancy of this size is consistent with
a range of parameters needed to explain the contained
event anomaly as v,-disappearance. Recently reported
results from MACRO [132] similarly show a significant
deficit of the measured upward rate as compared to a
calculation with the “high” input assumptions. This ma-



trix of measurements and calculations is indirect evidence
that these experiments are all consistent. The same can-
not be said for Baksan [133] where there is agreement
between measurement and expectation for “high” input
assumptions, but an ezcess of measurements over calcu-
lation when the low input is used. In all cases the dif-
ferences are only of marginal statistical significance, as
indicated by the summary of measurements/calculations
in Table 8.

Table 8: Upward muons. For Kamioka the units are up-

ward muons in units of 10™*cm~2s7'sr ™. For IMB, upward

events per day and for Baksan and MACRO total number of
observed upward events.

Experiment Observed  Calculated

“high” “low”
IMB [121] 0.47 £ 0.02 — 0.455
KAM [128] 2.04 £ 0.13 2.36 2.18
Baksan [133] 161 162 142
MACRO [132] 74+9+8 1014+ 15 —

10.1.5 Summary of Atmospheric Neutrino Data

Experiments with atmospheric neutrinos can be ranked
in the order of their potential for discovery of new physics
as follows:

1. Measurements of the ratio v, /v,. Here, the principal
uncertainties in the input to the calculation of this
ratio all cancel. Three completely independent cal-
culations [134,120,135] for the expected value of this
ratio agree among themselves within 5%.

2. Angular distributions of neutrino fluxes in a particu-
lar energy region. Again, the principal uncertainties
cancel in the calculation, but the statistical signifi-
cance is poorer because the data must be subdivided
into angular bins.

3. The ratio of stopping to throughgoing neutrino-
induced upward muons. The cancellation of uncer-
tainties in the calculations here is less complete be-
cause the two classes of events in this ratio corre-
spond to different ranges of energy.

4. The absolute intensity of v, or v..

It is noteworthy that the experiments with the great-
est statistical significance [116,118] show a significant de-
viation from the most secure feature of the atmospheric
neutrino beam—the v, /v, ratio. The measured value is
apparently greater than the ratio at production. The
possibility that the discrepancy might result from an
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oversimplified use of the Fermi Gas Model (FGM) in cal-
culating the neutrino interaction rate is not borne out
by careful investigations [136], which conclude that the
energy is high enough that any deviation from the FGM
affects both flavors of neutrinos similarly. On the other
hand, recent reports from the Los Alamos LSND experi-
ment indicate that the v, cross section on '*C is a factor
3 below FGM expectations while the v, cross section is
not. The energies in this experiment, however, are con-
siderably lower than those relevant to the atmospheric
neutrino signal.

If the observed effect is a signal of neutrino os-
cillations, the lack of observed angular dependence for
low energy (rs 1 GeV) events [116,118] implies Am? >
1073 eV2. The large size of the discrepancy requires
sin?20 > 0.5. Much, but not all, of the available phase
space for a v, < v, explanation is ruled out by reac-
tor limits. New long-baseline reactor experiments at San
Onofre and Chooz are under construction to close the
gap completely (see Section 11).

A v, disappearance interpretation (e.g., v, < v;)
of the ratio v./v, in low-energy contained events with
Am? > 1072 eV? and large mixing angle would im-
ply disappearance of ~ 100 GeV v, with path-lengths
L > Regrin. This in turn predicts a deficit of v,-induced,
upward, throughgoing muons. Measurements of this rate
are inconclusive because of uncertainty in the normaliza-
tion of the calculated neutrino flux. There is also some
uncertainty in the neutrino cross section. Combining all
their data (sub-GeV and multi-GeV), the Kamiokande
group find a rather limited allowed region, either for
vy < v, or for v, < v, with nearly full mixing and
with Am? ~ 1 to 2 x 1072 eV2. Simultaneous analysis of
all atmospheric and solar neutrino data sets (as of 1993)
in the space of 3-flavor neutrino oscillations [137] favors
oscillation predominantly in the v, < v, sector to ex-
plain the atmospheric® and in the v, < v, sector for the
solar neutrinos. This in turn implies a “natural” order
for the neutrino masses, with m,_~ 0.1 ¢V and m,, ~
0.003 eV.

