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The History of Neutrino Oscillations
Samoil M. Bilenky (Join t Institute for Nuclear Researc h, Dubna, Russia and SISSA, Trieste,

Italy , bilenky@he.sissa.it )

Receiv ed: Septem ber 2, 2004

The evolution of the ideasof neutrino massesand mixing is reviewed. The pioneerB. Pontecorvo's papers
and the Maki, Nakagawa, and Sakata paper are consideredin some detail. The present status of the
problem of neutrino massesand mixing and future prospects are very brie°y discussed.

Super-Kamiok ande Results
Yoichir o Suzuki (Kamiok a Observ atory , ICRR, Univ ersit y of Toky o, Kamiok a, Japan,

suzuki@icrr.u-tokyo.ac.jp )

Receiv ed: Septem ber 8, 2004

The large underground water-Cherenkov detector, Super-Kamiokande (SK), is able to measureneutrino
interactions over the ¯v e decadesof the energy from 5 MeV to a few hundreds TeV.

Interactions of the primarily cosmic rays with the Earth's atmosphere produce secondary particles
which subsequently decay into neutrinos. The °ux of those atmospheric neutrinos is supposed to be
nearly up-down symmetric re°ecting the uniform distribution of the primary cosmicrays. In 1998,SK has
obtained a strong evidencefor neutrino oscillations; the de¯cits of the °ux coming upward to the detector,
was observed. The measuredasymmetric zenith angle distributions well agreedwith the expected one
from neutrino oscillations. This is the ¯rst evidencethat the neutrino has a massand mixing: the mass
di®erenceis » 0:002eV2 and the mixing angleis nearly maximal. This discovery suggeststhat the current
standard theory of particle physicsshould be extendedto include the ¯nite neutrino masses,and indicates
the existenceof the large energyscaleas yet explored.

In 2004, the experimental evidence for atmospheric neutrino oscillations has been strengthened by
the observation of the oscillatory pattern in the L=E analysis, and the supporting results from the K2K
experiment { the ¯rst long-baselineneutrino oscillation experiment using man-madeneutrinos.

The solar neutrinos are measuredthrough the neutrino-electron scattering in SK and therefore, the
direction, time, and energy can be measured. SK has clearly observed the 7 % annual °ux variation
which is consistent with the expectation from the eccentricit y of the Earth's orbit around the Sun. The
non-observation of the day-night °ux di®erencesand the non-observation of the spectrum distortions have
placed the strong constraint on the oscillation parameters. In 2000, the so-called small mixing angle
solutions were rejected and it was shown that the solar neutrino oscillations should have large mixing.

The conclusive evidencefor solar neutrino oscillations was obtained by comparing the precisely mea-
sured °ux by the neutrino-electron scattering in SK and the °ux obtained by the charged current inter-
action of electron neutrinos in SNO in 2001. The neutrino-electron scattering has sensitivity not only
to the electron neutrinos but also to the muon and tau neutrinos, but with a reduced sensitivity. The
comparisonof the two experiments has indicated that there are non-electron neutrino components in the
solar neutrino °ux measuredin SK.
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The result of the ¯t by using all the solar neutrino experiments has selectedthe MSW large mixing
angle region as a solar neutrino oscillation solution.

SNO Results
Ar t B. McDonald (Queen's Univ ersit y, Kingston, On tario, Canada, mcdonald@owl.phy.queensu.ca)

Receiv ed: Septem ber 9, 2004

The Sudbury Neutrino Observatory (SNO) uses1000 tons of heavy water in an ultra-clean Cherenkov
detector situated 2 km underground in Ontario, Canada to study neutrinos from the Sun and other
astrophysical sources. The Charged Current (CC) reaction on deuterium is sensitive only to electron
neutrinos whereasthe Neutral Current (NC) is equally sensitive to all active neutrino types. By measuring
the °ux of neutrinos from 8B decay in the Sun with the CC and NC reactions it has been possible to
determine clearly, through an appearancemeasurement, that electron neutrinos change to other active
neutrino types. The observed total °ux of active neutrinos agreeswell with solar model °ux calculations
for 8B. This provides a clear answer to the \Solar Neutrino Problem". Previous measurements sensitive
exclusively or primarily to electron neutrinos had observed °uxes that were low in comparison to solar
model calculations and exhibited no clear spectral distortion or time dependenceindicativ e of matter-
enhancedneutrino oscillations.

The SNO detector was built under ultra-clean conditions that limited background events from ra-
dioactivit y to lessthan about 5 % of the neutrino signals in the region of interest. Three techniques are
used for the detection of a free neutron in the heavy water, the signature of the NC reaction. In the
¯rst phasewith pure D2O, the neutrons are detected by 6.25 MeV gammasfrom capture on deuterium.
Electron neutrino (CC) and total active neutrino (NC) °uxes were measuredthat violated the hypothesis
of no neutrino °avor change by 5.3 standard deviations. Comparison of the °ux measuredby the CC
reaction with the elastic scattering results from Super-Kamiokande had also indicated °avor changewith
3.3 standard deviations. In the secondphaseof SNO, about 2 tons of salt were added to the D2O. The
salt enhancedthe neutron detection e±ciency and enabledNC and CC statistical separation via di®ering
event patterns. These independent measurements showed °uxes of 1:59+0 :08

¡ 0:07(statistical) +0 :06
¡ 0:08(systematic)

for electron neutrinos (units of 106=cm2=s for all °uxes) and 5:21 § 0:27(statistical) § 0:38(systematic)
for total active neutrinos, improving the accuracy of the evidencefor neutrino °avor change. The total
active neutrino °ux is in excellent agreement with and more accurate than the latest calculations of 8B
°ux 5:76(1§ 0:23).

These SNO measurements, combined with other solar neutrino measurements and reactor neutrino
measurements provide the following information on neutrino properties beyond the Standard Model: Clear
changeof °avor to active neutrinos via matter-enhancedneutrino oscillations in the Sun; strong restric-
tions on possiblesub-dominant mechanisms such as oscillation to sterile neutrinos, resonant spin-°avor
precession,°avor changing neutral currents, or neutrino decay; clear de¯nition of oscillation parameters
µ12 = (32:5+1 :7

¡ 1:6)±, ¢ m2
12 = (7:1+1 :0

¡ 0:3) £ 10¡ 5 eV2, plus restriction of µ13 for low valuesof ¢ m2
23; the mixing

angle µ12 is determined to be non-maximal by more than 5:4 standard deviations. Future SNO measure-
ments with recently installed 3He-¯lled neutron detectors for the NC reaction will improve this accuracy
signi¯cantly .

KamLAND Results
Atsuto Suzuki (T ohoku Univ ersit y, Sendai, Japan, suzukia@awa.tohoku.ac.jp )

Receiv ed: Septem ber 15, 2004

KamLAND was proposed to aim at studying the reactor anti-neutrino oscillations with longer than a
100 km baseline,using the power plant reactors nearby Kamioka. Simultaneously it is expected to search
for terrestrial anti-neutrinos, so-calledgeoneutrinoswhich aregeneratedfrom 238U and 232Th decays inside
the Earth. In the future stageof KamLAND, it is planned to detect the 7Be solar neutrinos, accompanying
with patient e®ortson reducing background events with energiessmaller than 1 MeV.

The KamLAND project was proposedin 1994. In 1997 the full budget was funded by the Japanese
Ministry of Education. In 1999 the United States Department of Energy approved the US-KamLAND
proposal. We took about ¯v e years for constructing the detector and underground facilities. KamLAND
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launched into data-taking in January 22, 2002. At present the KamLAND experiment is carried out in
collaboration with China, France, Japan, and USA.

Data-taking is quite stable since March 2002. The ¯rst KamLAND result demonstrated the reactor
anti-neutrino disappearanceat 99.95% CL with the data sampleof 162 ton-year exposure. In the context
of the ¹º e ! ¹º x oscillation with CPT invariance, the combined results of KamLAND and solar neutrino
experiments eliminated all but the large mixing angle (LMA) solution to the solar neutrino problem. The
reactor neutrino detection presented in this symposium are basedon the 766.3ton-year data samplewhich
was accumulated through March 2002to January 2004.

KamLAND detected258events with ¹º e energieslarger than 3.4 MeV comparedto 365:2§ 23:7 events
expected in the absenceof neutrino oscillations and 7:5 § 1:3 events from backgrounds. The signi¯cance
of the disappearancewas evaluated by taking the ratio of Nobs ¡ NBG to Nexp . The present result gives
0:686§ 0:044§ 0:045. The disappearancecon¯dence level is now up to 99.995%. The observed prompt
event energy spectrum disagreeswith the expected reactor spectrum without oscillations. The rescaled
null oscillation spectrum is excludedat the 99.9 % CL. Thus KamLAND have obtained the ¯rst evidence
of the spectrum shape distortion at the signi¯cance level of more than 3 ¾. The reactor neutrino anomaly
de¯ned by the °ux disappearanceand spectrum shape distortion, has beencon¯rmed at the 99.99996%
CL. A two-°avor oscillation analysis including the rate and energyspectrum gives¢ m2 = 8:3£ 10¡ 5 eV2

and sin2 2µ = 0:83 as the best ¯t to the data. The allowed parameter regionsat the 99.73% CL squeeze
into the three narrow bands on ¢ m2 with sin2 2µ > 0:4 which are named LMA0, LMA1, and LMA2.
The best ¯t stands at LMA1 and selectsthe \ligh t side" on the tan µ plane due to a small matter e®ect.
On the other hand LMA0 and LMA2 are excluded at the 94 % and 99.6 % CL, respectively. A global
analysisof data from KamLAND and solar neutrino experiments yields ¢ m2 = (8:2+0 :6

¡ 0:5) £ 10¡ 5 eV2 and
tan2 µ = 0:40+0 :09

¡ 0:07. The present result gives the most precisedetermination on ¢ m2 to date. To test the
goodnessof the oscillation hypothesis, the ratio of the observed anti-neutrino spectrum to the expected
for no-oscillation as a function of L 0=E is compared with the predictions from the neutrino oscillations
with the best ¯t values of ¢ m2 and sin2 2µ, and two alternativ e hypothesis for neutrino disappearance,
neutrino decay and decoherence.The neutrino oscillations are much favored with more than 99 % CL,
while the decay and decoherenceare excludedat the 95 % and 94 % CL.

