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Neutrino Overview 

W.C. Haxton 

Insti tute f o r  Nuclear Theory, Nli-12, and Depd. of Physics, NK-15, Universiiy of Washing ion ,  Seattle, WA 98195 

I discuss some of the open issues in neutrino physics, emphasizing areas of intersection with 
astrophysics, that occupied the participants of the Snowmass Workshop on Nuclear and Particle 
Astrophysics and Cosmology in the Next Millenium. 

Although neutrinos have been part of physics for over 70 
years, a surprising number of basic questions about their 
properties and their roles in astrophysics remain open: 

*What are the neutrino masses and why are neutrinos 
so much lighter than the other fermions of the standard 
model? 

*Do the three light flavors account for all of the neutri- 
nos, or do more massiye neutrinos exist? 

*How do neutrinos behave under particle-antiparticle 
conjugation? 

*Are there nonzero electromagnetic moments, e.g., 
magnetic moments, anapole moments, electric dipole mo- 
ments, nonzero charge radii? 

*Is there mixing between the neutrino families? 
*What accounts for the deficit of neutrinos from the 

sun and the suppressed q5(Be)/4(8B) flux ratio deduced 
from current experiments? Do these results demand new 
particle physics, such as the MSW mechanism? 

*We detected the 5,s from SN1987A. What are the 
fluxes and spectra of supernova ves and heavy-flavor neu- 
trinos? What is the total lepton number radiated by a 
collapsing star? 

*What is the role of neutrinos in the Type I1 supernova 
mechanism? Are they essential to mantle ejection? 

*Are there cosmic background neutrinos and do they 
contribute significantly to dark matter? 

*What is the role of neutrinos in stellar nucleosynthesis 
mechanisms such as the neutrino process and r-process? 
What can nucleosynthesis and stellar cooling arguments 
tell us about neutrino properties? 

I would like to review current work addressing these and 
other open questions. I will not discuss terrestrial neu- 

m,,, <, 250 keV 
in,? <, 31 M e V .  

The fie mass limit was established in a series of careful 
measurements of the shape of the tritium 0-decay spec- 
trum near the endpoint 111. The parameters in that fit 
include the maximum energy release WO and mz. The 
surprising result that  has emerged from the five exper- 
iments is that the best mass value is m: - -100 eV2,  
with this unphysical result differing from zero by 5a. The 
Livermore measurements are shown in Fig. 1. However, 
the fits give a value for Wo that agrees with the Seattle 
Penning trap measurement [2] of the 3H - 3He mass differ- 
ence to -1 eV, the approximate accuracy of both deter- 
minations. This suggests that the source of the negative 
m: result is an effect that distorts the spectrum shape 
without perturbing its endpoint, which eliminates many 
instrumental explanations. 
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trino oscillation experiments or the atmospheric neutrino 
problem, since these are the subjects of another opening 
talk. 

Figure 1: Deviations of the tritium decay endpoint mea- 
surements of the Livermore group [l] from the Kuri plot 
(m, = 0) are shown as a function of the electron energy. 
The excess counts near the endpoint generate a negative 

$1 Neutrino Mass Limits rn; i n  the fits. 

Existing limits on neutrino masses are 

mFe <, 7 eV 

I t  may be that calculations of the contributions of ex- 
cited final states i n  the T2 molecule are in error. For 
instance, if the ground state excitation probability were 
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' reduced from -57% to about ~ - 4 0 % ~  with the difference 
appropriately redistributed to excited molecular states, 
the experimental results can be reproduced [3]. This is 
not an explanation that the molecular theorists find plau- 
sible. 

Some of the experimentalists who have done tritium 
experiments are concerned that the negative mz prob- 
lem calls into question the limits on mpe that have been 
quoted. While there is a standard procedure for deriv- 
ing such limits, its appropriateness is unclear given that 
several experiments find negative m: a t  high confidence 
levels. Bowles and Robertson will discuss this later in this 
meeting. 

