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fields but have for some years attracted consider-

Neutrino PhySiCS at the able and steadily increasing interest from scientists
i of other areas as well and even from the broad pub-

Dawn of the Twenty-First o P

Century The twentieth century saw the “birth” of the neu-

trino, followed by a flourishing period in which neu-
Michael F. Altmann (), Lothar J. N. Oberauer,  trino beams contributed substantially to the estab-
Technische Universit Minch lishment of what we nowadays refer to as the “stan-
P?]C .”'SCDe ”t"’er X El‘énc en. dard model of particle physics”, i.e., our understand-
é’sgs de;;ar mﬁ” boreich SEB.375 Astro.partitle 119, Of the fundamental constituents of matter and
2?1 >on Srs";?z?“ggs ﬁ.re'c Sorma SHO-Fartitle  their interactions. In the 1980s and 1990s efforts
yS'CS’l5 it arc '”% zrma”y have concentrated on measuring intrinsic neutrino
g"’r‘]’q";‘ngié%aisl'Alt‘rjr;?#fécphe{‘umeae properties such as mass, magnetic moment, charge
o ' e od conjugation, and flavor state mixing property, and
Tel.: +49-89-28912525, Fax: +49-89-28912680) lifetime, culminating in 1998 in the claim of the
. . Japanese Superkamiokande collaboration of having
Neutrino Physics in recent decades has undergong a giscovered neutrino mass in their measurements of
rapid growth and has evolved into a discipline of rel- - hetrinos produced in the earth’s atmosphere from
evance for various research fields, ranging from geo- 0 interaction of primary cosmic radiation (Fukuda
physics to cosmology. On the other hand, however, the - g 51 1998: Kaijita et al. 1998). In recent decades the
knowledge that we have about the neutrino itself, i.¢..  anormous interdisciplinary importance of neutrinos
its very nature and intrinsic properties, is still rather ¢ a5trophysical processes, such as star burning and
fragmentary. This article summarizes the present sta- g;hemova explosions, for the formation of structure
tus of pure and applied neutrino physics, emphasizing "oy unjverse, and for its future development has
on pointing out the links to neighboring disciplines. become increasingly evident (Raffelt 1996). The turn
of the millennium is a good point at which to review
where we stand in neutrino physics, what we know,
. and what we still do not know about neutrinos and to
Introduction consider the direction in which future developments

_ . are likely to lead.
At the end of the twentieth century neutrinos have

taken over a “title role” in modern science, being
equally important for and providing a link between A Short Historical Tour:

cosmology, nuclear physics, particle physics, and asy ;
trophysics. Not surprisingly therefore neutrinos aréc\Nhat We Know About Neutrinos

not only at the heart of specialists’ research in theserhe neutrino was initially nothing more than a purely
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the occasion of his 70th birthday. new uncharged and very weakly interacting particle
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as a “desperate revenue” to save the laws of angulantiparticle always have opposite helicity, antineu-
momentum conservation and of energy conservatiotrinos thus are right-handed.
in nuclear beta decay (Pauli 1985, for translation see
Winter 1991). However, it took more than 25 years ) ) )
to establish the neutrino experimentally: In 1956—-Physics with Neutrinos:
1957 Cowan and Reines reported the first direct deNeutrinos as Experimental Tools
tection of neutrinos in an experiment at the Savannah
River reactor. After their finding had been confirmed Considering the time between postulation and ex-
in other measurements, in around 1960 the neutrinperimental confirmation of the neutrino, it took only
was unanimously considered “real”. an astonishingly short period for the new particle to
The type of neutrino detected by Cowan and Reine$ecome a standard tool in high energy physics and
is the so-called electron antineutrino, the antiparticldater also in astrophysics. The reason is that neutri-
of the electron neutrino. As we know today, it is not nos carry no electric charge and are subject only to
the only neutrino type (or “flavor”). Similar to their the “weak interaction” (and, of course, also to grav-
“partners”, the electrically charged leptons electronijty, which, however, in practice plays a role only
muon, and tauon, three families of neutrinos existfor macroscopic objects), thus making them unique
In 1962 Schwartz and coworkers communicated &oth for scattering experiments and for investigating
new success; they had discovered muon neutrinogense astrophysical objects, which are highly opaque
at a high-energy particle accelerator — the secongor any other kind of radiation.
neutrino flavor was proven to exist (Danby et al.
1962). It is interesting to note that the third type of
neutrino, the tau neutrino, has not yet been detecteNeutrinos as Tools
in a direct experiment, at though for various reasongor Investigating Nucleon Structure
noone seriously doubts that it exists.
In 1990 precision measurements of the decay widtiNeutrinos have been used very successfully to re-
of the Z vector boson at the European Particleveal the inner structure of the nucleon. The energy
Physics Laboratory CERN in Geneva, Switzerland,dependence of the cross section in neutrino nucleon
showed that the number of neutrino flavorsNis =  scattering shows that nucleons, i.e., protons and neu-
2.994+ 0.012 (Caso et al. 1998), a result which trons, are not elementary (as previously believed),
is valid for neutrinos with mass:, < 45GeV and but rather are composed of pointlike constituents,
standard coupling properties to th€.ZSimilar if  so-called quarks. Experimentally this was confirmed
somewhat weaker constraints are derived from assy bombarding a proton target with high ene
trophysical considerations on the abundance of lightn which the production of charged muons and of
elements produced in primordial nucleosynthesishadrons was observed. Although this process ap-
shortly after the “big bang” and from observations pears very complicated, the cross section turned out
of neutrinos from the 1987 supernova SN 1987A. to be proportional simply to the neutrino energy, ex-
In addition to the number of neutrino flavors, to dateactly what one would expect if the reaction is de-
we know only some few of the intrinsic properties scribed by elastic scattering of neutrinos on quarks:
of these particles. From the neutrality of atoms onethe proton was shown to exhibit a substructure.
can conclude that neutrinos are indeed neutral pal€omparing the results of scattering experiments with
ticles, as initially suggested by Pauli: the experi-neutrinos and electrons as projectiles provides infor-
mental limit for an electric charge of the neutrino mation on the electric charge of the quarks inside a
is Q(v) < (1072t — 10 %) e. Measurements of the nucleon. Electrons and neutrinos “see” the quarks.
neutrino mean charge radius, from which informa-However, neutrinos as neutral particles are “blind”
tion on the spatial extension can be deduced, classiftp the electric charge of quarks, whereas the ampli-
the neutrino as pointlike. There does not exist to datéude of electron-quark scattering is proportional to
any experimental indication that neutrinos are comthe quark charge. Quarks have been found to carry
posed of smaller constituents, i.e., neutrinos seem tan electric charge in units df/3e. In addition, the
be elementary particles in a strict sense. Neutrinogumber of valence quarks, which can be regarded as
are fermions; their spin quantum numbesis 1/2.  the “physical” particles, is theoretically predicted to
Since 1958 when Goldhaber and coworkers, in onde 3, in good agreement with the experimental value
of the most elegant experiments in physics historyof 2.8+ 0.5. (The proton consists of two up-quarks
measured the helicity of neutrinos, we further knowwith charge +2/3 and one down-quark with charge
that they are left-handed particles. As particle and1/3. Their sum gives the electric charge +1 for the
proton.) Neutrino-nucleon scattering also yields in-
formation about the average antiquark density in the
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nucleon; this is as much as approx 10% of the quarka p+p—2H et +u, (Von)
density. |