After the Neutrino 2004 conferencewe rechecked other possible background sourcesparticularly to
the geoneutrino analysis. We have found the non-negligible sourceeven for the reactor events which is
previously unnoticed. This is the 13C(®, n)16O reaction. The preliminary estimation addsten more events
to the expected reactor anti-neutrino background events. However the oscillation analysis including the
additional background source, does not change much. The updated version of the analysis will appear
soon.

Accelerator Results
Janet Conrad (Colum bia Univ ersit y, New York, USA, conrad@nevis.columbia.edu )

Receiv ed: Septem ber 12, 2004

The time is rip e for discovery in the ¯eld of accelerator-basedneutrino physics for two reasons. First,
many possibleneutrino properties have yet to be thoroughly studied, thus there are many placesto look
for surprises. Second,the technology of accelerator-basedneutrino beams,which allows precisionstudy of
theseproperties, is advancing rapidly. This talk exploressomeof the out-of-the-mainstream ideaswhich
may bear fruit within the next decade.

I examine the consequencesof ¯v e casesof the unexpected, which can be addressedusing accelerator-
basedneutrino beams. They are:

² What if LSND is correct? The LSND experiment observed the appearanceof electron neutrinos in a
muon neutrino beam. This oscillation cannot be accommodated within the standard three-neutrino
picture. If LSND is con¯rmed by the MiniBo oNE experiment, which expects results in 2005, then
we will be forced to substantially rethink our three-neutrino model.

² What if there are sterile neutrinos? Additional non-interacting neutrinos represent one way of ac-
commodating the LSND signal. The data accommodate good ¯ts to two or three sterile neutrinos.
Grand Uni¯ed Theories and models of Extra Dimensions can incorporate these particles. Cosmo-
logical measurements can also accommodate sterile neutrinos with modi¯cation to the \standard"
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picture, as was discussedby other speakers at this conference.

² What if neutrinos decay? Once you intro duce the possibility of neutrino mass,then this opens the
possibility for decay as well as oscillations. The atmospheric data permitted a ¯rst search, which
gave a null result. However, to settle the question we needa high-statistics long-baselineexperiment
such as Minos.

² Is the oscillation parameter µ23 exactly 45±? This parameter is the largest of all of the mixing angles
and appears to be exactly 45±. At this point, the angle is only measuredto the 20 % level, but
Minos will improve this, and T2K will ultimately achieve a 5 % measurement. If this parameter is
exactly or very near 45±, then we will needto look to a new symmetry to explain this special value.

² What if CP violation is large in the lepton sector? If CP violation is observed, that could lead us
to a new picture of interactions at the highest energy scales. If the CP violation angle is closeto
90± or 270± (thus, large), and the mixing parameter µ13 is also large, then programs such as T2K
and NOº A could discover CP violation in the lepton sector. For smaller values,we will needa very
long-baselineneutrino oscillation experiment. This would have a baselinethree times longer than
Minos and a detector ¯v e times the sizeof Super-Kamiokande.

In fact, history indicates that there is a good chance of seeingsomething even stranger than the highly
speculative possibilities I describe above. Over the past decade,neutrino physics has provided a plethora
of unpredicted results. Every time we look deep into unexplored territory , all sorts of surprisesappear.
And, right now, new advancesin accelerator-basedneutrino physics are opening up fresh terrain.

Solar Mo dels and Neutrinos
John N. Bahcall 1 (Institute for Adv anced Study , Princeton, New Jersey , USA, jnb@ias.edu )

Receiv ed: Septem ber 3, 2004

The 8B and p-p solar neutrino °uxes inferred from a global three-neutrino analysis of all relevant solar
neutrino, reactor anti-neutrino, and atmospheric neutrino data agreewith the values predicted by the-
oretical calculations with standard solar models. Treating all of the neutrino °uxes as free parameters
subject only to the luminosity constraint, and writing the results relative to the values predicted by the
BP04 standard solar model, one ¯nds:

8B = 0:87§ 0:04(exp) § 0:23(theory) ;

p-p = 1:01§ 0:02(exp) § 0:01(theory) :

If recent measurements and theoretical analysesof the abundancesof heavy element on the surfaceof the
Sun are used in the solar model calculations, the neutrino °uxes are not signi¯cantly changed but the
previously-preciseagreement betweenmodel predictions and helioseismologicalmeasurements in the outer
regionsof the Sun is destroyed. New experiments measuringthe low-energysolar neutrino °uxes from p-p,
pep, 7Be, and CNO neutrinos are required to observe the 99.99 % of the total predicted solar neutrino
°ux that is below 5 MeV, to test the validit y of the solar model predictions, to observe the vacuum-matter
transition in neutrino oscillation characteristics, to search for new physics (non-standard interactions or
sterile neutrinos), to measurepreciselythe solar neutrino mixing angle,and to test the equality of neutrino
and photon solar luminosities.

Overview of A tmospheric Neutrino Fluxes
Tom K. Gaisser (Bartol Researc h Institute, Univ ersit y of Dela ware, New ark, Dela ware, USA,

tgaisser@bartol.udel.edu )

Receiv ed: Septem ber 8, 2004

When cosmic-ray protons and nuclei enter the atmosphere, they interact and produce all kinds of sec-
ondary particles, which in turn interact or decay or propagate to the ground, depending on their intrinsic

1Presented by Carlos Pe~na-Gara y.
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properties and energies. In the GeV energy range, the most abundant particles at the ground are the
neutrinos. At production, there are approximately twice as many muon neutrinos as electron neutrinos.
This characteristic ratio arisesfrom the pion-muon-electron decay chain in which a muon and one muon-
neutrino (or anti-neutrino) are producedwhen the chargedpion decays, while the subsequent muon decay
producesan electron neutrino as well as another muon neutrino.

Atmospheric neutrino °uxes were ¯rst calculated in the 1960's, and a few interactions were seenin
detectors in deepmines. With the advent in the 1980'sof large underground detectorsto search for proton
decay, it becamepossible to measureincreasingly large samplesof events induced by neutrinos of both
types(and from all directions becausethe Earth is transparent to neutrinos). Such events wereof interest
primarily as the background for proton decay. Evidence gradually accumulated that the ratio of the two
neutrino °avors wasdi®erent from the expectedvalue of two. By measuringthe directions and energiesof
thousandsof neutrinos of both °avors in the past decade,the Super-KamiokandeCollaboration hasshown
that the anomalousratio is a consequenceof neutrino °avor oscillations during their propagation from
the atmosphereto the detector. They have measuredthe oscillations in the muon neutrino-tau neutrino
sector by ¯tting the energyand angular dependenceand other observed features of their data.

With the parallel discovery of oscillations of solar electron-neutrinos in a di®erent region of parameter
space, a pattern of mixing among the three neutrino types (electron, muon, and tau) is beginning to
emergein which two mixing anglesare large while one is smaller (though not yet measured). Eventually
the nature of the full neutrino massmatrix will be addressedwith long-baselineacceleratorneutrino beams
by experiments now under construction or planned. This will take sometime, however. Accordingly, it
is now important to re¯ne the calculations of the atmospheric neutrino beam to the point where e®ects
of sub-dominant mixing may be resolved. To take full advantage of the power of the Super-Kamiokande
experiment requires reducing uncertainties in the absolute normalization of the neutrino °ux and in the
ratios of electron to muon neutrinos and neutrinos to anti-neutrinos. The normalization dependson the
primary cosmic-ray intensity and on the details of production of pions and kaonsin cosmic-ray interactions
in the atmosphere.The ratios dependprimarily on pion and kaonproduction. This talk reviewsthe present
level of uncertainties and the prospects for improvement. Technical aspects of the calculations, including
geomagnetice®ectsand three-dimensionale®ects,are also reviewed.

The MSW E®ect and Matter E®ects in Neutrino Oscillations
Alexei Yu. Smirno v (ICTP , Trieste, Italy , smirnov@ictp.trieste.it )

Receiv ed: Septem ber 8, 2004

The Mikheyev{Smirnov{W olfenstein (MSW) e®ectis the adiabatic or partially adiabatic neutrino favor
conversion in medium with varying density. The main notions related to the MSW e®ectare reviewed
which include refraction, mixing and eigenstatesin matter, resonance,and adiabaticit y. Dynamics of the
MSW e®ectat di®erent conditions and its graphic representation are described.