From the theoretical side, there is some hope that the 
smallness of neutrino masses may provide some insight 
into the general problem of fermion masses in the standard 
model. In the enlarged multiplets of extended models it 
is natural to expect that a single scale characterizes the 
masses of fermions in the same family (e.g. v,, e, u ,  d),  an 
expectation clearly in conflict with observation. However, 
while the other fermions in the multiplets are Dirac par- 
ticles, the neutrinos lack obvious additive quantum num- 
bers that reverse sign under particle-antiparticle conjuga- 
tion. Thus neutrinos can have both Dirac and Majorana 
mass terms. There are no hints from the known Dirac 
masses of the standard model about the scale of Majo- 
rana masses. 

The seesaw mass matrix [4] 

ma produces a light neutrino, mlight - *, and one unob- 
servably heavy, mheavy - m ~ ,  where mR is a new heavy 
right-handed Majorana mass scale. We see that (z) is 
the needed "small parameter" that could account for neu- 
trinos being anomalously light. The masses of the v,, up, 
and v,, the isospin-up members of the lepton doublets] are 
then reIated to the masses of the corresponding members 
of the quark doublets, mu, m,, and mt . Taking mR - 1OI6 
GeV, the grand unification scale, the seesaw mechanism 
yields the following neutrino mass scales 

mYe : mYr : mer - 2 .  IO-'' : 2 . 1 0 - ~  : 3 .  eV. 

Thus experiments probing small neutrino masses may prc- 
vide insight into new mass scales far beyond the reach of 
direct accelerator physics. This is a theme that Gelmini 
will develop later in this meeting. 

$2 The Solar Neutrino Problem, Neu- 
trino Oscillations, and Supernovae 

The lack of high energy solar neutrinos, relative to the pre- 
dictions of the standard solar model, has been apparent 

since the early days of the 37Cl experiment, two decades 
ago. The combined results of the 37Cl [5], KamiokaII and 
111 [ 6 ] ,  and GALLEX/SAGE [7] experiments now indicate 

d ( P P )  - d S s n r ( P P )  
( P ( ~ B ~ )  - o 
d( '8 )  - 0.5 dSsM('B)  

(3) 

where the d S S M  are standard solar model flux predictions 
[$I. Perhaps the most difficult aspect to understand is the 
ratio 

(4) 

which is expected to vary as T;l0, where T, is the central 
core temperature] in solar models. A lowering of T, to 
reduce the flux of high-energy neutrinos will raise R, in 
contradiction to the results in (3). For this reason, it 
has become more difficult to accommodate experiment by 
varying the physics or parameters of the standard solar 
model. [See talk by Bahcall.] 

An attractive alternative solution is matter-enhanced 
neutrino oscillations. The favored MSW explanation [6] 
of the solar neutrino problem corresponds to 6m2 - 
eV2 and sin2 28 - Assuming m,, << mvz << mvJ, 
this could mean v, ++ v, oscillations with m,, - few 

eV, a value we have noted is natural in the case 
mR - mGuT. If this is the correct solution, one conse- 
quence is that neutrino masses are likely too low to play 
a role in dark matter, the atmospheric neutrino problem, 
tritium decay, and double beta decay. Heroic very long 
baseline experiments would be needed to reach such 6m2, 
and the small mixing angle would pose an additional ob- 
stacle to any measurement. 

Alternatively, perhaps the MSW solution corresponds 
to u, H up oscillations, indicating new physics at  an in- 
termediate scale mR - 10l2 GeV. Then a plausible seesaw 
mlJ 7 - few -10 eV, so the vr could play a crucial role in 
dark matter, large scale structure formation] and super- 
nova explosions. 

Both of these scenarios, plus other possibilities, will be 
discussed by Kayser. I would like to mention one impli- 
cation of a cosmologically interesting m,, , oscillations of 
supernova neutrinos, that Fuller, Qian, and collaborators 
have explored. 

Very general arguments govern the temperatures of su- 
pernova neutrinos in the absence of neutrino oscillations. 
Through most of their migration out of the hot protoneu- 
tron star neutral current interactions keep the neutrinos 
in flavor equilibrium, e.g. 