10.2 The Next Five Years

Between now and 1999, Soudan 2’s exposure will grow
from 1.8 to 5.0 kt-years. The present result, 0.69 £ 0.19
(based on 1.0 kt-year) could change to 0.69 + 0.08 or 1.0
4 0.12. The low value would confirm the deficit in a de-
tector with much different systematic errors. However,
compared to 14 kt-years of present Cerenkov detector
data, neither Soudan answer would resolve the situation.
Systematic studies of a water Cerenkov detector using
IMB and Kamioka photomultiplier tubes are taking place

kQscillations into sterile neutrinos are disfavored by nucleosyn-
thesis. See Section 3.



in a KEK test beam. This will check their thresholds, ef-
ficiencies, and pattern recognition capabilities. In 1996,
Superkamiokande (see Section 9.3.2) will take data and,
in another year or two, these data will compete statis-
tically with the present world sample. Since the muon
neutrino deficit is unlikely to be due to a statistical fluc-
tuation, this may not resolve the situation either. The
angular distribution of contained events and Multi-GeV
events in Superkamiokande might provide additional ev-
idence concerning an oscillation interpretation for values
of Am? below ~ 1072 eV2,

If the atmospheric neutrino deficit is an experimen-
tal artifact, it is hoped that the cause can be identified
in the next few years. However, if the cause is neutrino
oscillations, the evidence may be limited to the anoma-
lous flavor ratio and low statistics angular distributions
unless new atmospheric or accelerator experiments are
built.

10.3 Beyond 1999

Three new detector projects have the potential to bring
atmospheric neutrinos to the realm of a high statistics
and well measured field of study during the first decade
of the 21st century. These are the ICARUS high res-
olution Argon drift chamber for the study of contained
events, a large new underground long baseline neutrino
detector for the study of semi-contained events and up-
ward stopping muons, and a km? array in water or ice for
the study of throughgoing neutrino induced muons. In
addition, the phenomena can be studied directly in long
baseline accelerator experiments, as discussed in Section
12.

10.3.1 ICARUS

The ICARUS collaboration plans to build a 5-kiloton
liquid-argon projection chamber in the Gran Sasso Lab-
oratory. As they have demonstrated with a 3-ton proto-
type, such a detector would have unprecedented pattern
recognition capabilities for atmospheric neutrinos. The
technique can provide a high electron to muon discrim-
ination for both quasi-elastic and deep inelastic atmo-
spheric neutrino events, a precise energy measurement,
a good neutrino direction reconstruction, and a partial
neutrino to antineutrino separation (by means of the dif-
ferent capture to decay ratio for u* and p~ in argon.)
With about 4 kT-yrs per year of fiducial exposure, this
should provide dramatic confirmation if the atmospheric
neutrino anomaly is due to oscillations.

10.3.2 Long Baseline Detector Capabilities for Atmo-
spheric Neutrinos

The motivation and capabilities of long baseline neutrino
detectors will be discussed in the next section. However,
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a 15 kTon underground magnetized detector, such as en-
visaged for a Fermilab or CERN experiment, would be a
new powerful tool in understanding the semi-contained
atmospheric neutrinos. The magnetic field would allow
the charge ratio to be measured unambiguously, and
good timing would allow separation of semicontained
neutrino interactions from other cosmic-ray backgrounds.
The combination of measuring the hadron shower in the
calorimeter, and the muon momentum with the mag-
netic field, would allow the full reconstruction of atmo-
spheric charged-current neutrino events. If the neutrino-
oscillation interpretation of the atmospheric anomaly is
correct, there would be many new signals that could be
confirmed in such detectors.

10.3.3 Cubic Kilometer Neutrino Detectors

IMB measured the upward going muon flux with an effec-
tive area around 300 m2. Kamioka, Baksan and Soudan
2 have similar effective areas, while MACRO is larger.
However a square kilometer effective area (as part of a
cubic kilometer detector) would measure the flux and an-
gular dependence of the upward going muons with 3000
times the present statistics. The DUMAND, NESTOR,
AMANDA and Lake Baikal collaborations are providing
the first generation of large underwater or deep ice exper-
iments. To date, none of them have been able to separate
atmospheric neutrino induced muons from the cosmic ray
backgrounds. But each has overcome considerable tech-
nical obstacles, and hope to demonstrate feasibility of
deep water/ice muon detection and directionality soon.
If further economies of scale can be shown to exist in the
course of those studies, a km?® detector could be planned
for ten years from now. As discussed above, very high
statistics measurement of the angular distribution of neu-
trino induced muons would be sensitive to large neutrino
mixing over a wide range of Am?2.

11 Reactor Neutrinos

Since the discovery of the electron antineutrino by Reines
and Cowan in 1956, reactor neutrino experiments’ have
continued to provide an essential tool in the elucidation
of the properties of the neutrino.

The nuclear B-decay of the fission products of nu-
clear reactors produce a very large flux of low energy (up
to ~ 8 MeV) &, ’s. This allows for a study of the disap-
pearance channel #, — X. One can search for oscilla-
tions by measuring the energy spectrum of antineutrinos
at a distance, L, from their source and comparing with
expectations. The occurrence of oscillations will cause
this spectrum to be modified from the predicted “no os-
cillation” spectrum. Such a measurement is non-trivial

!This section is based on material prepared by Richard Stein-
berg, Drexel University.



since the comparison depends on understanding the ini-
tial spectrum, which depends on the yields of each of
the fission products. Uncertainties in the calculations
which lead to these predictions limit the ultimate accu-
racy. One method to reduce the uncertainties involves
comparing neutrino yields at two or more distances from
the reactor source. In most reactor experiments, neutri-
nos are detected using the charged current reaction 7, +
p — et + n. The signature for this reaction is a time
correlated pair of positron and neutron signatures.