The large mixing MSW e®ectis realized inside the Sun where neutrinos undergo a highly adiabatic
conversion. The e®ectprovides the solution of the solar neutrino problem and allows us to determine
¢ m2

12 and µ12. As a consequence,a detailed physical picture of the e®ectand its very preciseanalytic
description both in the Sun and in the Earth are given using the adiabatic perturbation theory. An
intriguing relation between µ12 and the Cabibbo angle, µC , emerges:µ12 + µC = ¼=4. If non-accidental,
this quark-lepton \complementarit y" will have important implication for theory.

The small mixing MSW e®ectdrivenby the 1-3mixing canberealizedfor the supernova (SN) neutrinos
inside collapsing stars. In supernovae new elements of the MSW dynamics may show up like the non-
oscillatory transition, non-adiabatic conversion, time dependent adiabaticit y violation induced by a shock
wave. Detection of the SN neutrinos will give information about the 1-3 mixing and the type of neutrino
masshierarchy. It opens a unique possibility to monitor the shock wave propagation and therefore shed
somelight on the mechanismof supernova explosion. After the determination of ¢ m2

12 and µ12 weconclude
that neutrinos from SN 1987A have converted in the star and the Earth.

A variety of matter e®ectsin neutrino oscillations exists which depend on the channel of oscillations,
the speci¯c density pro¯le, properties of the medium, and possible presenceof new interactions. The
e®ectsrelevant for neutrinos propagating inside the Earth are considered. The resonanceenhancement
of oscillations can be realized for the atmospheric and accelerator neutrinos in the Earth's mantle. The
parametric enhancement of oscillations occurs in a multi-la yer medium and is related to certain conditions
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for the oscillation phasesacquired in the layers. This enhancement can be realized for the µ13-driven
oscillations of the atmospheric neutrinos which crossthe mantle and the core of the Earth.

Precise and physically transparent formulas for the probabilities of oscillations in the low-density
medium have been derived using the perturbation theory in the small parameter 2EV=¢ m2 (where V
is the matter potential) and the adiabatic perturbation theory. The formulas are valid for an arbitrary
density pro¯le and can be applied to the solar and SN neutrinos inside the Earth. The attenuation e®ect
for the mass-to-°avor transition is described which shows a decreaseof sensitivity of the oscillation e®ects
to remote structures of the density pro¯le. The e®ectis crucial for tomography of the Earth.

The e®ectof randomly °uctuating medium on oscillations and its applications to the solar neutrinos
are described.

Three-Fla vor E®ects and CP and T Violation in Neutrino
Oscillations
Ev geny Akhmedo v (Univ ersitat de Valµencia, Valencia, Spain, akhmedov@ictp.trieste.it )

Receiv ed: Septem ber 7, 2004

Sometheoretical aspects of three-°avor (3f) neutrino oscillations are reviewed. These include: general
properties of 3f neutrino oscillation probabilities; matter e®ectsin º ¹ $ º ¿ oscillations; 3f e®ectsin oscilla-
tions of solar, atmospheric, reactor, and supernova neutrinos and in acceleratorlong-baselineexperiments;
CP and T violation in neutrino oscillations in vacuum and in matter; the problem of the leptonic mixing
parameter Ue3.

It is demonstrated that, in the 3f neutrino and antineutrino system, unitarit y and µ23 symmetry
allow to reduce the number of independent oscillation probabilities from 18 to just two. The sameµ23

symmetry also allows one to ¯nd the generaldependenceof the oscillation probabilities on the Dirac-type
CP-violating phase±CP .

3f corrections to the probabilities of oscillations of solar, atmospheric, supernova, reactor, and acceler-
ator neutrinos depend sensitively on the value of the leptonic mixing parameter Ue3 and can be as large
as about 10 %.

Solar electron neutrinos oscillate into muon and tau neutrinos with almost equal probabilities. The
sameis true for reactor antineutrinos. The day-night asymmetry of the solar neutrino °ux depends on
the value of Ue3, and future megaton-scaleexperiments like UNO or Hyper-Kamiokande may be able to
bring an important information about this mixing parameter.

In the two-°avor (2f) limits, oscillations of atmospheric electron neutrinos are hidden due to the
peculiar °avor composition of the atmospheric neutrino °ux and the fact that the mixing angle µ23 is
closeto 45±. Three-°avornessenhancesthe e®ectsof theseoscillations, but their contribution is relatively
small becauseof the smallnessof Ue3. Therefore the observed excessof low-energy e-like events in the
Super-Kamiokande atmospheric neutrino samplemay testify for somedeviation of µ23 from 45±.

In supernovae(SN), neutrinos canexperiencethree di®erent MSW resonanceconversions. Earth matter
e®ectson the SN neutrino oscillations inside the Earth depend sensitively on the value of Ue3 and on the
type of the neutrino massordering (normal versusinverted masshierarchy).

If neutrino transition magneticmoments aresu±ciently largeand the SN magnetic ¯elds aresu±ciently
strong, combined action of neutrino mixing and resonancespin-°avor precessioncan lead to the conversion
of the neutronization º e's into their antiparticles, resulting in an unmistakable signature of neutrino
magnetic moments. In 2f approximation, this is only possiblein the caseof the inverted masshierarchy;
3f e®ectsmake such a conversion possiblealso in the normal hierarchy case.

CP and T violation both in vacuum and in matter are alsodiscussedin detail. The presenceof matter
breaks C, CP, and CPT invariance and so e®ectively decouplesCP and T violation. Matter-induced
CP violation can mimic the fundamental one and so hinder the determination of the fundamental CP-
and T-violating phase ±CP . Possible ways of overcoming this di±cult y are brie°y discussed. Matter-
induced T violation is in generalsmall, and soT-violation experiments are a cleanerway to determine the
fundamental phase±CP than the CP-violation experiments. The mixing parameter Ue3 is of great interest
for many reasonsand plays a very important role in neutrino physics.
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Global Analysis of Neutrino Data
Concha Gonzalez-Gar cia (Ston y Bro ok, New York, USA, concha@insti.physics.sunysb.edu )

Receiv ed: Septem ber 7, 2004

In this talk I review the present status of neutrino massesand mixing and someof their implications for
particle physics phenomenology. I ¯rst discussthe minimum extension of the Standard Model of particle
physicsrequired to accommodate neutrino massesand intro ducethe new parameterspresent in the model
and in particular the possibility of leptonic mixing. I then describe the phenomenologyof neutrino masses
and mixing leading to °avor oscillations and present the existing evidencefrom solar, reactor, atmospheric,
and long-baselineneutrinos aswell as the results from laboratory searchesat short distances. I put special
emphasison the impact of the recently releaseddata from the KamLAND reactor experiment and of the
K2K long-baselineexperiment. These experiments have provided us with an independent veri¯cation of
the oscillation interpretation of the solar and atmospheric anomalies. I derive the allowed rangesfor the
massand mixing parameters when the bulk of data is consistently analyzed in the framework of mixing
betweenthe three active neutrinos and obtain asa result the most up-to-date determination of the leptonic
mixing matrix. Then I brie°y summarize the status of someproposedphenomenologicalexplanations to
accommodate the LSND results: the role of sterile neutrinos and the violation of CPT. Finally I comment
how within the present experimental precision it is possibleto usethe observation of oscillation patterns
to imposesevere constraints on the possibleviolation of fundamental symmetries in particle physics such
as Lorentz invariance or the weak equivalenceprinciple.

Future Neutrino Oscillation Exp erimen ts
Alain Blondel (Univ ersit y of Genev a, Genev a, Switzerland, Alain.Blondel@cern.ch )

Receiv ed: Septem ber 19, 2004

The observation of neutrino oscillations has now establishedthat neutrinos have massand mix. This is
the ¯rst experimental fact requiring physics beyond the Standard Model. With three families and the
observed set of parameters, it should be possible to observe CP or T violation by leptons, one of the
leading candidates to explain the baryon-antibary on asymmetry of the Universe. CP violation should be
visible as an asymmetry between neutrino and anti-neutrino in º e $ º ¹ , and at a later stage º e $ º ¿

oscillations. An important prerequisite to prepare such experiments is to establish how small the mixing
angle µ13 is. Theseexperiments should also be able to establish the hierarchy of neutrino massesthrough
matter e®ects.