(5) 

This results in  an approximate equipartition of energy be- 
tween the flavors. After neutral weak decoupling the v,s 
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and Y e s  remain, for a short time, in equilibrium with the 
surrounding matter because of the charge current reac- 
tions 

ve + n - e- S p  

Y ,  + p ++ e+ + n 

(6) 

as well as the charge-current enhancement of ve + e- - 
v, + e - .  This stronger coupling of the v,s and V,s to 
matter is reflected in the neutrino temperatures found in 
realistic calculations [9] 

TYe - 4  MeV 
TFc - 5  MeV 

T%Y, - 8  M e V  

(7) 

The difference between the TYe and TY; temperatures is 
due to the surrounding matter being neutron rich, so that 
the first of the reactions in (6) is more important. 

d2 g/cm3 
density vacuum 

Figure 2: Schematic illustration of the Y, +-+ v, MSW 
level crossing that might occur at densities encountered 
in a supernova. 

A closure-mass v, will experience a level crossing with 
a v, at a density of p - lo9 - 10" g/cm3, as illustrated in 
Fig. 2.. Since this crossing is outside the neutrinosphere, 
a distinctive hot Y, flux will result 

Ttsw >> TD, 

provided that the level crossing is adiabatic. Generally 
this is the case if sin2 20,, >, 

One quickly sees that a supernova is a less compli- 
cated laboratory for studying MSW oscillations than the 
sun, since this temperature inversion is so distinctive. As 
cross sections off nucleons vary as E; (while those off nu- 
cleon targets with large thresholds rise even more steeply), 
event rates are proportional to T under the assumption 
of energy equipartition among the flavors. [For the same 
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reason, oscillations have important consequences for neu- 
trino energy deposition in the star's mantle. See the talks 
by Fuller and Qian.] T h u s  an  important component of in- 
vestigations of cosmologically interesting neutrinos must 
be the maintenance of supernova neutrino observatories 
that can distinguish ves, Pes, and heavy flavor neutrinos. 
As Cline will stress i n  a later talk, we must be willing to 
maintain these observations for times long compared to 
the galactic supernova rate, - 1/35 years. 

53 Neutrinoless Double Beta Decay 

Neutrinoless pp decay, our most stringent test of lepton 
number conservation and of Majorana masses, will be re- 
viewed by Rosen. It can be studied in a number of even- 
even nuclei (A,Z) where, due to the nuclear pairing force, 
the first-order p decay to the odd-odd daughter is kine- 
matically forbidden, but the second-order decay to  the 
daughter (A, 2+2) open. 

(a 1 ( b )  

Figure 3: The two-nucleon neutrino mass (a) and right- 
handed current (b) mechanisms for neutrinoless /3p decay. 

Two important mechanisms for neutrinoless pp decay 
are shown in Fig. 3. As the neutrino omitted in the 
first p decay has the wrong handedness to be reabsorbed 
on the second nucleon, contributions arise only from a 
nonzero neutrino mass (which breaks the y5 invariance by 
an amount - (a), where E, - 30 MeV is the energy of 
the virtual neutrino) or through an explicit right-handed 

decay vertex. The corresponding rates are proportional 
to [IO] 

i=l  

2n 

i = l  

where m i  indicates the i t h  neutrino mass eigenstate, n is 
the number of generations, U22 is the coupling probability 
of tlie ith eigenstate to the electron neutrino, and XCp 
is the relative C P  eigenvalue of the ith mass eigenstate. 
(We assitme a C P  conserving theory.) The strength of 



the right-handed current is R R L  and W E  is the amplitude 
of the ith mass eigenstate in the right-handed electron 
neutrino. 

Both of the lepton-number-violating parameters in 
Eqs. (8) vanish in the Dirac limit: when Majorana terms 
in the neutrino mass matrix are turned off) the neutrino 
mass eigenstates become pairwise degenerate with oppo- 
site A:'. 