P +2H—»3He+7
Neutrinos as Tools for Establishing 86% (ppD) | 14%
the Standard Model of Particle Physics 1 |

3He + *He — ‘He + 2p 3He + ‘He — "Be + v
A widely used detection principle for neutrinos is 14% (ppID) | 0.02% (pp-11T)
based on observation of the charged leptonic partner I
in reactions such ags + n — €~ + p. Since these (vs) "Be+ e — TLi + n. Be+p— 5B 4
interactions are associated with a charge transfer in
the leptonic and hadronic currents, they are called P+ TLi — "He + 'He B — "Bem f et +ve (1)

“charged current reactions”. Theory describes them L, He + "He
by an exchange of a charged vector bo¥uf be-
tween the neutrino and its reaction partner. These .
intermediate bosonsV* were discovered in 1983 o —

at CERN by investigatingV* production in proton o0 PP
anti-proton collisions and observing the subsequent ‘Be
decay:W* — €' + 1. The idea of describing in- 1 eyl oo

teractions of elementary particles as an exchange of 3 1 g

intermediate bosons has been applied very success=< w4
fully in quantum electrodynamics, where the photon 3 ]
acts as exchange particle. As the intrinsic coupling ]

strengths of the massiwy/* and massless photons | ] —1

to elementary particles were found to be comparable, . / L

the question arose of whether electrodynamics and " 10° o'
weak interaction have common roots, whether both® Neutrino Eneray [MeV)

fundamental forces Ca_n be Un'f'e_d,- If '[h_IS were t_heFig. 1. a) The pp cycle is the dominant energy generation mechanism in the
case, there should exist an additional intermediateun. it is subdivided into four chains, the pp I-chain being by far the most
bosonZ° which is neutral, as with the photon, but frequent cycle termination (86% pp1, 14% pp#0.1% pplll, < 10-2%
has a mass Comparab|e to ME‘E, i_e_, resemb"ng ppIV). The pplV reaction®He + p — *He +v + €, giving rise to the

a “heavy brother” of the photon. continuous spectrum of so-called hep-neutrinos is omitted. b) The neutrino

h . 7o | . spectrum resulting from the solar fusion reactioBslid linesneutrinos
T e existence oL was postu ated by Welnberg et from the pp cycledotted lineshe CNO cycle, which, however, plays only
al. in 1967 When they propC_)SEd a _theory tO_ UNify a minor role for the sun. Fluxes are given in units of Me\ém—2s—1 for
electromagnetism and weak interaction. Neutrino reeontinuous spectra and crés* for lines
actions via the exchange &°, so-called “neutral
current reactions”, were first observed in 1973 in _ _ _ _
the “Gargamelle” bubble chamber at CERN. Clearincreasingly important tools in modern astrophysics.
evidence for the existence of neutral currents wadhe most important astrophysical object for terres-
obtained in reactions of the typg, + N — v, + X, trial !lfe is of course our sun. In terms of astro-
where N and X are hadronic states. In 1983 the prophysics, however, the sun is not at all exceptional. It
duction of Z° particles and the subsequent decayis an ordinary main sequence star, radiating energy
Z° — e*e”, u*pu~ was observed at the CERN col- released by hydrogen-to-helium fusion, and about
lider. Z° mass was measured to B&.2GeV/2, a 455X 10° years old, which means that it will con-
value close to th&V* mass 0f80.4GeV/c?. These tinue shining for anotheb x 10° years. At this point
discoveries were milestones for the successful apye may ask a number of fundamental questions:
proach of unifying electromagnetic and weak inter-How do we know that hydrogen fusion is indeed
actions and helped to guide the direction into whichthe source of the sun’s energy? How can we know
modern particle theory has since evolved. what is happening deep inside the sun? What ap-

proaches do we have to experimentally verify our

_ o theoretical models of stellar structure, internal dy-

Neutrinos as Tools for Investigating the Sunnamics and evolution? S

From the observation of solar luminosity it is well
In addition to the prominent role that neutrinos playknown that the sun releases an average of power of
in high energy physics, these particles have becom®s, = 3.8 x 107°W = 2.4 x 10®eV/s by means
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of electromagnetic radiation into space. This im-our understanding of the detailed physics of stars
mense power is believed to be generated by thand, particularly, to elucidate some of the still un-
fusion of protons to helium via the net reaction known intrinsic properties of neutrinos. In this con-
4p — “*He + 2¢ + 2, deep inside the solar core, text it is essential to note that the measured solar
which occurs not in one step but in a series of fusiorflux is substantially below the theoretically predicted
reactions. The most important of these for the sun aréeVel, and that the extent of difference is energy de-
depicted in Fig. 1. As the sun is highly opaque forpendent. As described below, this can be interpreted
electromagnetic radiation, it takes abdl@years @S @ manifestation of the exciting phenomenon of
for photons to “diffuse” from their generation in the Neutrino oscillations.