The search for a non-vanishing value of µ13 will begin with improved reactor experiments, such as
double-CHOOZ recently approved in France. The main di±cult y of these disappearanceexperiments is
the °ux normalization systematicswhich will be addressednow with identical near and far detectors. A
sensitivity of sin2 2µ13 » (1 ¡ 3) £ 10¡ 2 should be achievable. The search for CP violation will require
dedicated appearanceexperiments with high statistics and well-de¯ned °ux. Solar neutrinos and reactor
neutrinos are of too low energyto allow such appearanceexperiments, while atmosphericneutrinos, being
an intrinsic mix of neutrinos and anti-neutrinos, are inadequate. The ¯rst experiments to addressthe
issue in a signi¯cant way should be MINOS and the experiments on the CERN to Gran Sassobeam,
which should improve on the present limit while improving of the atmospheric oscillation parametersand
searching for the º ¹ ! º ¿ appearance.The ¯rst experiment dedicated to º ¹ ! º e appearancewill be the
recently approved T2K for which a new high-intensity o®-axisneutrino beam is being built at Tokai in
Japan, aimed at the Super-Kamiokande detector. This experiment usesthe o®-axistechnique to match
the neutrino energy to the 300 km distance. It is expected that after a few yearsafter the start in 2009,
the sensitivity of the experiment will be down to sin2 2µ13 » 3 £ 10¡ 2. O®-axisexperiments with similar
sensitivities have beensuggestedon the NuMI and CNGS beams. To improve sensitivity oneis considering
more intenseconventional superbeamsand very large massdetectors,such asthe T2K phaseI I experiment
with 4 MW proton power on target and a megatonwater-Cherenkov detector, or the CERN SPL to Fr¶ejus
project. To allow a better precisionon the °ux high-intensity electron neutrino beamsgeneratedfrom the
decay of stored beamshave beenproposed. A ¯rst option is the beta-beamwhich can generatepure beams
of relatively low-energy (anti)electron neutrinos by decay of (6He) 18Ne. High-energy electron neutrinos
can be produced by muon decays in the Neutrino Factory and allow both above reactions as well as a
thorough study of the matter resonance. The presenceof both º e and ¹º ¹ °avors in ¹ + decay (or vice
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versa for ¹ ¡ ) in the beam requires magnetic detectors, but the high °ux and energy makes the Neutrino
Factory, if a®ordable,the most powerful tool for thesestudies.

Theoretical Implications of Future Precision Neutrino Oscillation
Exp erimen ts
Manfred Lindner (T echnisc he Univ ersit Äat M Äunc hen, Munic h, German y, lindner@ph.tum.de )

Receiv ed: Septem ber 6, 2004

The leading solar/reactor and atmospheric neutrino oscillations have been established in recent years
beyond any doubt. Nevertheless,neutrino oscillations remain a very interesting subject, since precision
measurements of the leading 2£ 2 oscillations aswell as the detection of genericthree neutrino oscillation
e®ectsbecomenow possible. Such experiments require a very precise three-°avor oscillation formalism
including matter e®ects.The analytic oscillation formulae are rather complicated and they are therefore
expandedin the small quantities ® = ¢ m2

sol=¢ m2
atm ' 0:03 and sin2 2µ13 · 0:15. The simpli¯ed equations

allow a systematic understanding of the trigonometric parameter correlations and potential degeneracies,
which is essential to explore the high dimensional parameter space. This analytic understanding can be
usedas input for numerical studieswith the simulation packageGLoBES, which includesall details of the
source (energy, spectrum, °avor composition, contamination, . . . ), detector (mass, material, threshold,
resolution, particle ID, cross-sections,reconstruction, backgrounds, . . . ), and the full oscillation physics
in-between. Using GLoBES, the sensitivity to sin2 2µ13 for next generation experiments (T2K, NOº A,
reactor) has been evaluated and it was shown that a value of sin2 2µ13 close to its current limit would
allow to test leptonic CP violation. If sin2 2µ13 is smaller, then there exist di®erent options to proceed
and further R&D is necessaryto determine which direction is most promising (feasibility, cost, time
scales,. . . ). The options include combinations of di®erent energy, baseline,to usethe `magic baseline', to
combine di®erent oscillation channelsor to usethe energyspectrum. Whatever the ¯nal choicewill be, it is
clear that theseneutrino experiments will provide in the long run very preciseinformation. Such precision
measurements have thereforea special theoretical value, sincethey are the most preciseprobe of the °avor
sector. The main question of the next generationof long-baselineexperiments is, for example, if the small
value of sin2 2µ13 is a numerical coincidenceor if someprotective mechanism like a `symmetry' is required.
Future precisionmeasurements can alsotest if other special relations like µ23 = ¼=4, µ12 + µC = ¼=4, . . . are
ful¯lled, which would give hints on the required °avor structure. It may alsobe possibleto probe quantum
corrections as implied by the renormalization group equations. Moreover, precision measurements allow
dedicated tests of MSW matter e®ects,three neutrino unitarit y, neutrino decay, de-coherence,and non-
standard interaction e®ects.There exists also an interesting interplay with theories beyond the Standard
Models, °avor modelsaswell asastroparticle physics(leptogenesis,supernovae,nucleosynthesis, structure
formation). This combination is in summary the best window into the so far un-understood °avor sector.
Precision oscillation experiments are independently of that very impressive tests of quantum mechanics
in the weak interaction sector at unprecedented distancesand conditions. This may lead to completely
unexpected results and insights as it happenedbefore in neutrino physics.

Exp erimen tal Prosp ects of Neutrino Double Beta Decays
Ettore Fiorini (Univ ersit µa di Milano - Bico cca, Milan, Italy , Ettore.Fiorini@mib.infn.it )

Receiv ed: Septem ber 8, 2004

The present experimental situation and the results obtained so far in searches for double beta decay
are reviewed with special emphasison the neutrinoless channel which could indicate a non zero average
neutrino massunder the hypothesis that this particle is of Majorana type. The connection of the value
of this masswith the indications coming from the recent results of experiments on neutrino oscillation
is underlined. The di±culties and uncertainties are emphasizedof the calculation of the nuclear matrix
elements relevant for double beta decay. It is stressedthat, as a consequence,more nuclear candidates
for double beta decay should be investigated. There is an additional need to do that: a peak indicativ e
on neutrinoless double beta decay could be mimicked by someradioactive contamination: Detections of
the di®erent peaksexpected from double beta decay in two or more candidate nuclei becomestherefore
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evident.
The experimental methods to search for double beta decay, particularly in its neutrinolesschannel, are

compared and discussedtogether with the results obtained so far. The two most powerful experiments
presently running (NEMO 3 and CUORICINO) are described in somedetail and the limits obtained so
far are discussed.

The report is concluded with a description of the presently proposedand expecially of the partially
approved experiments aiming to reach a sensitivity of a few tens of millielectronvolts as required by
the present results coming from the oscillation experiments. The various suggestedtechniques, their
merits and di±culties, are discussedand compared with special emphasison the possible improvements
in increasing the active mass,decreasingthe background and improving the resolution. This comparison
refersin particularly to the role played with respect to the classicalmethods of detection (scintillation and
ionization counters, and in particular large arrays of diodes) with new detecting methods. In particular
the future possibilities are described of experiments basedon counting of the single atoms generatedby
double beta decay and on thermal detectors, which are already applied to searcheson neutrinolessdouble
beta decay and which would enablean ample choice of di®erent candidate nuclei.

Theoretical Prosp ects of Neutrino Double Beta Decays
Ser guey T. Petco v (SISSA, Trieste, Italy , petcov@he.sissa.it )

Receiv ed: Septem ber 8, 2004

The experiments with solar and atmospheric neutrinos and with reactor antineutrinos have provided in
the last several years compelling evidencesfor oscillations of °avor neutrinos º l , induced by nonzero
neutrino massesand neutrino mixing. The corresponding solar, atmospheric, and reactor neutrino data
can be described assumingthe existenceof neutrino mixing in vacuum, involving three massive neutrinos,
º j , j = 1; 2; 3. The basic parameters characterizing the three-neutrino mixing are i) the mixing angles
responsible for the solar and atmosphericneutrino oscillations, µ¯ and µA , the angleµ limited by the data
from the CHOOZ experiment, ii) one (Dirac) or three (one Dirac + two Majorana) CP-violating phases,
depending on whether the massive neutrinos º j are Dirac or Majorana particles, and iii) the massesof
neutrinos º j , m1, m2, and m3. No experimental information exists on the nature of massive neutrinos and
on the absolute scaleof neutrino massesand it cannot be obtained in neutrino oscillation experiments.
The type of neutrino massspectrum, which can exhibit normal hierarchy, m1 < m2 < m3, or inverted
hierarchy, m3 < m1 < m2, or can be normal hierarchical (NH), m1 ¿ m2 ¿ m3, inverted hierarchical
(IH), m3 ¿ m1 < m2, and even quasi-degenerate (QD) if m1 ' m2 ' m3 ' m0 & 0:20 eV, is not known
yet.

The problem of the nature of massive neutrinos { are they Dirac particles possessingdistinctiv e an-
tiparticles, or Majorana fermions, i.e., truly neutral particles identical with their antiparticles, is one of
the central problems in the studies of neutrino mixing. The massive neutrinos º j will be Dirac fermions
if there exists a conserved lepton charge { the total lepton charge L ; they will be Majorana fermions if no
lepton charge is conserved in the particle interactions. Thus, the question of the nature of massive neutri-
nos is directly related to the question of the basic symmetries of particle interactions. Massive Majorana
neutrinos imply the presenceof additional CP-violation phases{ Majorana phases,in the neutrino mixing
matrix. The solution of the problem of the nature of neutrinos with de¯nite mass{ Dirac or Majorana,
will be alsoof crucial importance for understanding the origin of small neutrino massesand of the pattern
of neutrino mixing, emerging from the data. The Majorana nature of the massive neutrinos might be
linked to the generation of the baryon asymmetry of the Universe.