The most stringent limits on neutrinoless double beta 
decay have come from i6Ge-+76Se: a Ge crystal can 
serve as both source and detector. T w o  efforts are now 
underway to build the first large (- 10 kg), isotopi- 
cally enriched detectors (- 87% i6Ge), the IGEX 1111 
and Moscow/Heidelberg [12] experiments. [Natural Ge is 
7.44% 76Ge.] The Moscow-Heidelberg collaboration has 
reported first results corresponding to 9.7 kilogram-years, 

~1" / "~(0+ -+ 0:) 2 2.7 .1024y, 90% c.i. pa) 

T$'~(O+ -+ 2;) 2 1.3. lo2", 90% c.1. ( 9 b )  
The first result constrains the Majorana electron neutrino 
mass to ( m v ) ~ " i  <, (0.5-1.0) eV, depending on the choice 
of nuclear matrix elements. The limit on decays to the 2; 
first excited state in 76Se is interesting since this process 
is nonzero only if right-handed currents contribute. The 
IGEX O+ -+ 0: limit, corresponding to 10.9 mole-years 
of 76Ge, is r;T2 >, 1 .7 .  1024y at  90% c.1. 

While these experiments will establish lifetime limits 
above years, the challenge facing the field is to  de- 
velop very large volume clean detectors that can push well 
beyond this level. Double beta decay provides our best 
test of Majorana mass terms that are frequently invoked 
in extended models that  attempt to account for small neu- 
trino masses. 

and horizontal branch stars. A red giant contains a de- 
generate 4He core, which supports itaself by the degener- 
acy pressure, surrounded by a t h i n  H burning shell that 
supports the mantle of the star. As the hydrogen shell 
burning proceeds, more He is synthesized and added to 
the core mass, which increases the gravitational potential 
a t  the burning shell. Thus the burning must intensify, 
and the star reddens. 

Conditions are eventually reached i n  the degenerate 
core which allow carbon burning to s t a r t ,  3 Q -+I2C. The 
rate of energy production by this process goes roughly 
like p2T3', where p and T are the core density and tem- 
perature. This sharp dependence on T renders the core 
mass at  ignition extremely sensitive to neutrino cooling 
mechanisms operating in the core. The more effective the 
cooling, the longer the delay to He ignition, and thus the 
larger the degenerate core a t  the time of the He flash. Not 
only red giant evolution, but the subsequent evolution of 
the star along the horizontal branch is affected by the size 
of the core at ignition. 

The dispersion relation for a photon is modified at  high 
density by interactions with the surrounding electron gas. 
The transverse photon components acquire a mass pro- 
portional to the plasma frequency, which varies as ~. A 
longitudinal mode (charge density wave) also arises. The 
most important neutrino cooling mechanism is the decay 
of these collective plasmon excitations into escaping Y V  
pairs. The coupling of the plasmon to the vV pair oc- 
curs through an electron particle-hole intermediate state. 
Since the core temperature is on the order of 10 keV, neu- 
trino flavors with masses well below 10 keV contribute to  
the cooling a t  full strength. 

If the neutrino carried a magnetic moment (or elec- 
tric dipole moment), the plasmon can couple directly to 
the vfi pair, and additional cooling occurs governed by 
pf .  The resulting He ignition delay will change the evo- 
lutionary paths of red giant and horizontal stars, caus- 
ing, for instance, an increase in the number of stars on 
the red giant branch to those on the horizontal branch. 
This observation can limit p:. Raffelt deduced a limit 
of pv <, 3 . 10- l2pg  from these and similar arguments. 
This limit applies to diagonal and transition magnetic mo- 
ments, with the latter the only possibility in the case of a 
Majorana neutrino. 

This limit is important to the conversion VL -+ VR of 
solar neutrinos due to their interactions with the solar 
magnetic field. Although the conversion veL --t veR was 
discussed some time ago as a possible solution of the so- 
lar neutrino problem, this scenario was made less likely by 
MSW int.t:ract.ions, since matter effects break the degen- 
eracy of the veL and (presumably sterile) ueR,  rendering 
the off-diagoiial pu Bo coupling less effective. Liin and 
Marciano [I41 then pointed out that a crossing could OC- 

cur for a spin-flavor transition, veL --+ v M R :  the vacuum 

$4 Neutrino Electromagnetic Moments 
and Stellar Cooling 

Neutrinos can interact with static magnetic and electric 
fields if they have magnetic or electric dipole moments. 
They can also interact with virtual photons if they have 
a nonzero charge radius or an anapole moment. 