solar core outwards to the sun’s surface. On their

way they are continuously absorbed, reemitted anﬁkI . Tool

scattered, resulting in essentially a black-body radia; eutrinos as T100ls .
tion characteristics. This means that any information©f Understanding Supernova Explosions

on the generation process is lost. For the neutrino

generated in the fusion processes, however, the siihe collapse of stars with weight exceeding roughly
Uation is fundamentally different. Due to their weak eight solar masses is inevitable once the thermal fu-

interaction the sun is essentially transparent for then§!O" Processes in the center of the object come to an
(To illustrate: one would need a massive wall sey-end. Within a fraction of a second the core collapses,
. - ~ g . - . . . ~ 6

eral light-years thick to attenuate a beam of neutrino@nd its gravitational binding energy( ~ 3x10'J)

W|th energy typ|ca| for the sun or nuclear reactors|s I‘adlated essent|al|y n the fOI’m Of neutrinos. The
to 50%.). Hence8.3min after their creation solar Only direct observation of neutrinos from such an
neutrinos reach the earth, still carrying information€vent was made on 23 February 1987, when a blue
on their generation, i.e., energy and time. Neutrino$upergiant exploded in the Large Magellanic Cloud,
thus are unique tools for examining the processe&e famous supernova SN 1987A. Just before the col-

taking place in the solar core. This possibility was!apse the stellar core consists mainly of iron-group
the initial motivation for proposing a solar neutrino €lements. Fusion ceases because these are already
experiment, a fact which often is seldom realized,the most tightly bound nuclei and no further nuclear

with the emphasis in solar neutrino research havin@urming can be ignited. At the “Chandrasekar limit”
evolved to investigating intrinsic neutrino properties Of about1.5 solar masses the electrons become rela-

As early as 1967 Davis and coworkers detected nel@nNd @ neutron star forms. This process is main-
trinos from the sun, however, only ones with rathert@ined by photo-dissociation of iron, which reduces
high energy, which cannot be produced in the mairih€ thermal pressure of the object. The emitted

branch of the pp cycle. In 1992 the situation changedluring neutronization escape freely. However, at a
dramatically. For the first time ever the pp neutrinosCertain density of the core not even neutrinos are
were clearly observed from the initial fusion reaction@ble to stream freely out of the inner regions but are
2p — 2H+€" +1,, which contributes more than 90% trapped. The collapse then occurs adiabatically, the
to the integral solar neutrino flux, using a radiochem-emperature reaches typical values of several MeVv

ical detector with gallium as target nuclide (Gallex ©" the energy scale, and all flavors of neutrinos are

Collaborators 1992, 1999). This breakthrough Ioro_generated. Since the virtually free fall of outer parts
vided the ultimate proof that pp fusion is indeed of the former star is supersonic, a shock wave forms

the source of solar energy. Since then solar neuwhich is reflected on the inner core of supranuclear

trino spectroscopy together with helioseismology haéjtenSityh In spallai[iqn rec?i'[ri]onf the ghocktt.hen de-
evolved into a standard tool in stellar model calcu-31 OYS N€avy nuciel, and the trapped neutrinos can

lations, which try theoretically to describe the com-f"}a”y et_scapeb fr(%nghth(_a Inner r?glonts. _Thley_car_ry
position and structure, internal dynamics, and evoluinformation about the inner part (a typical size is

: ; i . ~10—-20 km) of a supernova.
tion of main sequence stars. The helioseismologic .
technique, which investigates vibration modes of the! '€ Water Cherenkov detectors IMB (United States)

solar plasma sphere in this respect is compleme and Kamiokande (Japan) detected neutrinos via the
tary to solar neutrino measurements as it allows thddNt émitted by secondary charged particles created

gathering of information on the solar density profile, " Neutrino reactions. The Baksan Scintillator Tele-
from the surface inwards to about 5% of the radius SCOP€ (BST) in the Caucasian Mountains measured
The goal in solar neutrino physics for the next, Sayt_he scintillation light produced by these charged par-
10 years is to examine with high precision the entireiicles. In the case of SN 1987A the most relevant re-

; . 1€ !
solar neutrino spectrum depicted in Fig. 1 to improvedClion was the inverse beta decay+ p — € +n,

the protons of the water or the scintillator acting
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as target for the supernova neutrinos. At 7:35 UTa supernova explosion in the galactic center is ap-
on 23 February 1987, Kamiokande, IMB, and BSTprox. 2000 forv, . and approx. 300 for,., assum-
registered bursts of 11, 8, and 5 events, respedng a target mass of 16,000 tons in total and using an

tively, within a period of some 10s, clearly sepa-active scintillator volume of about 200®mNeutrino
rated from background signals. The averageen-  mass would alter the time profile of the neutrino
ergy was9MeV, and the inferred total, energy burst arriving at earth. This allows direct time-of-
emitted by SN 1987A wab.84 x 10°°J, which cor-  flight measurement of the mass of at least one neu-
responds to the total binding energy of the neutrortrino type. Therefore OMNIS would not only give

star of 5.0 x 10*J, assuming exact equipartition complementary information to the. signal of, for
of the energy among the three neutrino flavors an@xample, Superkamiokande but could also provide
their antiparticles. It was possible to deduce furtherdirect observation of a cosmologically significant
information about SN 1987A, such as the luminos-neutrino mass in the range 10-100eV, for which
ity decay time scale and the radius of the source. Alneutrinos would form the dominant component of
these values agree reasonably with that one woulthe mass of the universe.

expect for a supernova core collapse.