11.1 Current Status

The current best limits for neutrino-oscillation parame-
ters from reactor neutrino experiments are derived from a
generation of experiments using detectors of several hun-
dred kilogram mass at distances up to about 100 meters
from the source. Although these distances are relatively
short compared to those possible with accelerator neu-
trino experiments, the L/FE ratios are more than com-
petitive.

The lower energies, together with excellent under-
standing (at the level of ~ 2%) of the initial neutrino
flux spectrum and flavor composition, permit the reactor
neutrino oscillation experiments to provide convincing in-
formation about neutrino oscillations in an interesting re-
gion in the space of Am? vs sin? 26 . The current limits
from reactor experiments at both the Gosgen and Bugey
reactors rule out neutrino oscillations involving electron
neutrinos to a Am? level of 107 2eV? at maximal mix-
ing, and to sin? 20 values greater than about 0.05 for
large Am?.

11.2 Ezperiments Under Construction

The continuing puzzle with respect to solar neutrinos to-
gether with an apparent anomaly in the atmospheric neu-
trino fluxes has stimulated interest in a new generation
of reactor neutrino experiments. Two of the proposed
experiments have been approved and are now under con-
struction. The sensitivity of each will completely cover
the region of parameter space indicated by the atmo-
spheric neutrino anomaly and extend down to the level
of Am? = 1073eV?2,

Both experiments will utilize a gadolinium-loaded
liquid scintillator neutrino target of about 5-10 tons
mass located about one kilometer from a large nuclear
power station. The reaction to be measured is the clas-
sic Reines-Cowan inverse (3-decay reaction, 7, + p —
et + n . Neutrino oscillations coupling #, to any other
neutrino would be inferred from the 7, disappearance.

The first and most sensitive method for extracting
the signal would be an absolute comparison of the mea-
sured integrated count rate with the rate calculated from
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knowledge of the neutrino source and of the absolute de-
tector efficiency.

An additional signature for neutrino oscillations
would result from the study of distortions in the mea-
sured positron spectrum. In certain regions of the param-
eter space, this study could lead to a very clear, perhaps
unmistakable signature for neutrino oscillations.

The detector design philosophies in the two experi-
ments, however, are quite different. This situation is for-
tunate, since the different systematic effects in the two
detectors should provide an extra measure of confidence
in any jointly observed result. History teaches that this
approach is indeed wise.

The San Onofre experiment [138] is being performed
by a collaboration of groups from Caltech, the Insti-
tute for Nuclear Research (Moscow) and Stanford Uni-
versity. The experiment will be located at the depth of
25 meters water equivalent (mwe). To reduce the sub-
stantial cosmic ray-induced backgrounds at this depth,
a segmented detector design was developed, utilizing a
three-fold prompt coincidence signature for the positron,
together with a delayed coincidence requirement for the
positron-neutron capture sequence. The price paid for
the complex geometry and coincidence requirements is
a relatively low overall efficiency of about 20% as well
as substantial difficulty in precise determination of the
absolute detector efficiency.

The Chooz Experiment [139,140] is being performed
by a collaboration of groups from Annecy, the Collége de
France, Drexel University, the Kurchatov Institute, Pisa,
Trieste, and the Universities of California (Irvine) and
New Mexico. The experiment utilizes a site one kilome-
ter from an 8.2 GW nuclearpower station nearing com-
pletion in northern France. The site was selected because
of its substantial underground depth of 300 mwe. With a
200-fold cosmic-ray rate reduction provided by the over-
burden, an unsegmented nearly-spherical detector design
was adopted. The efficiency of the detector for positrons
from neutrino inverse beta decay events is above 80% and
relatively easy to model and to calibrate.

Each of the experiments expects to begin data taking
before the end of 1995.

11.3 The Future

Future work on neutrino oscillation studies with reactor
neutrinos could be aimed in at least three complementary
directions.

Improvement of our knowledge of the reactor neu-
trino spectrum would allow improved sensitivity to small
values of sin? 26 . This direction may be especially ap-
propriate as a means to verify results from the LSND
experiment discussed in Section 12. Sensitivity to mix-
ing angles as small as 1% would be a reasonable goal.

A second opportunity for further work would be to



improve the sensitivity of the long baseline reactor exper-
iments to smaller values of Am?. It has been suggested
that it is possible to extend the basic technique of the
Chooz experiment to neutrino baselines of at least ten
kilometers [141,142]. With such an experiment, which
would require a deep underground site and a kiloton-scale
detector, sensitivity to Am? lower than 10~*eV? can be
reached. The decision whether to pursue such an exper-
iment probably should await the results of the present
generation of one-kilometer neutrino oscillation experi-
ments.