As an electric dipole moment requires CP nonconserva- 
tion, perhaps the most interesting of these is the magnetic 
moment. Dirac neutrinos can have diagonal magnetic mo- 
ments: using standard model couplings and assuming an 
mu - 10 eV, the one-loop radiative correction generates 
a magnetic moment - lO-"p~, where p~ is an electron 
Bohr magneton. Majorana neutrinos can have transition 
but not diagonal magnetic moments. 

The most stringent limits on neutrino magnetic mo- 
ments come from stellar cooling arguments. Raffelt h a s  
recently discussed [13] neutrino emission from red giant 
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mass difference can be compensated by the matter contri- 
butions to the effective mass of the ve. Even this scenario 
requires very large ( B o  >, 106G) solar fields, given the 
red giant limit on p,. Furthermore, since the position of 
the level crossing depends on E,, the solar field B, must 
be extensive to affect an appreciable portion of the so- 
lar neutrino spectrum (e.g. 7Be and 'B neutrinos). For 
these reasons, perhaps this solution to the solar neutrino 
problem is somewhat contrived. 

Similar arguments constraining neutrino magnetic mo- 
ments and large Dirac neutrino masses have been con- 
structed for supernova neutrinos: transitions to sterile 
states can shorten the protoneutron star cooling time from 
-10 seconds to a value inconsistent with the observed du- 
ration of the SN1987A neutrino pulse. 
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Figure 4: The lepton fraction Yr, of a volume element dur- 
ing the infall stage of a core-collapse supernova is plotted 
as a function of the density. When no neutrino inelastici- 
ties are allowed, the Yr, after trapping is large. When in- 
elasticities are turned on (v+e + v'+e, v + A  + v'A*), Yr, 
drops significantly just before trapping (p >, 10" g/cm3). 
The calculations are from Ref. [15]. 

$5 Supernova neutrinos and the explo- 
sion mechanism 

Neutrinos are believed to play a crucial role i n  the core- 
collapse supernova mechanism. During the infall stage 
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preceding core bounce the initial conditions of the pro- 
toneutron star are determined by neutrino emission. AS 
the matter falls into the gravitational potential, the work 
done on i t  increases the matter temperature. The com- 
peting cooling process is neutrino emission by 

e- + p  -+ u, + n , 
the rate of which increases as the electron Fermi level 
rises. By this reaction the star begins to radiate its lepton 
number. 

Weak interaction rates depend on T 5 ,  when T is the 
matter temperature. Thus the rate of reaction (10) 
rapidly increases as the collapse proceeds. Yet neu- 
trino emission only occurs if the density of the matter 
p <, 10'2g/cm3: above this density the neutrinos are 
trapped, i.e., their diffusion time out of the star's core 
is longer than the collapse time. Thus, once trapping is 
reached, the initial conditions of the core bounce are fixed. 

There is a very narrow window (see Fig. 4) in density 
where the rate for reaction (10) is high yet the neutrinos 
are untrapped, p - 10" - 10'2g/cm3. This window de- 
termines the trapped lepton fraction YL that will charac- 
terize the core bounce. This is a crucial parameter in the 
explosion model: the smaller the value of YL, the smaller 
the inner portion of the iron core that participates in the 
core bounce. A small iron core produces a weak shock 
wave and more shock wave losses as it propagates through 
the outer iron core. For this reason numerical supernova 
models fail to produce successful explosions for small YL. 

The prompt hydrodynamic explosion model (one pow- 
ered only by the shock wave) was found to fail because 
of lepton number losses associated with reaction (10) and 
with downscattering, the name given to inelastic reactions 
such as 

v + e + v' + e 

v + A -+ v' + A* 

by which energetic neutrinos can lose their energy [16]. 
(The downscattering is important because, as neutrino 
coherent scattering cross sections vary as E,", lower energy 
neutrinos escape the core more readily than higher energy 
ones. Thus /? decay neutrinos, which tend to be somewhat 
hotter than the surrounding matter, escape more readily 
if they are cooled by inelastic reactions.) The inclusion of 
inelasticities dropped the trapped lepton number fraction 
from - 0.42 to about 0.35, a value incompatible with a 
prompt explosion. 