Although the general picture of neutrino emission .

from a core collapse was confirmed experimentallyNeutrinos as Tools

by the observation of SN 1987A, the sparse data didn High-Energy Astronomy

not allow distinguishing between various models for : o

the details of the supernova mechanism. Thereford?! contrast to neutrinos from thermal fusion in stars
it would be desirable to observe a supernova signa®" from supernova collapses there exist several as-

with higher statistical significance. Neutrinos from trophysical objects which emit neutrinos with very
future supernova explosions could be detected in 419h energies, i.e.z, > 50GeV. Being electrically
number of large underground experiments. The Sulutral, neutrinos are not deflected in the galactic
perkamiokande detector in Japan has been opergNd intergalactic magnetic fields and hence provide
tional since April 1996. Its fiducial mass for su- Information on the direction of their source. Such
pernova neutrino detection is 32,000 tons which ighigh energetic neutrinos have not yet been detected
larger than that of Kamiokande by a factor of approx.€xPerimentally. However, as the accompanying pho-
15. Thus one may be able to observe a neutrino Sigt_ons have been measured in air shower experiments,

nal from a supernova at a distance of ab200kpc, 't IS widely assumed that they must exist.
which includes the entire Milky Way and, in addi- High energetic neutrinos are created in the decays

tion, the Large and the Small Magellanic Clouds. ©f charged pions and kaons which are produced in
As the rate at which supernovae occur is rather un€ollisions of high energetic protons or photons with
certain, it is not implausible to hope for a supernovahuclei, for example:

in our galaxy within a decade. Assuming a distance p 4+ — ° + 7t + K + further particles:

of 10kpc (which is the distance from the sun to pi PO) = 7"+ _ P ’

the center of the Milky Way), one expects at Su- @ —p+v and u—e+v+v

perkamiokande about 4000 signals from the inversgn pp reactions very high energy (VHE) neutrinos
beta reaction. This is enough to determine a statiscan be emitted withe, > 50GeV, whereas in
tically significant energy and time spectrum of thereactions so-called ultra high energy (UHE) neutri-

neutrino burst which would provide detailed infor- < 5.a produced, witl, > 10° GeV (Berezinsky
mation about the processes occurring during a stellajggy pespite continuous experimental and theoret-

core collapse. . b !
. iy .. ical endeavors the origin of the highest energy cos-
A proposed dedicated detector, sensitive principally i~ o qiation remainsglargely unclgear. High-g%ergy

to the v, and ther, components of a supernova : i S artian I
. . ; Z¥ neutrino astronomy offers a promising direction in
is OMNIS (Smith 1998). Here neutrino detection is ynich 1o proceed toward settling this unsolved prob-
based on neutral current nuclear excitation, leading,, “possibiities for the way in which cosmic accel-
gdneuul?nl erglsglon_. Ilrlletse neuo'frcl)ns EXe tC&ptL{I’(}?d Bration of protons functions can be tested using VHE
J- Or LiI-loaded scintliator modules. AS arget 1or 5,4 yHE neutrinos as probes. Possible astrophysical
v-interaction natural rock, Fe, and Pb are consid-, . qjerators are:
ered. The latter two provide higher neutron produc- — Yound su ern.ova rfemnants: Protons inside an ex-
tion rates, and with Pib also a charged current exci and% Su ernova nebula could be accelerated
tation mode. Hence differences in the counting rate g g : p / tth - field
between rock, Fe and Pb can be used to infer mixing dU€ to a fast rotation of the strong magnetic fie

betweemu - andye_ The expected event number for of a pUISar or a black hole in the center, or in the
’ collision of two shockwaves.
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— Binary systems: In a binary system (e.g., Cygnudrom atmospheric neutrinos negligible. In this case
X-3, Hercules X-1) matter of a large accompa-one can hope to identify even diffuse fluxes of UHE
nying star such as a red giant can flow to a com-neutrinos. Such diffuse fluxes can be created, for
pact object, for example, a neutron star or a blacknstance, when high-energy protons from AGNSs col-
hole. This matter forms a rotating accretion disklide with photons of the cosmic microwave back-
which acts as a dynamo in the strong magnetiground radiation, which abundantly exist in the uni-
field of the compact object. This creates a strongverse as remnants of the “big bang”.
electric field which accelerates charged particlesVery large Cherenkov detectors, so-called neutrino
Target for neutrino production is the matter of thetelescopes, are under construction. To detect VHE
accompanying star. and UHE neutrinos with reasonable statistical sig-

— Active galactic nuclei: The strongest and mostnificance the effective areas of such telescopes must
distant sources of radiation in our universe arepe in the order of 1kfm Such telescopes can be
active galactic nuclei (AGNs). These reach lu-constructed as underwater detectors in the ocean,
minosities equal to the strength of apprd@@* or in the Antarctis where the clear ice acts as tar-
suns, or about 100 big galaxies, but their dimen-get medium. Among the projects currently under
sions do not differ from those of a normal galaxy. construction are Antares in the Mediterranean Sea
It is thought that AGNs are young active galaxiesand Amanda at the South Pole. Both of these tele-
with a superheavy black hole in the center. Fromscopes detect neutrinos via upgoing muons which
a thick accretion disk matter flows to the black are produced in neutrino-nucleon reactions below
hole. During this process the matter is accelerthe detectors. The experiments are complementary in
ated and transforms into a hot and dense plasmdhat Antares searches for cosmic neutrinos from the
Some of the plasma may fall into the black hole,Southern Hemisphere, while Amanda detects point
and the rest can be deflected by strong magnetisources in the opposite direction. Amanda is already
fields in two oppositely directed jets. Extremely collecting data, and both projects are expected to
high proton energies are presumably reached imeach full-scale installation in 2001.
both processes. In reactions with matter either in‘Two alternative methods for UHE neutrino tele-
side the disk or in the cosmos high-energy neuscopes are the detection of coherent radio-Cherenkov
trinos are generated. radiation and the measurement of acoustic waves.