If the massive neutrinos º j are Majorana fermions, processesin which the total lepton charge L is not
conserved and changesby two units, such as K + ! ¼¡ + ¹ + + ¹ + , ¹ + + (A; Z ) ! (A; Z + 2) + ¹ ¡ , etc.,
should exist. The processmost sensitive to the possibleMajorana nature of massive neutrinos º j is the
(¯ ¯ )0º -decay: (A; Z ) ! (A; Z + 2)+ e¡ + e¡ . Future (¯ ¯ )0º -decay experiments have a remarkable physics
potential. They can establish the Majorana nature of the neutrinos with de¯nite massº j . If the latter
are Majorana particles, the (¯ ¯ )0º -decay experiments can provide unique information on the type of the
neutrino massspectrum and on the absolute scaleof neutrino masses.Under certain (rather challenging)
conditions they can also provide unique information on the Majorana CP-violation phasespresent in the
neutrino mixing matrix. The knowledgeof the valuesof the relevant (¯ ¯ )0º -decay nuclear matrix elements
with a su±ciently small uncertainty is crucial for obtaining quantitativ e information on the neutrino mass
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and mixing parameters from a measurement of (¯ ¯ )0º -decay half life-time.

Supernova Neutrinos
Geor g Raffel t (Max-Planc k-Institut fÄur Ph ysik, Munic h, German y, raffelt@mppmu.mpg.de)

Receiv ed: August 30, 2004

At the end of its life, a massive star collapses,leading to a supernova explosion. Most of the gravitational
binding energy of the collapsedcore is emitted in the form of a hugely powerful burst of neutrinos that
lasts for a few seconds.A supernova neutrino burst has been measuredbut once from SN 1987A in the
Large Magellanic Cloud. Supernovas in our galaxy are rare, occurring at most a few times per century .
On the other hand, the broad experimental neutrino programme that exists worldwide implies that for
the next few decadesit is almost certain that detectorswill be in operation that are capableof registering
a high-statistics neutrino signal from the next galactic supernova so that it is worthwhile to considerwhat
can be learnt from such an event.

From the astrophysical perspective, following the collapsedynamics directly with the neutrino and/or
gravitational wave signal will allow oneto test the standard delayed explosionparadigm that is still subject
to debate becausenumerical implementations do not yet lead to robust explosions.

From the perspective of neutrino physics, the °avor-dependent sourcespectra are modi¯ed by oscil-
lations. If a large detector observes the supernova through the Earth, the matter e®ectmodulates the
neutrino signal in characteristic ways that may allow one to distinguish betweenthe normal and inverted
neutrino masshierarchy. In addition, the shock-wave propagation will lead to a transient break of the
adiabaticit y of neutrino oscillations, again modifying the signal in a characteristic way. In this caseone
may alsodistinguish betweenthe masshierarchiesand alsoobserve shock-wave propagation e®ectsdirectly
in the light of neutrinos.

Neutrino Astronom y
Francis Halzen (Univ ersit y of Wisconsin, Madison, Wisconsin, USA,

halzen@pheno.physics.wisc.edu )

Receiv ed: Septem ber 8, 2004

Kilometer-scaleneutrino detectorssuch asIceCube are discovery instruments covering nuclear and particle
physics,cosmology, and astronomy. Examplesof their multidisciplinary missionsinclude the search for the
particle nature of dark matter and for additional small dimensionsof space. In the end, their conceptual
design is very much anchored to the observational fact that Nature acceleratesprotons and photons to
energiesin excessof 1020 eV and 1013 eV, respectively. The cosmic ray connection sets the scale of
cosmicneutrino °uxes. The problem has beento develop a robust and a®ordabletechnology to build the
kilometer-scaleneutrino detectors required to do the science. The AMAND A telescope using clear deep
Antarctic ice asa Cherenkov detector of muonsand showers initiated by neutrinos of all three °avors, has
met this challenge. Wereview the results obtained with more than 5000well-reconstructedneutrinos in the
50 GeV - 500TeV energyrangecollectedduring its ¯rst four yearsof operation. More importantly , we will
show that AMAND A represents a proof of concept for the ultimate kilometer-scaleneutrino observatory,
IceCube, now under construction.

AMAND A/Baik al/IceCub e
Christian Spiering (DESY-Zeuthen, Zeuthen, German y, csspier@ifh.de )

Receiv ed: Septem ber 9, 2004

Large neutrino telescopes in deep water and ice are going to open a new window to the high-energy
Universe. SinceBaikal has deployed the ¯rst stationary underwater telescope in 1993,huge progresshas
beenmade { by the NT-200 array in Lake Baikal and by the AMAND A neutrino telescope at the South
Pole. The spectrum of atmospheric neutrinos { the standard calibration candle of these telescopes { has
beenmeasuredup to 100 TeV. With no sourcesof high-energyextraterrestrial neutrinos yet found, limits
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on the corresponding °uxes have been pushed down by more than one order of magnitude. This not
only marks a step into unknown territory , but also allows to discard ¯rst realistic models for high-energy
neutrino production associated with the acceleration of hadrons. Although there is a chance to detect
neutrino sourcesalready with AMAND A-sized arrays, theoretical arguments suggesta cubic kilometer
array for a reasonablyhigh chanceof success.The follow-up project of AMAND A is IceCube, which will
cover a cubic kilometer of Antarctic ice. IceCube is going to be installed between2005and 2010and reach
a sensitivity by another 1-2 orders better than that of AMAND A.

Apart from searching for high-energyneutrinos producedin cosmicaccelerators,Baikal and AMAND A
have searched for neutrinos producedin dark matter annihilation in the Sun or the Earth. With data from
oneyear, and a search for high-energyneutrinos from the Sun, AMAND A reachesa sensitivity comparable
to direct searchesof dark matter. IceCube will complement direct search experiment in half a decadefrom
now. Both Baikal and AMAND A alsohave put upper limits on the °ux of relativistic magnetic monopoles
which are far beyond limits obtained from searchesunderground.

Last but not least, AMAND A and IceCube monitor the Galaxy for MeV neutrinos from supernova
bursts, contribute to an early warning network, and would measurethe time shape of neutrino emission
in detail.

An tares/Nemo/Nestor
Jean-Ja ques Auber t (Cen tre de Ph ysique des Particules de Marseille, Marseille, France,

aubert@cppm.in2p3.fr )

Receiv ed: Septem ber 8, 2004

Di®erent approachesto underwater neutrino telescopeshave beenstarted in the Mediterranean Sea.
We review the di®erent technical approacheswhich are pursued. Nestor is building a tower structure

and is not expecting to use submarine connection in situ. Nemo, a research and development for a km3

detector, construct a simpler tower structure mainly with linear elements. Antares, building a 0.1 km3, is
using a simple string structure, the photo multiplier organization has beenmatch to the detection of low
energymuons. Both Nemo and Antares rely on submarinesfor deepseaconnection.

The progressin thesethree placesare reported.
Antares is installed at 2400m depth, closeto Toulon. Nemo is at Capo Passero(80 km from Sicily) at

around 3000m deepness.Nestor site is in Greeceat a depth of 4000m. Many measurements of the site
properties have beendone in the di®erent sites, someof them done on a long period show the variabilit y
of parameters,Antares and Nemo have beenusing the sametools for comparative studies.

The current has beenmeasured.The transparency of water, the scattering which givesthe late pulses
have alsobeenmeasured.The absorption length and the attenuation length have beendetermined. E®ect
of biofouling has beenexplored. The understanding of bioluminescenceis making progress.

Status of Radio and Acoustic Detection of Ultra-High Energy
Neutrinos
David Sal tzber g (UCLA, Los Angeles, California, USA, saltzbrg@physics.ucla.edu )

Receiv ed: August 31, 2004

Neutrino astronomy o®ersthe possibility to perform extra-galactic astronomy well beyond the absorption
cuto® of photons above 50 TeV. The cross sections of ultra-high energy (UHE) neutrinos with local
matter may reveal exotic new physics processesthat are unavailable to modern accelerators. Based on
observations of cosmic rays, we already know astrophysical sourcesproduce particles with at least six
orders of magnitude more energy than are observable with photons. Someof theseprocessesmay be due
to as-yet unknown physics at the grand-uni¯cation energyscaleor beyond.

Neutrino telescopesbasedon optical techniquescurrently operating and under construction have aper-
tures measuredin cubic kilometers-steradians.Radio and acousticdetection techniqueshave beenveri¯ed
in laboratory experiments and currently are used for instrumentation of apertures from ten to over ten
thousand times larger for neutrinos above 10 PeV. Neutrino telescopes basedon radio detection include
the RICE detector placed on the AMAND A strings at the South Pole. The GLUE (Goldstone) radio
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antennaspointing at the Moon have provided limits on the neutrino intensity at higher energies.The best
sensitivity at the highest energiescomesfrom the Forte satellite which looked for neutrino interactions in
Greenlandice. The upcoming ANIT A long-duration balloon °igh ts over Antarctica will be sensitive to the
Greisen{Zatsepin{Kuzmin (GZK) neutrino intensity predicted by most models. Several other radio detec-
tion possibilities, including instrumentation of large salt domesmay be the basis for future experiments.
The SAUND collaboration recently performed an acousticUHE neutrino search using hydrophonesin the
deepseanear the Bahamas. The acoustic technique may ¯nd increasedaperture and lower threshold in
the solid media currently under investigation.