There are continuing efforts to produce collapse with 
very low entropies, thereby slowing reaction (IO) and 
hopefully increasing YL. One possibility is the neutral 
current 0 decay rate 



which cools the star without lepton number loss. Yet no 
effect so far included has ~ignificant~ly raised YL.  

As Colgate will discuss a t  this meeting, a more plausi- 
ble explosion model may be the delayed mechanism: the 
shock waves fails, stalling at  -200-300 km from the cen- 
ter of the star, but is later regenerated, as Wilson first 
claimed, [I71 by neutrino heating of the nucleon soup that 
lies in the wake of the shock wave. The most important 
reactions are 

v, + n - y + e- ( 12) 
f i , + p - n + e  + . 

Even this mechanism is difficult to make work: net 
heating occurs only between a “gain radius” [17] and 
the undissociated He layer lying immediately behind the 
shock front, and the net energy deposited is small. 

There has been a great deal of recent interest in two- 
dimensional and three-dimensional models in which con- 
vection is treated semirealistically. Part of the motiva- 
tion is that  if convection makes neutrino heating more 
effective, it could be an essential element of the explosion 
mechanism. A couple of ideas have been put forth to en- 
hance the neutrino luminosity by transporting neutrinc- 
rich matter across the neutrinosphere (prompt convection 
and neutron finger convection). A recent analysis has 
called both into question: the transport of lepton number 
by v,s and ii,s appears too rapid to allow stable neutron 
fingers, while the negative entropy gradients that drive 
deep, prompt convection are quickly destroyed by the con- 
vection [l8]. Herant, Benz, and Colgate [19] have argued 
negative entropy gradients drive convection at larger radii, 
between the neutrinosphere and the shock front. Cold ma- 
terial falls toward the neutrinosphere, where it is reheated 
and rises. This convection has little effect on the luminos- 
ity, but it does harden the neutrino spectrum by allowing 
hot volume elements to radiate neutrinos at larger radii. 
This could enhance the rate of neutrino heating both be- 
hind and in front of the stalled shock wave. 

Another boost to the heating mechanism could result 
from v, ++ v, oscillations, as discussed in Sec. 2. The  
conversion of a hotter v, spectrum into v,s outside of the 
neutrinosphere would enhance energy deposition through 
v,+n -+ p + e - ,  as Fuller and collaborators have discussed 
1201. Fuller and Qian [21] have also pointed out that this 
would force the matter in the shock wave’s wake to become 
proton rich, which would destroy conditions necessary for 
the “hot bubble” r-process we will discuss later. 

$6 Neutrinos and Nucleosynthesis 

One of the triumphs of big bang nucleosynthesis is the 
constraint it places on the number of light neutrino 
species, N ,  - 3, as Schramm will discuss. Neutrinos also 

play an important role in the later nucleosynthesis that is 
reflected in stellar metallicities. 

Supernova neutrinos can alter the composition of the 
matter ejected by the explosion. For example, the prod- 
uct of the neutrino neutral current inelastic cross section 
off 20Ne and the neutrino fluence through the Ne shell, 
which resides -30,000 km from the center of the star, is 
-1/300. That  is, 0.3% of the matter is affected by such 
interactions. The cross sections are dominated by the 
higher temperature vfl and vT neutrinos, which deposit 
-20 MeV in the scattering. Thus the target is generally 
excited above the continuum, 

20Ne(v ,  v ’ )20Ne* 4 1 9  F + p (13) 

-19 N e  + R - ” F ,  
P 

leading to its breakup and the production of a new nu- 
cleus, ”F. When this physics is incorporated into explc- 
sive nucleosynthesis codes, which follow the processing of 
the coproduced neutrons and protons and the heating as- 
sociated with passage of the shock wave, i t  is found that 
this mechanism can account for the galactic abundance of 
”F, given a heavy flavor neutrino temperature -8 MeV. 
Similarly, as Woosley will show at this meeting, this “neu- 
trino process” can explain the origin of galactic “B  (in- 
cluding its evolution as deduced from measurements of 
low metallicity stars) and much of the observed 7Li [22]. 
These nucleosynthesis results can be considered a con- 
straint on the T,,,/,7 temperature. 