. . Both types of radiation are produced in neutrino-

In addition to acceleration processes, the decay gfqyced electromagnetic showers, which are created

annihilation of heavy, hitherto unknown particles ;, neutrino reactions withr® production. Ther®

can also create high-energetic neutrinos. Amon@ecays into two photons which subsequently initi-

the most prominent candidates for such particleg;io 41 electromagnetic shower by electron-positron

are so-called weakly interacting massive particles)qyir hroduction and annihilation. In the microwave

(WIMPs), which may provide a substantial part of egion 100MHz—1GHz) the Cherenkov radiation

the dark matter in the universe. WIMPs accumulatec[s coherent, and the signal thus is amplified signif-

in the core of stars via gravitational capture follow- ; antly. It is thought that UHE neutrinos produce
ing energy loss in scattering processes annihilate anghowers in the Antarctic ice which are large enough
produce VHE neutrinos. to create radio signals exceeding the background

To detect VHE neutrinos the charged current reacsise. Since the damping of radio signals in ice is

tion, v, + N — p + X can be utilized, where N is a \vaak very lar tector volum n be realiz
nucleus in the target material of the detector, and th eak, very large detector volumes can be realized.

located deep underground. Detection of UHE neutriyhe megdium as acoustic waves. These waves can be
nos is dominated by the processigte™ - W™ —  detected by devices sensitive to pressure changes,
hadrons because aE, = 6.3 x 1® GeV in the lab-  for example, by piezo-sensors.

oratory frame this reaction is resonantly enhanced.

The reason for the enhancement is that in the cen-

ter of the mass system this energy corresponds t ; ;

the mass of the W boson. Since atmospheric neutrlt?\letl#]m%qs gs Tools for Tracing back
nos, with their much higher flux, constitute a serious 0 the big bang

background problem for the detection of VHE neu- _ _ _
trinos, in this energy range only neutrinos from pointAccording to current cosmological theory, the uni-
sources can be detected. UHE neutrinos, in contrasterse was created aboBtx 10°years ago in the
have sufficiently high energy to render backgroundso-called big bang and has continued to expand and
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evolve since then. This model is supported by esAccording to model descriptions of the earth, about
sentially three observations. 50% of the total uranium and thorium are dispersed

_ Characteristic light emission lines from distant !N the mantle (approx. 2900 km thick), while the rest

objects appear red-shifted with respect to theS concentrated essentially in an approx. 35-km-thick
original wavelength. This phenomenon similar crust under the continents. The oceanic crust, in con-

to the well-known analogon in acoustics, showstast is much thinner and, in addition, has a substan-
that the universe is expanding. tially smaller thorium and uranium abundance. Mea-

_ The global abundances of the light elemefits suring the spectra of antineutrinos emitted in beta
3. 4 7 ~ 7. decays of uranium and thorium can provide infor-
He, "He, and’Li are found to be that which is  mation on the composition of the earth’s interior and
expected from calculations of primordial nucle- jts thermal history. Within the next 5 years two new
osynthesis, which took place abo8min after neytrino detectors, Borexino in Italy and Kamland in
the “big bang”. _ , _Japan, originally built for observating solar and reac-

— In 1957 Penzias and Wilson discovered cosmigor neutrinos, will be recording data on geophysical
microwave background radiation. This electro-neytrinos (Raghavan et al. 1998). Comparing their
magnetic radiation, theoretically predicted as aresults will be of exceptional interest, as Borexino
remnant of the big bang, is filling almost isotrop- || see mainly neutrinos from the thick continental
ically the entire universe, exhibiting a perfect cryst, whereas Kamland is situated on the edge of
Planck black body spectrum @t, = 2.7K. the much older oceanic crust.

Big-bang theory, however, makes an additional pre-

diction. There should be another kind of background . . )

“radiation”, exhibiting a similar spectroscopic char- Physics of Neutrinos: _ _
acteristic as background photons: relic neutrinosnraveling Intrinsic Neutrino Properties
The characteristic temperature of the neutrino Planck )

spectrum,T,, is related tol, via the relation7,, = Do Neutrinos Have a Mass?

1/3 . : -
(4/11)°T,, i.e.. T, = 1.9K only, corresponding to No, they are by definition massless particles. This

iﬁue:n gr'z mt%\éhzg%?ﬁircelrﬁi Qr?)wg\r/"e)sbg{:i er\éeur;uljowﬁé_is the unambiguous answer that the standard model
tons! T%Bé average neutrino densitv in tghe univ?ers f electroweak interactions gives to our question.
: 9 Y n the other hand, however, settimg, = O, as

is expected to be as much &80cm™° per flavor, iy the standard model, is entirely arbitrary. In fact,
i.e., about 300 relic neutrinos per cubic centimetelye do not know of any deeper symmetry princi-
for the three known families. . le which prohibits neutrino mass. This is a quali-
Detecting these background neutrinos presum_abl?ativew different situation to that of the photon, for
would constitute the ultimate proof for the valid- oyample, which is required to be exactly massless
ity of the big bang theory as the description of thej, 4rder not to violate the underlying gauge sym-
physics in the first seconds after creation of our COSmetry. Moreover, there is broad consensus that the
mos. However, noone has yet been able to proposgeciroweak standard model because of its various
any experimentally viable method for detecting neu-ghoricomings cannot be the ultimate answer but, in
trinos of such low energy. contrast, is expected to prove as a low-energy, effec-
tive description embedded in a more complete the-
) ) ) ory. Interestingly, essentially all of the modern the-
Neutrinos as Tools in Geophysics ories which attempt to unify the present electroweak
standard model with the other known interactions
The weak interaction of neutrinos also makes thenpredict neutrinos with mass. On the other hand, how-
potentially interesting in geophysics. Electron an-ever, they are not able to predict explicit values for
tineutrinosy, are created in nuclear beta decays, then,, leaving it to experiments to specify them. Thus,
continuous spectrum they exhibit being to some exsearching for neutrino masses is well motivated and
tent characteristic for the decaying isotope. It is wellconstitutes a key experimental test for the validity of
known that the earth is not in thermal equilibrium “beyond standard model” theories. Of course, deter-
but radiates substantially more energy than it absorbsining the values oin,, is of paramount importance
from the sun. In fact, with a power of aboll6 TW  for astrophysics and cosmology, due to the enormous
a substantial part of this excess energy is producenmplications that massive neutrinos have there.
by natural radioactivity, i.e., by beta decay of ura-What experimental approaches do we then have for
nium, thorium and other long-lived natural radioiso- detecting possible manifestationsf, > 0? First,
topes present in the crust and mantle of the eartHet us remember the process that led Pauli to his
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neutrino hypothesis: nuclear beta decay. This can be 1.04
understood as a transformation of a neutron into a1-p |
proton, an electron, and an electron anti-neutrinoj,
according ton — p+€ +1,. (More fundamentally,