Finally, one should explore and encourage the possi-
bility of using other neutrino reactions, such as neutral-
and charged-current reactions in deuterium to provide
sensitive oscillation tests.

12 Accelerator Neutrinos

The regions of parameter space which appear “interest-
ing” because of the outstanding questions of dark mat-
ter and atmospheric neutrinos extend just beyond the
reach of completed first generation accelerator experi-
ments. This tantalizing situation has recently spurred a
renewed interest in accelerator based searches and led the
way to a second generation, some of which are currently
operational and will take data in the near future. In this
section we will review the status of on-going experiments
and discuss options for new initiatives to significantly ex-
tend the reach in parameter space.

12.1 Large Am?
12.1.1 The v, — v, Channel

LSND The LSND experiment at Los Alamos is search-
ing for v, — v, and D, — U, oscillations using muon
neutrinos produced in the decay of pions produced by
the LAMPF proton beam. A signal in their detector,
composed of 200 tons of dilute liquid scintillator which
is sensitive to the appearance of low energy electrons,
would indicate the occurrence of a v, (¥.) charged cur-
rent interaction resulting from the oscillation of v, —
Ve (Py — P.). Preliminary reports suggest that such sig-
nals are indeed seen, with strong statistical significance
in the 7, channel[143]. The regions of parameter space
in which an oscillation may be indicated is for Am? of
a few eV?, and sin?20 ~ 10-2.

KARMEN The KARMEN experiment is also sensi-
tive to the », — U, channel. KARMEN is a 56 ton liquid
scintillator calorimeter which like LSND, measures neu-
trinos from a beam dump for 800 MeV protons from the
ISIS storage ring at Rutherford Laboratory. The experi-
ment has been taking data for four years and anticipates
a further two years of data taking. At the present time
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the experiment does not report any significant number
of events above the expected background[144].

12.1.2 The v, — v, Channel

The recently renewed realization that tau neutrinos may
play a critical role in cosmological dynamics has revived
interest in searching for v, — v, oscillations for mass
differences in the 5-100 eV range. This search, when done
with a definitive “appearance” experiment, requires in-
tense primary proton beams with energies above 100 GeV
but only “short” baselines, i.e., of less than a kilometer.
These parameters are ideally suited for carrying out (rel-
atively inexpensive) oscillation searches at Fermilab and
CERN.

Tau neutrino appearance experiments are designed
to detect the 7 lepton from v interactions, either by di-
rect observation of a short-lived 7 track and kinematic
information, or by use of kinematic information alone.
These highly-instrumented but relatively low-mass detec-
tors have high sensitivity (ultimately, a few times 10~5)
in sin” 26 for vy — v, oscillations because of their ex-
cellent background rejection. Sensitivity to v, — v, is
typically a factor 50-100 worse because v, is a minority
component in accelerator-produced beams. (Fortunately,
the v, content of such beams is negligible.) These experi-
ments have maximum sensitivity in the mass range which
is cosmologically interesting. However, with short base-
lines they cannot access Am? below a few tenths of an
eV?, even at maximum mixing.

The CERN Laboratory is now beginning a new gen-
eration of v, — v, oscillation experiments, CHORUS
[145] and NOMAD [146], that promise to extend the rel-
evant mixing-angle sensitivity an order of magnitude by
identifying one or more channels of tau lepton decay.

CHORUS The first experiment, CHORUS, will use a
hybrid emulsion spectrometer to directly search for the
production of 7 leptons from v, charged current inter-
actions. The distance of the detector from the proton
target (~ 800 m) and the average beam neutrino energy
makes the experiment sensitive to tau neutrino mass as
low as 1 eV. Limits in the mixing angle between tau and
muon neutrinos have been measured previously (in this
range of masses) by the Fermilab E-531 experiment[147]
at the level of sin? 2= 4x10~3. The CHORUS experi-
ment expects to improve this limit by a factor 10. For an
integrated intensity of 2.4 x 10'° protons on target about
500,000 muon neutrino interactions are expected. This
should be achievable over two calendar years.

NOMAD The second experiment, NOMAD, will at-
tempt to identify the occurrence of T production by the
kinematic distribution of particles produced in the inter-
action. Unlike CHORUS, which has the ability to defini-



tively identify the tau track, NOMAD, relies totally on
the signature of missing transverse momentum. Hence,
to make a case that a signal has been seen, it will be cru-
cial to demonstrate that the missing transverse momen-
tum is not due to other sources. The NOMAD experi-
ment will measure the momentum of charged particles by
tracking them in a magnetic field, and will measure the
momentum of photons with a preshower and lead glass
electromagnetic calorimeter. A hadronic calorimeter is
also being added to the experiment.

Data taking began with the new CERN wide band
neutrino beam in April 1994, and ended in October 1994.
After a several-month hiatus data taking will resume and
continue until the end of 1995. Further data taking in
1996-97 has been approved.