Neutrino telescopesbasedon radio techniqueshave begun to rule out the more exotic models of UHE
neutrino intensity. The technique should allow observation of the neutrinos produced by the so-called
GZK process. The sensitivity of current and proposed telescopes basedon radio, acoustic, and optical
techniques are comparedfor both speci¯c models and in a model-independent fashion.

Detection of Neutrino-Induced Air Showers
Alan A. Watson (Univ ersit y of Leeds, Leeds, UK, a.a.watson@leeds.ac.uk )

Receiv ed: August 25, 2004

There is a realistic possibility of detecting neutrinos of » 1018 eV using instruments designedto detect
giant extensive air showers. The neutrinos can arise from the decay of the neutrons created when protons
of energy greater than » 4 £ 1019 eV interact with the CMBR or with the matter or radiation ¯elds
surrounding the accelerationregion. At the highest energiesactive galactic nuclei and gamma ray bursts
may be the sources. From these production mechanisms, around six neutrinos are expected for every
high-energy proton. There is also speculation that the highest energy cosmic rays may come from the
decay of super-heavy relic particles: if so, then larger neutrino °uxes are anticipated. If the highest energy
particles are dominantly heavy nuclei, then the °ux of high-energyneutrinos will be signi¯cantly reduced
as the Lorentz factor of the nuclei will usually be too small for photopion production to take place.

The tric k in the search for neutrinos with extensive air showers is to study the properties of showers
that arise at very large angles(< 70±) from the vertical. Such a shower produced by a baryonic primary
will have distinctiv e characteristics as the dominant particle component in the shower is muonic. The
particles are closelybunched in time as their sourceof production is a long way from the detection point.
This fact also implies that the radius of curvature of the particle front of the shower will be large. Such
featurescan be detected using the Pierre Auger Observatory, the ¯rst stageof which is being constructed
near MalargÄue, Argentina. The instrument { due for completion in late 2005{ will comprise1600water-
Cherenkov detectors laid out over 3000km2 and overlooked by four °uorescencedetectors,each containing
six telescopeswith 30± £ 30± apertures. As at 22 August 2004,two of the °uorescencedetectors are fully
operational and 417 water tanks are taking data. The Auger Observatory also has sensitivity to tau
neutrinos of » 1018 eV that interact in the rock or the Andes and make anglesbetween 85± to 95±. A
neutrino-initiated event is expected to have the characteristics of large curvature, steep fall-o® of signal
size with distance and a broad time front: these are the typical characteristics of near-vertical shower.
Only a few such events are expected per year but thesewill be readily detectable against the background
of showers initiated by baryonic primaries that have °at, narrow fronts and a °at signal sizedistribution.

A spaceobservatory, EUSO, is planned for the International SpaceStation and will have sensitivity for
neutrino detection greater than Auger at energiesabove 5 £ 1019 eV. EUSO will detect the °uorescence
light emitted. The neutrino events will be identi¯ed as developing deepin the atmosphereat large angles
from the zenith. A ground basedexperiment, ASHRA, is planned for Hawaii, where interactions of tau
neutrinos in mountains will be sought using a °uorescencedevicewith very high angular resolution.

Prosp ects of Relic Neutrino Searches
Gra ciela Gelmini (UCLA, Los Angeles, California, USA, gelmini@physics.ucla.edu )

Receiv ed: Septem ber 8, 2004

Neutrinos from the Big Bang are theoretically expected to be the most abundant particles in the Universe
after the photons of the Cosmic Microwave Background (CMB). Unlike the relic photons, relic neutrinos
have not beenyet observed. Their detection would provide insight into early moments of our Universe. In
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fact, the CosmicNeutrino Background is the oldest relic from the Big Bang, produceda few secondsafter
the bang itself. Thus, it impacts cosmologyfrom the Big Bang Nucleosynthesis (which ¯nished about 20
minutes later), to the emissionthe CMB (380 kyr later), to the formation the Large ScaleStructure of the
Universe(a Gyr later). Due to this impact, relic neutrinos may be revealed indirectly in the near future
through cosmologicalobservations.

In this talk we concentrate on other proposals,made in the last 30 years, to try to detect the Cosmic
Neutrino Background directly, either in laboratory searchesor through astrophysical observations.

In laboratory experiments cosmicneutrinos could be revealedthrough tiny accelerationsthey produce
on macroscopictargets, accelerationswhich are quadratic or linear in the Fermi coupling constant. Forces
quadratic in the Fermi constant are for sure present and are largest for Dirac neutrinos. Torques linear
in the Fermi coupling constant could be present only if there is a net lepton number, in the background,
i.e., a di®erencebetweenrelic neutrinos and antineutrinos. If present, this e®ecthas a comparablemag-
nitude for both Majorana and Dirac neutrinos. We show that, given present bounds on neutrino masses,
lepton number in the Universeand gravitational clustering of neutrinos, all expected laboratory e®ectsof
relic neutrinos are far from observabilit y, awaiting future technological advancesto reach the necessary
sensitivity.

Astrophysical searches would look for absorption dips in the °ux of Ultra-High Energy (UHE) neu-
trinos, due to the annihilation of these neutrinos with relic neutrinos at the Z -resonance. The problem
with this idea is that sourcesof UHE neutrinos at the extreme energiesrequired may not exist. If they
do exist, we could reveal the existence,and possibly the massspectrum, of relic neutrinos, with detectors
of UHE neutrinos, such as ANIT A, Auger, EUSO, or OWL.

Leptogenesis in the Early Univ erse
Tsutomu Yana gid a (Univ ersit y of Toky o, Toky o, Japan, tsutomu@hep-th.phys.s.u-tokyo.ac.jp )

Receiv ed: Septem ber 6, 2004

The presenceof heavy Majorana (right-handed) neutrinos is an important ingredient of uni¯ed theories
beyond the standard model. An integration of the heavy Majorana neutrinos inducesvery small masses
for neutrinos via the seesaw mechanism. Thus, small neutrino massesis a consequenceof a uni¯cation at
very high energyscale. This is the prime reasonwhy we are interested in the neutrino-massexperiments.

It is quite natural to consider that the heavy Majorana neutrinos are produced thermally in the early
universe. Then, the heavy neutrinos begin to decay into Higgsand leptons, or Higgsand anti-leptons when
the temperature of the Universecools down to the massesof heavy neutrinos. The decays of the heavy
neutrinos may producethe lepton-number asymmetry if CP invarianceis violated in the Yukawa couplings.
This produced lepton asymmetry is converted into the baryon-number asymmetry in the present Universe
(leptogenesis)through non-perturbativ e e®ectsof the electroweak theory.

We show, in this talk, that the neutrino massessuggestedfrom atmospheric and solar neutrino oscil-
lations are just in the range favorable for the thermal leptogenesis.With the aid of the suggestedvalues
of neutrino masseswe show that the thermal leptogenesistakesplace at the temperature T ¸ 1010 GeV.
The importance of neutrinolessdouble ¯ decay experiments and measurement of CP violation in neutrino
oscillation experiments is emphasizedto understand the Universe'sbaryon asymmetry.

Neutrinos and Big Bang Nucleosyn thesis
Gar y Steigman (The Ohio State Univ ersit y, Colum bus, Ohio, USA, steigman@mps.ohio-state.edu )

Receiv ed: Septem ber 2, 2004

The early universeprovides a unique laboratory to probe the frontiers of particle physics in generaland
neutrino physicsin particular. The primordial abundancesof the relic nuclei producedduring the ¯rst few
minutes of the evolution of the Universedepend on the electron neutrinos through the charged-current
weak interactions among neutrons and protons, and on all °avors of neutrinos which contribute to the
total energy density regulating the universal expansionrate. The latter contribution also plays a role in
the temperature °uctuations imprin ted on the Cosmic Background Radiation (CBR) some400000years
later. Using deuterium as a baryometer and helium-4 as a chronometer, the predictions of Big Bang
nucleosynthesis (BBN) and the CBR will be comparedto observations. Successesof, as well as challenges

13



to the standard modelsof particle physicsand cosmologywill be identi¯ed. While systematicuncertainties
may be the sourceof the tensions, it could be that the data are pointing the way to new physics.

High-Energy Neutrino Sources
Eli Waxman (W eizmann Institute, Reho vot, Israel, waxman@wicc.weizmann.ac.il )

Receiv ed: Septem ber 14, 2004

The detection of MeV neutrinos from the Sun and from supernova 1987A enableddirect observations of
nuclear reactionsin the coreof the Sunand of the processof corecollapsein massivestars, aswell asstudies
of fundamental neutrino properties. Existing MeV neutrino \telescopes" arecapableof detecting neutrinos
from only \nearby" sourcesat our local Galactic neighborhood, at distancesshorter than 100kpc. The
main goal of the construction of high energy, > 1TeV, neutrino telescopesis the extensionof the distance
accessibleto neutrino astronomy to cosmologicalscales.

The existenceof extra-Galactic high-energy neutrino sourcesis implied by observations of ultra-high
energycosmic-rays (UHECRs), which suggestthat the cosmic-ray °ux is dominated above 1019 eV by an
extra-Galactic proton component. The origin of UHECRs is a mystery: The stringent constraints imposed
on the properties of possibleUHECR sourcesby the high energiesobserved challengeaccelerationmodels
and rule out almost all candidatesources.Theseconstraints, which suggestthat gamma-ray bursts (GRBs)
and active galactic nuclei (AGN) are the most plausible sources,also suggestthat UHECR sourcesmay
be detectable at 1 TeV to 1 PeV neutrino energiesby km-scale (i.e., gigaton scale) neutrino telescopes,
which are being constructed under ice and water.