it is a d-quark which transforms into an u-quark, an
e and arve.) Obviously, the phase space availablel .
for the electron close to its maximal possible en-
ergy, i.e., just below the Q value of the respective
beta decay, depends on the mass of the neutrin
electron, proton, and neutrino must share the energy

0.8

0.4

O

release. The maximal kinetic energy of the electror Ve

is thus: E® = Q — m,c2. In addition, the shape o2 - l

of the electron spectrum in the region just below| - Oscllation length L ﬁ

EZ®is also influenced byn,,. One could therefore 0.0 _
precisely measure the spectral shape of the electrons distance x

emitted from beta_decay close to the endelnt- TWQ:ig. 2. Neutrino oscillations. Survival probability- P for a muon neu-
groups, one at Mainz, Germany, the other at TroitzKirino created at: = 0 to still be a muon neutrino at > 0 for the simple
Russia, are applying this kinematic technique_ Al-case of two-flavor oscillations” depends on distance, neutrino energy
though they have achieved astonishing sensitivityEv' neutrino mass differencém?, and mixing strength sif\. In this ex-

P . . Ample sif 20 = 0.75. L depicts the so-called oscillation length where the
no indication of neutrino mass h{B.S .yet bee found. In-i itial flavor content is restored again for the first time. The oscillation
Stead, the groups report upper limits for the mass o henomenon offers an experimental access even to tiny neutrino masses

the electron anti-neutrinon,c® < 5eV (95% C.I.;
. 2 0 . - _
Mainz) andm,c® < 2.7eV (95% C.l.; Troitzk). As eigenstates,, (o = e, 1, 7), do not coincide with

suming CPT invariance, these limits also apply to th . ’
electron neutrino. Improved and enlarged spectrorr?t-he states of definite mass, the mass eigenstates

: } - (2 =1 2, 3). In contrast, the relationship between
\iti(ar“snst?]c;url]degI;(\évare;r()ll_%rgggﬁe(\)/fltggsssgb ev 910N mass and flavor states is given by the expression

In addition to the electron neutrino, experiments’e .= 2= Uaivi With U being an unitary matrix.

have also tried to detect nonvanishing masses o}-h:js mixing phenltl)menorkljl_— Eyda?alogy, vl\</ell knov&n
muon and tauon neutrinos by kinematic methodsand experimentally established for quarks — makes

However, also in this case no indication for neu_transmons between various neutrino flavors possi-

: P le, i.e., there is a nonvanishing probabilfthat a

mg Ommaisis7gﬁgvb?88%0lénﬁ)’ Ecgf tphrg S;Tjtolr']ma'tﬁdbérieutrincl) Wthich Wast _creat?d, say,dast@s delte(t:;]ed
ol 0 £ : as an electron neutring. at some distance. In the

?é%sf) t?’§|M$g9g5 fltﬁéld)gaoihtgseetﬁlrﬁtns r;?gtrr'nn&hsimple case of relativistic neutrinos and dominant
weaker than the constraint for, it hardly seems mixing between two flavors _onIy, the mixing matrix
feasible to improve them substantially with presentU can be parameterized as:
experimental techniques. _{ cosf# sind
Thus a constraint derived from cosmological argu-U - <_ sing cos@) (1)
ments will remain of importance. Within about a I e
factor of 2, the mass of all light, stable (or at least@nd the oscillation probability is:
guasi-stable, compared to the age of the universe 1 .
neutrino types must fulfily>; m®c? < 50eV (pre- =5 si’ 26 (1 — cos(zz/L)) (2)
sumably: = e u, 7 only), in order not to overclose

the universe. wherez is the distance between neutrino source and

detector:
L = 47 B,/ Am?
~ 2.47 (E/MeV)/(c* Am?/eV?) [metery  (3)

A quantum-mechanical interference effect calledis the characteristic oscillation lengtly, the neu-
neutrino oscillations is much more sensitive towardsrino energy, andAm? = |m3 — m2| the mass-
small neutrino masses than direct kinematic expersquared difference of the involved neutrino mass
iments. However, in addition to neutrino massesgigenstates. The oscillation lengthis the distance

it requires that the neutrino states coupling to theat which the original flavor content is fully restored
W= gauge bosons, the so-called neutrino flavoragain for the first time, as indicated in Fig. 2.

Do Neutrinos Oscillate?
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Fig. 3. Ranges of sensitivity for probingdm? for different neutrino sources. In general, according to Eq. 3, the Id#emnd the larger the distance

between source and detector, the lower then?—range which can be investigated. For nuclear reactors and accelerator neutrinos several experiments
exhibiting extremely long “baselines” of some 100 km are being planDetted linestheir ranges of sensitivity

Neutrino oscillations can be made intuitively plausi- for the sun, according to Eq. 3, a wid&mn? range

ble by considering the fact that neutrinos are createdown to Am? < 1012 ev2/c4 can be investigated.

in weak processes as eigenstatesf the “flavor ba-  Figure 3 illustrates typical sensitivity ranges.