FNAL E-803 In early discussions of the Fermilab
Main Injector project it was realized that this new ma-
chine would provide the opportunity to produce a very
high-intensity, moderate energy neutrino beam. A beam
of 120 GeV protons could be extracted at least every
two seconds at an intensity of 3-6 x 10'® protons per
pulse. In 1990 the first proposal submitted to the Lab-
oratory to use such a beam, E-803 [148], proposed to
use a high-resolution hybrid emulsion spectrometer to
do a definitive tau appearance experiment. Delays in
the approval of the Main Injector project resulted in a
several-year deferral of serious consideration of E-803. In
the meantime the opportunity to do a similar experiment
at CERN (discussed above) was proposed and approved.
The major difference between CHORUS and E-803 is in
E-803’s significantly greater resolution for actually iden-
tifying 7 decays. In contrast to the CERN experiments
which emphasize the uvv and the evv modes, E-803 will
concentrate on the ability to identify 7 decays in the
two-body and quasi-two-body modes 7~ v and p~v (with
p~ — w~7°), which have distinctive kinematic signa-
tures and measurable proper decay times. E-803 was ap-
proved in November 1993. As will be discussed below, the
present Fermilab plan is to perform E-803 in conjunction
with a long-baseline experiment, hence maximizing the
reach into parameter space with a single neutrino beam.
In the absence of a signal, E-803 would extend the limits
in mixing angle by a factor of five to ten over the CHO-
RUS experiment at very large Am?, and by more than a
factor of thirty at values of Am?in the few electron volt
range. These limits are summarized in Figure 5.

FNAL E-872 Though there is a great deal of evidence
that the v, exists as a unique lepton and that its cou-
plings are not anomalous at the present level of sensitiv-
ity, interactions of v, have yet to be observed, as have
those of the v.and v, . To accomplish this, an experi-
ment requires high proton intensities, high energy, and
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Figure 5: Present limits in the channel v, — v;, as well as
those expected from the on-going CHORUS experiment, and
the E-803 experiment.

extremely good detector resolution. The Fermilab Teva-
tron in conjunction with a high resolution hybrid emul-
sion spectrometer meets these requirements. A newly
approved experiment, E-872, will produce 7 neutrinos in
a beam dump and directly measure v, charged current
interactions by seeing 7 decays in an emulsion target us-
ing the same hybrid emulsion technique as CHORUS and
E-803. This experiment will be performed during the
1996-97 Fermilab fixed-target run prior to the comple-
tion of the Main Injector. E-872 should see the interac-
tion that the oscillation experiments hope to see, if the
v, 1s “standard”. E-872 will be also be sensitive to and
measure the processes that give rise to backgrounds for
the experiments seeking v, oscillation.

12.2 Extending the Search to Small Am?

Conceivably, neutrinos could have the small, non-zero
masses and relatively large mixing angles suggested by
the apparent deficit of atmospheric muon neutrinos.
Definitive “disappearance” experiments can be carried
out at a number of accelerator laboratories to test this
hypothesis directly. Such experiments require intense
neutrino beams and at least two detectors separated by
tens to hundreds of kilometers, depending on the neu-
trino energy and the difference in neutrino masses that
is being explored. Long base-line “disappearance” exper-
iments require careful detector alignments and neutrino
flux measurements. They tend to be relatively expensive
because of the required infrastructure (downward-sloping
beams, two detectors with the far one containing a large
target mass). However, they represent a unique oppor-



tunity to discover neutrino oscillations in the range from
about 10~3 to several eV in a controlled laboratory set-
ting.

In the following subsections we will briefly discuss
several proposals for accelerator based long-baseline os-
cillation searches. Reactor searches were described in

Section 11.

12.2.1 v, - v, andy, — X

BNL The Brookhaven AGS has a long history of pro-
viding high intensity proton beams which are then used
to produce high flux beams of neutrinos. Present plans
to increase the intensity of the AGS by a factor of four,
to 6 x 1013 protons per AGS cycle of 1.6 sec, have made it
possible to consider extending the oscillation search into
the small Am? region as well [149].

In Spring 1993, the Brookhaven AGS PAC recom-
mended physics approval for P899, a Proposal for a Long
Baseline Neutrino Oscillation Ezperiment at the AGS.
The principal aim of the experiment is to explore the
region of parameter space suggested by the atmospheric
neutrino deficit. The experiment would use a neutrino
beam produced by the 26 GeV protons from the AGS.
The average neutrino energy would be about 1 GeV,
which is similar to the energies of cosmic neutrinos which
show evidence for oscillations. By placing detectors at
several locations (1, 3 and 24 km), the disappearance of
neutrinos (and possibly the appearance of v, ) in the mass
region of a few 1073¢V? will be detectable if the mixing
is relatively large. For an integrated delivered proton in-
tensity of ~ 2 x 102° protons, more than 4000 contained
muon events should be detectable in the far detector. As
proposed, the far detector would be located in a tank
farm on the north shore of Long Island. To produce a
neutrino beam in this direction will require construction
of a new proton transport line from the AGS. The de-
tectors for E899 are identical, massive water Cerenkov
detectors, 15 meters in diameter by 15 meters in height.
Each tank will contain 1900 20-cm diameter photomulti-
plier tubes.