The detection of high energyneutrinos associated with (electromagnetically) identi¯ed sourceswill not
only allow to identify the sourcesof UHECRs. It will also provide a unique probe of the sources,which
may allow to resolve open questions related to the physics underlying models describing these powerful
accelerators,and may provide information on fundamental neutrino properties. High energy neutrinos
are expected to be produced in astrophysical sourcesby the decay of charged pions, which lead to the
production of muon and electron neutrinos. However, neutrino oscillations imply that neutrino telescopes
should detect similar numbers of muon and tau neutrinos. Up-going taus would be a distinctiv e signature
of such oscillations. Detection of neutrinos from GRBs could be usedto test the simultaneit y of neutrino
and photon arrival to an accuracy of » 1s, imposing stringent constraints on deviations from Lorentz
invariance and from the weak equivalenceprinciple.

The observed UHECR °ux sets an upper bound to the extra-Galactic high energy neutrino intensity
producedby sourceswhich, like GRBs and AGN jets, are optically thin for high-energynucleonsto p-° and
p-p(n) interactions. This upper bound, » 10¡ 8 GeV=(cm2 ¢s¢sr), implies that the detector sizeneededto
detect the expectedsignal is ¸ 1 gigaton in the energyrangeof 1 TeV to 1 PeV, and much larger at higher
energy. The neutrino intensity at » 1019 eV is expected to be closeto the bound due to energy loss of
ultra-high energy protons in interaction with microwave-background photons. Coherent radio Cherenkov
detectors, and possibly large air-shower detectors, may provide the large e®ective volume required for the
detection of these \GZK neutrinos". Their detection will help determine the identit y of the cosmic-ray
particles and will constrain the redshift evolution of UHECR sources.

Neutrino Masses and Other Parameters from Cosmological
Observ ations
Max Tegmark (Massac husetts Institute of Technology , Cam bridge, Massac husetts, USA,

tegmark@mit.edu)

Receiv ed: Septem ber 18, 2004

In the last few years,an avalanche of new cosmologicaldata has revolutionized our abilit y to measurekey
cosmologicalparameters. Measurements of the cosmic microwave background, galaxy clustering, gravi-
tational lensing, the Lyman alpha forest, cluster abundances,and type Ia supernovae paint a consistent
picture where the cosmic matter budget is about 5 % ordinary matter, 25 % dark matter, 70 % dark
energy, lessthan 2 % curvature, and lessthan 5 % massive neutrinos. For the caseof three massive neutri-
nos, the 95 % current upper limit on the sum of their massesis 0.42 eV. The cosmicinitial conditions are
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consistent with approximately scale-invariant in°ation-pro duced adiabatic °uctuations, with no evidence
yet for primordial gravitational waves. I comment brie°y on the basicphysical mechanism making matter
clustering such a sensitive probe of massive neutrinos, and on the prospectsof doing still better in coming
yearsusing tools such as lensing tomography, approaching a sensitivity around 0.03 eV.

Neutrino In trinsic Prop erties
Boris Ka yser (F ermilab, Bata via, Illinois, USA, boris@fnal.gov )

Receiv ed: Septem ber 4, 2004

It has (¯nally!) beenshown that the intrinsic properties of neutrinos include nonzeromasses.Thus, there
is a spectrum of neutrino mass eigenstatesº i whose masseswe would like to determine. If the LSND
experiment is con¯rmed, then there are more than three of thesemasseigenstates.If it is not con¯rmed,
then there may be only three. In that case,the spectrum consistsof a pair of neutrinos, º 1 and º 2, whose
squaredmassesare separatedby the splitting ¢ m2

sol that governs the behavior of solar neutrinos, plus a
third neutrino, º 3, separatedfrom º 1 and º 2 by the larger splitting ¢ m2

atm that determines the behavior
of atmospheric neutrinos. We do not know whether the isolated neutrino º 3 is heavier or lighter than the
\solar pair," º 1 and º 2. From SO(10) grand uni¯ed models we expect the former, while the latter would
suggestan underlying symmetry.

Is each neutrino masseigenstate identical to its antiparticle (in which casewe would speak of it as
a Majorana neutrino), or distinct from its antiparticle (in which casewe would speak of it as a Dirac
neutrino)? If they are distinct, this is so becausethey carry opposite valuesof a conserved lepton number
L that discriminates between leptons and antileptons. But there is no evidencethat L is conserved in
Nature, and if it is not, there is nothing to distinguish neutrinos from antineutrinos. Any attempt to extend
the Standard Model (SM) to include neutrino massesleads to the expectation that Nature very likely
contains L-violating Majorana neutrino masses,sothat neutrinos are indeedidentical to their antiparticles.
However, the extendedSM violates L only through the Majorana masses.Thus, any experimental attempt
to demonstrate that L is not conserved, so that neutrinos must be Majorana particles, will be at the
mercy of the smallnessof neutrino masses. An approach that shows great promise of being able to
succeednevertheless is the search for neutrinoless nuclear double beta decay, the L-violating process
Nucl ! Nucl0+ 2e¡ .

In addition to having no overall electric charge, a Majorana neutrino also has no charge distribution,
and no magnetic or electric dipole moment. It can have transition dipole moments, permitting it, like a
Dirac neutrino, to decay into a lighter neutrino plus a photon. However, in the extendedSM, the lifetime
for radiativ e neutrino decay is many orders of magnitude longer than the age of the Universe. Thus,
visibly rapid neutrino decays would re°ect physics that is beyond even the extendedSM.

If neutrinos are Majorana particles, the 3 £ 3 leptonic mixing matrix contains two additional CP-
violating phases,known as Majorana phases,beyond the CP-violating phasethat is the analogueof the
sole phase in quark mixing. Majorana phasesdo not a®ectordinary neutrino oscillation, but they can
lead to a manifestly CP-violating di®erencebetweenthe rates for e+ W ¡ ! º ! e¡ W + and its CP-mirror
image, e¡ W + ! º ! e+ W ¡ . Moreover, in the presenceof Majorana phases,the leptonic mixing matrix
continuesto have meaning and to lead to physical consequenceseven when the neutrino massesare all of
equal size. In contrast, the quark mixing matrix losesits meaning entirely when the quarks of any given
charge are all degenerate.

The present matter-antimatter asymmetry of the Universe could not have developed without CP
violation. And CP violation in SM quark mixing requiresat least three generations. However, a Majorana
phase, producing CP violation in the decays of very heavy neutrinos in the early universe, could have
led through several steps to the present matter-antimatter asymmetry even if there had been only two
generations. So why are there three?
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Implication of the NuT eV Result on In trinsic Prop erties of
Neutrinos
Mike Shaevitz (Colum bia Univ ersit y, New York, USA, shaevitz@nevis.columbia.edu )

Receiv ed: Septem ber 9, 2004

This report explores the results and implications of the weak mixing angle measurement made by the
NuTeV neutrino experiment at Fermilab. For more than thirt y years starting with the discovery of
neutral currents using neutrino beamsat CERN in 1973, electroweak measurements have provided the
most important and precise tests of the standard model of particle physics. The NuTeV experiment,
using a technique that exploits muon neutrino and antineutrino data to determine the neutral current to
charged current ratios, Rº and Rº , has made the most precisemeasurement of the weak mixing angle
using neutrinos as probes. The result givesa value of sin2 µW (on-shell) = 0:2277§ 0:0016which is about
three standard deviations larger than the standard model prediction of 0.2227. The discrepancyis mainly
associated with neutrinos and Rº , which implies a reduced coupling of neutrinos to left-handed quarks.
The antineutrino agreement for Rº is a robust crosscheck on the assumedsystematic uncertainties.

Various interpretations for the sourceof the anomaly have beenput forward including changesto the
inputs to the standard model predictions, unexpectedsymmetry violations, or new physicsinterpretations
involving unanticipated neutrino properties or new particle contributions. Changesin the assumedquark
distributions, in the order of the cross section calculation, or in the radiativ e corrections all appear
to be too small to explain the entire discrepancy. For the NuTeV analysis several standard symmetry
assumptionsare made. Isospin symmetry assumesthat the quark distributions in the neutron and proton
are related by up = dn . This symmetry can be broken by quark mass and charge e®ects. Estimates
from theoretical models would give only small shifts to the extracted sin2µW but these models need
experimental validation. Another assumedsymmetry is that the strangeand anti-strange quarks have the
samemomentum distribution. Violations of this symmetry are an unlikely explanation of the discrepancy
sinceNuTeV measuresthesetwo distributions separatelyand the small measuredasymmetry, if anything,
would shift the sin2µW further from the standard model prediction.