sis”. The appropriate frame governing neutrino prop-Qscillations are being sought in a number of exper-
agation in space-time, however, is the “mass basisiments, exploiting various neutrino sources: nuclear
defined byv;, where the mixing matrixX/ describes reactors ), particle acceleratorsyf, v,,), neutri-
how to transform _the initiab,, into the new basis nos produced in the upper atmosphere of the earth
statesy;. As neutrinosy; of the same energy (but (v, v, v, %), and solar neutrinos from stellar fu-
different massesn;) travel at different speeds, the sjon (). Several of these measurements provide ev-
state|v(x, t)) is no rigid time-constant; superposi- idence that neutrinos do indeed oscillate. For about
tion. This leads to a periodic varlat_lon_of the flavor 30 years all solar neutrino experiments, exploiting
content of our neutrino beam — oscillations — v3  different detection mechanisms and different spectral
occur. Experimentally, neutrino oscillations dfee  sensitivity, have consistently reported a substantial
key to search for tiny neutrino masses in the subelectron-neutrino deficit compared to the predictions
eV region. (Strictly speaking, neutrino oscillations of stellar model calculations. In addition, the spec-
are sensitive to mass differences between two masgum of recoil electrons frony — e~ scattering being
eigenstates, not to the masses themselves. Howevefeasured in the Superkamiokande detector seems to
if the masses are non degenerate, ie;, < m;  be inconsistent with that expected for massless neu-
holds, in a good approximatioﬂmfj o~ m]2 Sucha trinos. An extensive discussion of the solar neutrino
strict mass hierarchy for neutrinos seems natural, aBuzzle has been presented by Altmann and von Feil-
it is also realized for all other known elementary con-itzsch (1997), and therefore we mention only some
stituents of matter, i.e., quarks and charged leptonshey issues here. Within the past few years the in-
As neutrinos from different sources are characterfreasingly accurate results of the five running exper-
ized by different energies, for example, typically 1—iments, Homestak&'Cl, Sage, Gallex, and Kamio-
100 GeV for accelerator and atmospheric neutrinoskande/Superkamiokande have shown the failure of
100keV to several MeV for reactor and solar neutri- “classical’ attempts to explain the observed energy-
nos, and different source—detector distances, rangindependent/, deficit, for example, by applying ad

from somelOm at nuclear reactors th49x 108km  hoc modifications to solar models. The only reason-
able explanation for these observations is that solar
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Fig. 4. Experimental status of neutrino oscillation and decay searches. The regioimthe sir? 26-plane right to the curves is excluded by the respective
experimentsHatched areasin contrast, indicate neutrino parameters which can explain evidences for neutrino masses from solar and atmospheric neutrinos
and from a terrestrial accelerator experiment

electron neutrinos have oscillated into some othedistancez, the Superkamiokande collaborators ob-
species on their way from generation in the solarserved a clear dependence mfiEy, as expected
interior to the terrestrial detectors. The neutrino pafrom Eq. 2 in the case of oscillations. Figure 5a,b
rameter combinations which can explain the experishows these data. Superkamiokande observes a sup-
mental results are marked in Fig. 4. In passing, wepression of they, flux for large values ofz/E,,
note that within the next decade several new dedwhich corresponds essentially to neutrinos having
icated experiments (SNO, Borexino, GNO; Suzukitraversed earth. Far., in contrast, the expected flux
and Totsuka, 1999) will yield statistical data which, is detected, basically independentlyofE, . As os-
together with existing results, might allow even thecillations v, — v, in the relevant parameter range
singling out one of the three regions of Fig. 4. are excluded by reactor experiments (see Fig. 4),
Another indication for oscillations comes from atmo- the favored explanation ig, — v, oscillations. Ac-
spheric neutrino measurements. In 1998 the Japaneselerator experiments exhibiting an extremely long
Superkamiokande collaborators (Fukuda et al. 1998paseline of aboufO00Okm between source and detec-
Kajita et al. 1998) claimed strong evidence thattor are being planned to verify this interpretation.
muon neutrinos produced it andu* decays inthe Less compelling as the evidence from solar and at-
earth’'s atmosphere oscillate into some other speciegpospheric neutrino measurements is an indication
most probablyr,. This breakthrough observation for massive neutrinos from the American LSND ac-
raised enormous public interest and filled headlineselerator oscillation search (White et al. 1998), as it
in major newspapers all over the world. Groupingis _partlally c_ontradlcted by other, although less sen-
their data according to neutrino enery and travel sitive, experiments. However, several more years wil
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L6 . , Are Neutrinos Stable?
1 If neutrinos oscillate, i.e., if they have mass and fla-
. vor mixing is found among leptons, neutrino decay
S ©-8 is an inevitable consequence. In this case, only the
0 lightest neutrino mass eigenstate is stable; all the
E others must decay. Their mean lifetime, however,
o ©-¢1 could be very long, even longer than the age of the
& ] universe~ 10°years, depending on their mass and
the mixing strength. Possible decay modes of mas-
7 2% sive neutrinos are; — v; +v, v; — v; + 27, and,
> { sin®2e =1 if m;c® > 1.022MeV also the electron-positron
AP N decayr; — v; +e" +e . All these modes have
5 MR Ene tevae been searched for experimentally with accelerators
0 and nuclear reactors, and for neutrinos emitted from
the supernova SN 1987A. However, no indication of
a 0950 i e s any of them has been found. In contrast, experiments
have led to stringent limits to possible neutrino mass-
‘ ‘ mixing combinations which outperform that from
T-49 i neutrino oscillation searches for high masses. Fig-
1 % { } i ure 4 presents the most stringent limits.
12 } } { ,
> 1.0 § ; - Is the Neutrino Its Own Antiparticle?
0 ] I
% 0.8 % : In contrast to electrically charged particles, for a
- 1 J , neutral particle such as the neutrino there is no
\ 0.s- % 3 % L apriori reason for it to be inherently different from
0 | i the corresponding antiparticle. Such particles which
U o 4] ° I are their own antiparticles, are called Majorana-
0 ] N particles. (The opposite, i.e., particles in which the
o o1 o | antiparticle is different, are called Dirac particles.)
| e | Therefore it may well be that the neutrino and
5 o its antineutrinov are identical particles — we simply
" 0° 107 102 103 104 do not know to date. A special radioactive process
b <x/E [km/GeV ] called “neutrinoless double beta decay” might help

to solve this question. Double beta decay transitions
Fig. 5a,b. Results from the Superkamiokande atmospheric neutrino mea(ﬁﬂ) to next-to-neighboring nuclei as second-order
surements. b) Experimental results show at large values/&, a sig- processes are experimentally observable for a num-

nificant suppression of the observed numbervgf with respect to the b f lei ith d
theoretical expectation, indicating neutrino oscillations. The best-fit param- er of nuclel with even neutron an proton num-

eters areAm? = 2.2 x 10-3eV?/c% and sif 29 = 1. a) The corresponding  bers. Among the most prominent examples ‘afge,
survival probability 1— P for v,, of energy E,, produced in the earth’s 100M0 130-|-e and 136Xe

atmosphere traveling the distangebetween generation and the detector. . L . .