As of late 1994, the E899 collaboration was prepar-
ing an upgraded proposal. In addition to the detectors
at 1, 3, and 24 km, as originally proposed, a fourth
detector site consisting of two additional tanks is pro-
posed at a distance of 67 km, to be located at a gov-
ernment facility on Plum Island in Long Island Sound.
The detectors would be displaced slightly from the center
of the neutrino beam, which has the advantage of sup-
pressing unwanted higher energy neutrinos. The four-
detector scheme would allow the experiment to be con-
structed in stages. The first stage, with the furthest
detector at 24 km, would be sensitive to v, disappear-
ance at a statistically compelling (3-5 o) level down to
Am? ~ 5 x 1073 eV? for sin?26 = 1, and Am? ~ 1072

144

eV? for sin? 26 ~ 0.5, covering the entire range suggested
by the atmospheric neutrino anomaly. The second stage,
including the detectors at 67 km, would extend the range
of Am? to values smaller by a factor of ~ 2. The statis-
tical significance for v, — v, appearance would be much
larger. The sensitivity of this experiment in both the v,
disappearance mode and the v, — v, appearance chan-
nel are shown in Figure 6 and Figure 7, respectively.
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Figure 6: BNL E889 limit curves for v, disappearance.

KEK The KEK proton synchrotron can produce ex-
tracted proton beams of 12 GeV at an intensity of 4 x
10'? every 2.5 seconds. A modest upgrade under consid-
012 every 1 sec-
ond. A proposal is under discussion of using an upgraded
PS beam to send neutrinos to the SuperKamiokande de-
tector, located 250 km from the KEK site.

eration can provide an intensity of 7.5 x 1

12.2.2 v, — vy

FNAL To do both a short and long baseline experi-
ment using the same beamline is an ideal strategy for
exploring the question of neutrino mass. The unique
feature of such a program at Fermilab is that both the
short and long-baseline experiments can be designed to
exploit the high-energy feature of the Main Injector - 7
appearance. Over the past few years several options for
a long-baseline site from the Fermilab beam have been
considered, including that of the IMB detector in Cleve-
land, Ohio, the DUMAND detector in Hawaii, and the
Soudan 2 detector in Tower-Soudan, Minnesota. In 1990
members of the Soudan 2 collaboration submitted a pro-
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Figure 7: BNL E889 limit curves for v, — v, oscillations.

posal, P-822  to use the existing Soudan 2 detector to
probe the region of parameter space suggested by the
atmospheric-neutrino deficit.

A far detector distance between 500 and 1000 km is
appropriately matched to the average neutrino energy of
15-20 GeV which can be produced by a horn focussed
neutrino beam from the Main Injector 120 GeV protons.
The major complication with such a beam is that it must
be extracted and brought to a 58 mr downward bend
angle, requiring the beamline enclosures and the exper-
imental hall to be significantly below grade, and hence
at increased cost due to the civil construction aspect of
the project. Because of the financial investment required
for such a beam, considerable debate has gone into the
question of what the potential reach of an experiment
using such a beam should be.

In spring 1994, Fermilab called for Expressions of
Interest from the user community for long baseline ex-
periments. Three were received, and though there were
technical differences, all three emphasized the advantage
that the high-energy Main Injector provides for doing
appearance experiments in the channel v, — v,. At
the June 1994 Fermilab PAC meeting, the PAC strongly
endorsed the idea that Fermilab proceed with further de-
velopment of the Conceptual Design Report for a beam-
line which will provide for both short and long baseline
experiments. Members of the long baseline EOI’s were
encouraged to join forces and form a strong collabora-
tion to build a detector with the capability of “seeing” T
leptons.
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Such a collaboration has been formed and the group
has submitted a full proposal, P-875 (a.k.a MINOS) for
a 10 kton detector to be located in a new cavern adjacent
to the existing Soudan 2 detector [150]. The sensitivity
of this experiment to both v, — v, and v, — v, oscil-
lations are shown in Figure 8 and Figure 9, respectively.
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Figure 8: MINOS two year 90% CL limit curves for v, —
v, oscillations. Curves A, B and C represent different rate
comparisons and energy measurements which can be made
in the experiment. The dashed curve shows measured limits
from the CDHS experiment, and the dot-dashed curve show
FNAL E-531 limits. The diamond is the Kamiokande best-fit

point.