Explanations that invoke new physics have also beenconsidered. One possibility is that the neutrino
coupling to the Z bosonis reducedwhich would alsoexplain why the LEP neutrino coupling measurement
falls about 1.9 standard deviations below expectation. Supersymmetric models both with and without
R-parit y violation typically changeboth Rº and Rº , although extendedmodelscan give di®erenceswhich
are compatible with the NuTeV result. One option is to include a special interaction that would only a®ect
neutrino couplingsor invoke special leptoquark or extra Z 0 bosonexchange. The mixing of muon neutrinos
with sterile neutrinos could alsoprovide a mechanism to reducethe e®ective neutrino coupling and several
authors have shown that a mixing model combined with a heavy Higgs boson and other new physics
could ¯t all of the precision electroweak data including NuTeV. It is clear that to explore this anomaly
will require new precision data using neutrinos and other particles in the NuTeV kinematic region. The
SLAC E-158experiment and JLab QWeakand DIS-Parit y experiments will cover this regionusingelectron
scattering. Future neutrino measurements using reactor neutrinos or a new higher intensity accelerator
neutrino beam are also being considered. In summary, the NuTeV discrepancywith the standard model
could point to someas yet undiscovered broken quark symmetry or is potentially pointing towards new
physics associated with neutrino interactions or mixings. For now the discrepancyremains an intriguing
mystery and a continuing front of theoretical speculation.

Absolute Neutrino Masses { Exp erimen tal Results and Future
Possibilities
Christian Weinheimer (Rheinisc he Friedric h-Willhelms-Univ ersit Äat, Bonn, German y,

weinheim@iskp.uni-bonn.de )

Receiv ed: Septem ber 10, 2004

The recent experiments with atmospheric, solar, reactor, and accelerator neutrinos have clearly demon-
strated that neutrino undergo °avor oscillations. Thus we know that neutrinos mix and that they have
non-zeromasses.Unfortunately theseoscillation experiments can only determine squaredneutrino mass
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di®erences,but not the absolute neutrino mass scale. The latter distinguishes hierarchical from quasi-
degeneratemassscenariosand tell whether the relic neutrinos from the Big Bang give rise to a cosmological
relevant hot dark matter contribution or not. Therefore, the search for the absolute neutrino massscale
is very important for cosmologyand astrophysics as well as for nuclear and particle physics.

There are di®erent ways to search for the absolute scaleof the neutrino mass:
1) Conclusionsfrom Large ScaleStructure and other astrophysical observations. This methods is very

sensitive down to the 0.1 eV range, but it is model dependent.
2) Search for neutrinoless double ¯ decay. This method is very sensitive on the \e®ective electron

mass" mee for Majorana neutrinos only. Its absolute precision on the neutrino massscale is limited by
phasesappearing in the coherent sum mee and by the uncertainty of the nuclear matrix element. Recently
an evidencefor a double ¯ decay signal at 0:1 eV< mee < 0:9 eV has been reported, which needsto be
checked by other experiments.

3) Direct measurements. The most sensitive way to determine the neutrino massscalewithout further
assumptions is to measure the shape of a ¯ spectrum near its endpoint. The classical method is to
use tritium becauseof its low endpoint of 18.6 keV. The tritium ¯ experiments at Mainz and Troitsk
have improved the sensitivity down to about 2 eV by using the MAC-E-Filter as ¯ spectrometer. The
Mainz experiment has performed a couple of side experiments to study and to improve the relevant
systematic uncertainties and has eliminated the sourcesof errors. The ¯nal result of Mainz is m2

º =
(¡ 0:7 § 2:2 § 2:1) eV2 from which an upper limit of mº < 2:3 eV (95 % C.L) can be deduced. Bolometer
investigating the 187Re ¯ decay spectrum is trying to reach this sensitivity within the following years.

The KArlsruhe TRItium Neutrino experiment KATRIN { being set up at the Forschungszentrum
Karlsruhe, Germany by an international collaboration { will determine the neutrino massscaledirectly
by an ultra-precise measurement of the tritium ¯ spectrum near its endpoint. The new KATRIN design
basedon a strong windowlessmolecular tritium sourceand a hugeMAC-E-Filter with an energyresolution
of 0.93 eV will allow to achieve a 0.2 eV sensitivity on the neutrino mass,which is su±cient to check the
cosmologicalrelevant massregion. New background reduction methods have beenestablished. The ¯rst
hardware components are being set up. The start of data taking is expected for 2008.

Fla vor Theories and Neutrino Masses
Pierre Ramond (Univ ersit y of Florida, Gainesville, Florida, USA, ramond@phys.ufl.edu )

Receiv ed: Septem ber 13, 2004

The wealth of new data in the neutrino sector can easily be incorporated in electroweak theory, yielding
the º -Standard Model. The seesaw mechanism intro duces a new unitary matrix in the lepton mixing
matrix, and we catalog models in terms of the number of large angles(one or two) in that matrix. The
inescapableimplication of quark-lepton uni¯cation is the presenceof Cabibbo a®ectin the lepton (MNSP)
mixing matrix, and we examinemodels where the CHOOZ angle arisesas a Cabibbo sizee®ect.We ¯nd
that models fall in two main categories,depending on the °avor symmetries of the charge ¡ 1=3 quarks
Yukawa matrix. If the matrix is °avor-symmetric, we expect a CHOOZ angle of the order of ¸=

p
2. In

models where it is not, the predictions are more varied. We discussthe generalization of such a model µa
la Froggatt{Nielsen, where we have used the neutrino data to infer a new chiral symmetry that relates
the ¹5 of the secondand third families, but not the particles in their 10's. In the limit of this symmetry,
the electron and down quark are exactly masslessand the atmosphericangle is 45±. The solar anglearises
from the breaking of that symmetry; asa result it is related to the massesof the electron and of the down
quark. We conclude by discussingpossibleWolfenstein parametrization of the MNSP matrix, including
Cabibbo e®ects(\Cabibb o Flop"), and CP-violation e®ects,which we ¯nd can easily impact theoretical
expectations.

Neutrino Mass Mo dels
Steve F. King (Univ ersit y of Southampton, Southampton, UK, sfk@hep.phys.soton.ac.uk )

Receiv ed: Septem ber 7, 2004

The type I and type I I see-saw mechanisms,which can be responsible for the smallnessof neutrino masses
comparedto chargedfermion masses,weresummarized. The leading order forms of the light e®ective neu-
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trino Majorana massmatrix wereclassi¯ed in terms of the pattern of neutrino masses(hierarchy, inverted
hierarchy or partially degenerate)and in terms of the magnitude of the contribution to neutrinolessdouble
beta decay. For the caseof hierarchical neutrino massesarising from the type I see-saw mechanism, it was
shown how the neutrino mass hierarchy and bi-large mixing anglescould originate from the sequential
dominanceof right-handed neutrinos. A particular examplebasedon SU(3) family symmetry and SO(10)
Grand Uni¯cation in which all quark and lepton massesand mixing anglescan be accommodated was
discussed.It was then shown how to obtain partially degenerateneutrinos in a natural way by including
a type I I contribution proportional to the unit massmatrix, enforcedby an SO(3) family symmetry, with
the neutrino masssplittings and mixing anglescontrolled by type I contributions and sequential domi-
nance. The phenomenologicalpredictions of such a model were discussed.Finally the impact of the type
I I see-saw mechanism and heavy Higgs triplets on the physics of leptogenesiswas considered.

Neutrinos in Extra Dimensions and GUT
Rabi N. Mohap atra (Univ ersit y of Maryland, College Park, Maryland, USA,

rmohapat@physics.umd.edu)

Receiv ed: August 31, 2004

The seesaw mechanism appears to be the simplest way to understand small neutrino massesobserved in
neutrino experiments done during the past decade. In particular the atmospheric oscillation data in the
seesaw framework seemsto imply that at leastoneof the neutrino massesmust bearound 0:05eV requiring
that the massof at least oneright handedneutrino is near the scaleof conventional grand uni¯ed theories,
i.e., 1015 ¡ 1016 GeV hinting perhapsthat the new unknown seesaw scaleand grand uni¯cation scaleare
oneand the sameand grand uni¯ed theories(GUT) are the next step beyond the minimal supersymmetric
supersymmetric extension of the standard model (MSSM). Taking this point of view seriously leads one
to a minimal grand uni¯ed theory, basedon the SO(10) group. In this talk I explore a minimal SO(10)
model with a 126 dimensional ¯eld breaking B ¡ L symmetry of SO(10) which naturally explains the
large atmospheric and solar neutrino mixings without any additional symmetry assumptionswhile at the
sametime providing a naturally stable dark matter. It predicts a value for µ13 near the present upper
limit making the model testable in the next generation of experiments. Once CP violation is included
in the model, it solves the outstanding CP problem of supersymmetry while remaining predictive in the
neutrino sector. This model has also the unique property that it predicts the neutrino CP phase (the
so-calledDirac phase)near its maximal value for a large range of parameters.

In the last part of the talk, I addressthe prospects for understanding small neutrino massesin models
with large extra dimensions. Here the smallnessof neutrino massescomesfrom a completely di®erent
mechanism, i.e., overlap of wave functions of neutrinos in the brane and bulk. Speci¯cally, it puts a
right handed neutrino in the bulk of the extra dimensional space-time. The model has many distinct
experimental signaturesdue to the fact that the bulk neutrino manifestsasa tower of Kaluza{Klein states
in four dimensions. Theseextra stateslead to a dip structure when neutrino passesthrough matter. These
models are also besetwith naturalnessproblems due to the existenceof operators which lead to neutrino
masseswhich are larger than observations by orders of magnitude and no satisfactory solution to this
problem has yet beenfound.
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