Woosley and collaborators [23] have also shown that the 
expanding “hot bubble” between the neutrinosphere and 
the shock wave is an attractive site for the r-process, the 
mechanism by which about half of the heavy elements and 
all of the transuranics are thought to  have been formed. 
The neutron-rich nucleon soup, as it expands off the star 
and cools, undergoes an alpha-rich freezeout and then an 
r-process, using the excess neutrons. The amount of ma- 
terial that  is estimated to be ejected could reasonably ac- 
count for metals found in nature. This r-process appears 
to require very large entropies/baryon, and thus progress 
on the supernova mechanism is important to achieve a 
better understanding of this process. Present calculations 
do not fully include the effects of the neutrino process 
on the neutron-proton chemistry in the bubble or on the 
survival of the synthesized nuclei. As the production oc- 
curs a t  small r - 1000 k i n ,  the neutrino physics is clearly 
import ant . 

$7 Neutrino Detection 

One of the exciting prospects for the field of neutrino 
physics is the likelihood that the solar neutrino problem 
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' will be solved in the next few years. Two sophisticated 
new detectors, the Sudbury Neutrino Observatory (SNO) 
[24] and Superkamiokande [25], should begin to take data 
near the end of 1995. SNO, a heavy-water Cerenkov de- 
tector, will allow experimenters to measure the neutrino 
flux independent of flavor via the reaction 

u + d -+ Y' + n + p .  

The thermalized neutrons will be captured and counted. 
I t  will also utilize the hard spectrum of electrons from 

to reconstruct the spectrum of incident ves. Su- 
perkamiokande, a conventional water Cerenkov detector, 
will exploit its enormous fiducial volume, -22 kilotons, 
to reconstruct the spectrum of incident neutrinos from 
electrons scattered by 

v + e - Y' + e ,  

a reaction that is sensitive to I/, and vP (or vT)  neutrinos 
in the ratio - 7:l. Both the SNO neutral current mea- 
surement and the SNO and Superkamiokande u spectrum 
reconstructions could provide a convincing demonstration 
that the MSW effect is modifying the solar neutrino spec- 
trum. These detectors will inaugurate a new generation 
of high statistics active experiments. 

The SNO and Superkamiokande detectors will measure 
the high energy portion (2 5 MeV) of the 'B spectrum. 
Ken Lande will be describing efforts on the radiochemical 
lZ7I experiment, [26] which is also scheduled to be oper- 
ating by the end of 1995. This detector will test the sB 
and 7Be neutrino fluxes. 

Later in this meeting Bob Lanou will describe efforts 
to develop active detectors sensitive to the lower energy 
'Be and pp neutrinos, including liquid and gaseous He 
detectors and ultrapure scintillation detectors (Borexino). 
Although these projects are very difficult, it is clear that  
the detection of low energy neutrinos (2 1 MeV) by ac- 
tive detectors is the next step in the development of solar 
neutrino physics. 

Additional future challenges include the detection of 
solar thermal neutrinos of all flavors, which have a 
flux/flavor - 2 .  108/cm2/sec and a peak flux density at - 
1 keV comparable to that of the peak of the pp spectrum 
(- 10"/cm2 sec/MeV) [27], and of cosmic background 
neutrinos. 

Francis Halzen, Vic Stenger, and Steve Barwick will de- 
scribe the DUMAND and AMANDA efforts to detect high 
energy astrophysical neutrinos, as well as the prospects for 
building very large (- km3) water or ice Cerenkov detec- 
tors for measuring neutrinos with E, >, l O I 5  eV. Such 
detectors could allow us to see into the centers of active 

galactic nuclei, just as solar neutrinos allow us to probe 
the solar core. The mechanisms by which nature acceler- 
ates particles to energies of 1 0 ' ~  to 10" eV are presently 
unknown. 

The work was supported in part of the US. Department 
of Energy and by NASA under grant #NAGW2523. 
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