CERN At CERN studies have been done to show that
it is technically feasible to send a neutrino beam to
the Gran Sasso Laboratory in Italy or even to the Su-
perkamiokande detector in Japan, which both happen to
be in favorable directions for using existing or planned
beamlines. The possibility of pointing a beam toward
the NESTOR detector in Greece is also being discussed.
The most cost-effective of these options is the beam to
Gran Sasso, 732 km from CERN. Such a beamline would
share facilities with the planned transfer line from the
SPS to the LHC. The detector would be the proposed
ICARUS detector [151].

The optimal conditions for v, — v, oscillations with
ICARUS and a CERN SPS beam are obtained with a low
proton energy (120 GeV, 3 x 10'3 protons on target every
3.6 seconds). For the v, — v, oscillations, a higher
beam energy is better suited. If the CERN SPS can
deliver 3 x 10'® 450 GeV protons on target every 7.2
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Figure 9: MINOS two year 90% CL limit curves for v, — v.

oscillations. Curves A, B, C and D represent different rate

comparisons and energy measurements which can be made

in the experiment. The dashed curve shows measured limits

from the BNL E-776 experiment, and the dot-dashed curve

shows the Bugey 4 reactor experiment limits. The diamond
is the Kamiokande best-fit point.

sec, the sensitivity of ICARUS for one year of data taking
extends to sin® 260 = 5 x 1072 and Am?=2 x 1073 eV?2,

Proponents of a long-baseline oscillation program at
CERN are proposing that the program could take place
naturally in the period between the end of the LEP pro-
gram and the beginning of the LHC program, :.e., early
in the next decade.

12.3 Comparison of Long Baseline Options

A strict comparison of differing options for a neutrino os-
cillation experiment should be done in the Am?2-sin? 26
plane. Even then, one experiment may have a sensitivity
to a lower Am? while the other may reach lower sin? 26.
The preference of one over the other is then strictly a
matter of physics value judgement. Nevertheless, some
qualitative comparisons of the proposed long baseline ex-
periments are possible. An experiment’s sensitivity to
mixing angle depends on the test and statistics. The
mass sensitivity then also depends on L and the neutrino
energy distribution.

This can be made a bit more quantitative. An ex-
periment is generally sensitive to oscillations above some
minimum probability of oscillation, or can set a limit at
that probability, which we call P,,;;,. Then the limit on
sin” 26 at high Am? is at 2 X Ppi,. Likewise, the mass
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limit at maximal mixing is approximately

<Eu> Pmin

Am? = ,
1.27L

(35)
where Am?, L, and E, are respectively in eV?, km, and
GeV. Since the slope of the limit curve at sin?20 = 1
is —1/2, this almost entirely defines the limit curve, up
to the energy distribution and some oscillatory behavior
near the first few oscillations at the average E,. Then the
value of P,,;, depends only on the test, the statistics, and
possible systematic limitations. For the most favorable
tests, Pmyin ~ 1.5/\/F at 90% CL, where N is the number
For tests which
involve kinematic cuts or particular decay modes, Py,;, is
worse (larger) by the detection efficiencies and branching
ratios.

of events measured at the far detector.

The statistics which an experiment can achieve de-
pends on the neutrino flux, the detector size, the dis-
tance, and the neutrino energy distribution. The event
rate is proportional to the integrated neutrino flux, which
in turn depends on both the duration of the experiment
and the fraction of accelerator cycles that can be devoted
to a neutrino program.

A higher energy beam gives more neutrino events due
to the rising v cross section. There are also more secon-
daries produced, and on average they are boosted more
in the forward direction. On the other hand, a higher en-
ergy beam has more time between spills, less secondary
decays in a fixed length beam pipe, and the Am? sen-
sitivity decreasing as 1/(E,). For tests that require the
presence of a 7 lepton in the final state, the energy must
be significantly above the v, charged current threshold.
A 120 GeV proton beam, for example, provides neutrinos
with an energy distribution such that {(¢./c,) ~ 0.25,
while a 400 GeV beam is required for that ratio to reach
0.50. The lower energy beams at BNL or KEK will not
make 7's by charged current processes.

When realistic detector sizes, running conditions,
and accelerator parameters are used, the Fermilab pro-
posal, CERN ICARUS proposal, BNL E899, and KEK to
SuperKamiokande proposal all reach similar sensitivities
of 5-8% in sin” 26 and 2—3 x 10~3¢V? in Am?. The BNL
proposal as written has a small disadvantage in Am? sen-
sitivity (limits will only improve as N 1/4 as opposed to
N'/2in sin? 26), but recent thoughts about placing a far
detector at 67 km would overcome that difference. All
of these long baseline proposals would cover the region
of neutrino oscillation parameter space suggested by the
atmospheric neutrino deficit.

A much larger 10-20 kT new detector for the Fer-
milab to Soudan long baseline experiment, as endorsed
by the Fermilab PAC, would increase the sensitivity to
lower mixing angle. However, the angles motivated by
the atmospheric neutrinos are much larger and in fact
are near maximal. Of course, the addition of such a mas-



sive new detector will need to be balanced against cost
and available resources.