At high values ofz/E, the limited resolution of the detector causes a With the emission of !‘-WO neumno@ﬂ de(_:ay IS a

wash-out of the oscillation pattern in the experimental data standard process, which has been read_lly observed
for several elements. By far more appealing for neu-

trino physics, cosmology, and astrophysics, how-
be needed before one can decide whether the LSNBVer, is neutrinoless double beta decay. This can
indication of massive neutrinos will be confirmed or occur only if neutrinos have mass and are of Ma-
falsified by a more advanced set-up presently bejorana nature. Unfortunately, the correponding ex-
ing constructed at the United States Fermilab acperiments are neither easy to perform nor particu-
celerator. In any case, however, with the compellingarly sensitive to small neutrino masses. The most
and consistent evidence from several solar and atm@dvanced experiment searching for neutrinoléss
spheric neutrino experiments we are in the positiorflecay is the Heidelberg-Moscow installation, us-
to state that neutrinos do oscillate, and thus havéng large germanium detectors made of material en-
mass and exhibit flavor mixing. riched in the 33 isotope "°Ge (86% vs. 7.8% in
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natural Ge). However, the experiment has found ndNeutrino Physics in the Twenty-first
indication of neutrinoless double beta decay and reCentury: An Outlook

ports a limit of 7;3" > 5.7 x 10Pyears (90% _

C.1.) for this decay channel [12]. A quantitative con- Neutrinos most probably do have mass, and lepton
version of the half-life limit to a constraint on an Mixing does occur. This is the conclusion that we
“effective” Majorana neutrino mass suffers from a ¢an draw from the results observed in experiments
substantial theoretical uncertainty, as it involves nu-detecting solar and atmospheric neutrinos, constitut-
clear matrix elements which are only poorly known.ing one of the most fundamental and far-reaching
The Heidelberg-Moscow Collaborators (1999), us-discoveries in physics at the end of the twentieth

ing matrix elements calculated by themselves, recentury. What will be next? First, although we know
ports a limit of (m,,) ¢2 < 0.2eV. We indicate with now that neutrinos have mass, we do not yet have

brackets here that this limit does not apply to one Oﬁefinite kknowltehdgel of W?at tfhﬁi]r masselstarle, por
the intrinsic neutrino masses; but rather’is valid 99 W€ Know h€ elements of the compiete epton
mixing matrix. Scrutinizing these parameters will

for a linear comblnatlor(m}) = Z?ﬂ 15| Usel*m;, . most likely constitute the bread-and-butter neutrino
wherer); are so-called Majorana CP phases whichphysics of the next century — similar to nuclear spec-
can take on valueg = £1, and Uj. are elements troscopy in the 1960s and precision tests of standard
of the lepton flavor mixing matrix. In any case, of model parameters in the 1980s and 1990s for nu-
course, the(m,) limit is valid only if the neutrino clear and particle physics. Once we have definite
is a Majorana particle. Proposals have been made tknowledge of the neutrino mass values, we will also
substantially enlarge the mass of double-beta sourdenow whether neutrinos contribute substantially to
material and to improve background, in order to acthe dark matter in the universe, the nature of which

cess330v—half-lifes of Tﬁgo” ~ 10?"years, in the is still largely unknown.

_— . . . _ High-energy neutrino astrophysics will no doubt ex-
B%egdorezrilgrllr.]g a positive signal in the newly ex perience a flourishing period, neutrinos being unique

tools for discovering and tracking extragalactic high-
energy point sources. AGNs, hot supernova rem-
Do Neutrinos Interact Magnetically? nants — there are many fascinating discoveries wait-
ing to be made. The field of high energy neutrino as-
Neutrinos, if massive and not Majorana but Diractronomy is only starting to grow to maturity. Early in
particles, exhibit magnetic momenjg'®%. Hence the twenty-first century several large-scale neutrino
they would interact with magnetic fields which can detectors will be operative which have the capability
induce a spin flip and thus a helicity inversion. to detect with high statistical significance supernovae
In the easiest theoretical framework, a minimally exploding in our own Milky Way or in neighboring
enlarged standard model, the magnetic moment afalaxies.
a Dirac neutrino of massn, is expected to be Probably the most demanding challenge, however, is
mag = 32 x 1(}19,u3myc?/ev' where pp = the long-standing quest for relic cosmic background

1.9% 10~ e cm is the Bohr magneton. Experimentsneumnos’ remnants from the big bang which should

have not found conclusive indications o' # O. be filling our entire universe. Their detection con-

The most restrictive direct measurements, in conStitutes an extremely hard but undoubtedly a worth-

trast, have put limits of™Y,) < 3.3 x 106 i while mission for future generations. We hope that
i) v .

0 ma 10 o they will be successful one day — perhaps already in
(90/0ng'|')_ﬂv ) < 7'41>(<) 107" 1 (90% C.1),  ihe’twenty-first century, as Stodolsky (1998) specu-
_and . g(l/e) <18 x 10 uB (90% Cl) [5] It _lated.
is straightforward to see that these constraints still
are orders of magnitude weaker than that obtained
from inserting the kinematic neutrino mass limits References
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