There are two other important qualitative difference
between the low energy experiments (BNL, KEK), for
which (E,) ~ 1 GeV, and higher energy (E,) ~ 15 GeV
(FNAL, CERN) long baseline proposals. The first is that
the lower energy experiments are more similar to the en-
ergy of the atmospheric neutrino beam. It is possible,
for example, that a non-neutrino-oscillation explanation
of the atmospheric anomaly could better be tested at
a similar energy. The other involves the number of in-
dependent tests of v, < v, oscillations which can be
performed above and below v, charged current thresh-
old. Each test will have its own unique backgrounds and
systematic challenges.

13 Summary

We have attempted to review the broad based attack
presently being made by both the theoretical and exper-
imental communities on the intriguing and outstanding
questions of neutrino mass and mixing. From the out-
set of this project it was recognized that this would be a
topic which unabashedly crosses the traditional interdis-
ciplinary boundaries of high-energy and nuclear physics,
cosmology and astrophysics. The conveners of this group
as well as the many contributors knew that while bound-
aries are usually easy to cross, barriers most often are
not. We found that, from the standpoint of the physics
questions, there were no fundamental boundaries. Bar-
riers imposed by competition for funding and resources
are, however, difficult to ignore and extremely difficult
to cross.

Neutrino physics, particularly the study of the intrin-
sic properties of neutrinos, is a subject that has impor-
tant implications for the disciplines of elementary parti-
cle physics, nuclear physics, astrophysics, and cosmology.
Forty years after the first direct detection of neutrino in-
teractions with matter, our knowledge of these elusive
elementary particles may be summarized as follows. The
three neutrino flavors v, v, and v, (and their antipar-
ticles) carry linear and angular momentum (left-handed
v and right-handed 7) and an assigned quantum number
to specify the lepton family to which they belong. All
other fundamental properties, e.g., mass, charge, mag-
netic dipole moment, and whether they mix with one
another, are known only by upper limits. Indeed, it is
not known whether the neutrino is a Dirac particle with
a distinct antiparticle or a Majorana particle, 7.e., its own
antiparticle. In the search for physics beyond the Stan-
dard Model, new information in the neutrino sector is
likely to make an important, perhaps vital, contribution.

For astrophysics, neutrinos probe the interior of stars
early and late in their lifetimes. They are the coolant of
neutron stars left from supernovae, and provide a poten-
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tial thermometer for a precision temperature measure-
ment of our sun’s core. Neutrino astrophysics has become
a recognized discipline in the last decade.

In the cosmological Big Bang Model, neutrinos de-
coupled relatively early in the evolution of the universe.
This guarantees that they have a substantial relic abun-
dance today if they are stable and do not annihilate.
Their intrinsic properties are constrained by cosmolog-
ical consequences, and, in turn, improved knowledge of
neutrino properties would constrain cosmological models
of the early universe. If any neutrinos have rest masses
in the electron-volt region, they would contribute to the
non-baryonic dark matter, and perhaps significantly to
the total mass of the universe.

The suggestion was offered in the 1960’s that oscil-
lations among neutrino flavors might occur with rates
dependent on neutrino mass and mixing amplitude, For
the first time, there are reliable data indicating the oc-
currence of resonant and vacuum neutrino oscillations
from studies of solar and atmospheric neutrinos. In an
effort to confirm or repudiate these empirical clues, new
experiments are being mounted and proposals for new
experiments are being made. Because the potential im-
portance of the envisioned results is well recognized, the
proposals must be treated seriously even at a time of re-
stricted funding. The relevant ranges of Am? and sin? 260
are now well defined, and the planned and proposed ex-
periments should be able to establish or exclude them
definitively.

For the first time, direct measurements placing lim-
its on the mass of the electron-neutrino in the region of
electron-volts have been made in the past few years.. A
common feature of all of these experimental results is
an anomalous excess of counts near the endpoint. This
anomaly is indicative of a misconception—perhaps a se-
rious one—on our part, and experiments to probe its na-
ture and pursue the hint it offers are crying to be done.

Also for the first time, compelling direct measure-
ments of the rates for double beta decay involving two
neutrinos have been made recently. These measurements
set the stage for incisive attempts to observe double beta
decay in the absence of neutrinos and possibly discover
the Majorana identity of the neutrino. This is an area of
neutrino physics that is not costly but is of fundamental
importance.

The field of neutrino physics is diverse and carried
out non-centrally in self-contained experiments in uni-
versity laboratories, deep underground sites, and accel-
erators. In part for this reason, it appears to involve a
small community with few needs. But in truth, it is a
world-wide effort pursued by many physicists, which of-
ten requires well-instrumented, massive apparatus. Ex-
periments, whether large or small, require adequate long
term support. Given the great scientific potential of
physics involving neutrino mass and lepton flavor mix-



ing, the enterprise deserves support beyond the level at
which it now functions.
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