
1Highlights in Neutrino and Astroparticle PhysicsG. GiacomelliaaDipartimento di Fisica dell'Universit�a di Bologna and INFN, Sezione di Bologna,viale Berti Pichat 6/2, I-40127 Bologna, Italye-mail: giacomelli@bo.infn.itThe main highlights from the papers presented at this workshop are brie
y reviewed and discussed in a generalcontext.1. INTRODUCTIONThis was a timely workshop, because of themany new important experimental results on neu-trino physics and astrophysics, and the renewedinterest in astroparticle physics, both experimen-tally and theoretically.The experimental evidences on neutrino oscil-lations are mounting, and many new experimentsare being planned to de�nitely prove these indi-cations and accurately measure the neutrino os-cillation parameters.The astrophysical 
-ray bursts seem to be adominant phenomenon in our universe. New,larger and more sophisticated detectors areplanned to study the higher energy 
-rays.Neutrino astrophysics started in the 1960'swith the �rst detection of electron neutrinos fromthe sun, and was in a sense reborn in 1987 withthe detection of electron antineutrinos from Su-pernova SN87A. Many detectors are now ready tostudy these two phenomena. High energy muonneutrino detectors of large volumes are enteringthe scene, possibly opening the �eld of high en-ergy muon neutrino astronomy.Many search experiments are trying to detectpossible components of the Dark Matter (DM),or search for new particles predicted by the Stan-dard Model (SM) of particle physics, and by the-ories which go beyond the SM.The study of the highest energy cosmic raysis another �eld of interest, in particular for de-terminig the mechanisms responsible for their ac-celeration. Very large area detectors, above andbelow ground, are needed to study this �eld.

A Large e�ort is being made to develop in-strumentation for the detection of gravitationalwaves, which should reveal some of the most vi-olent phenomena occurring in the cosmos. Thedetectors include supercooled antennas at 0.1 Kand very long interferometers (few km).In this summary of the workshop I shall re-call many of the papers presented, with specialemphasis on neutrino oscillations and on higherenergy phenomena; I shall not be able to cover indetail all subjects, nor quote all results. I apolo-gize for this impossibility and for possible omis-sions.During the workshop we were informed of thesudden death of Bianca Monteleoni Conforto, acolleague and a collaborator. I dedicate thesenotes to her memory.2. NEUTRINO PHYSICSMost of the interest in this �eld concentratedon experimental results relevant to neutrino os-cillations.2.1. Atmospheric neutrinosThe interest in atmospheric neutrinos hasgrown in the last year, after the Neutrino '98 Con-ference in Takayama, Japan. New, higher statis-tics data have been presented by the Soudan 2 [1],MACRO [2], and SuperKamiokande (SK) [3] [4]collaborations. The measured 
ux of muons in-duced by atmospheric �� shows a reduction withrespect to the expectation; the reduction dependson the neutrino energy and direction. For �e in-duced electrons there is no deviation from the pre-



2diction. The three experiments can explain the�� reduction in terms of �� ! �� neutrino oscil-lations, with maximum mixing and �m2 valuesof few times 10�3 eV 2.In the simplest scenario of two 
avor oscilla-tions, the survival probability of a pure �� beamisP (�� ! ��) = 1� sin22� sin2(1:27�m2 �LE� ) (1)where �m2 = m22 � m21 is the mass di�erenceof the two neutrino mass states, � is the mix-ing angle, E� is the neutrino energy and L isthe path length from the �� production point tothe detector. For atmospheric neutrinos L can beestimated through the neutrino arrival direction�. For upgoing neutrinos, as the zenith angle �changes, one has L � 2R� �cos� (R� is the Earthradius), while L is only few tens of kilometers forvertical downgoing neutrinos.Atmospheric neutrinos are detected in the Su-perKamiokande (SK) water Ĉerenkov detectorvia their interactions with p and 16O nuclei in the22500 m3 water �ducial volume (50:000 m3 totalvolume). Three di�erent classes of events are de-�ned (with increasing average energy of the par-ent neutrino): fully contained events (FC), par-tially contained events (PC) and upward-goingmuons. FC events are further subdivided intosub-GeV and multi-GeV. Electrons are identi�edin the FC sample. The zenith angle distributionfor e-like sub-GeV and multi-GeV events are inreasonable agreement with the predictions assum-ing no-oscillations. Instead the �-like events de-viate considerably from the prediction, see Fig.1. The ratio of the measured numbers of muonsto electrons normalized to the respective MonteCarlo predictions is a�ected by a smaller system-atic error, and it enhances the anomaly [4].Assuming two 
avor oscillations Fig.2 showsthe 90% C.L. contours delimiting the acceptedregions by Kamiokande and SK. The SK datafavour �� ! �� neutrino oscillations with �m2 =(1:5 � 6)10�3eV 2 and sin22� > 0:9. For moredetails on further data on upthroughgoing muonsand stopping muons, see the paper presented byKajita at this workshop [4], and [3]. SK ob-tains also indications for an east-west asymmetry,
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(d)Figure 1. SK data. Zenith angle distributions of sub-GeV (a) e-like events and (b) �-like, (c) multi-GeVe-like, (d) multi GeV �-like data. Upward going parti-cles have cos� <� 0. The black points are the data, thesolid lines are the Monte Carlo expectations for no-oscillations; the dashed lines are the MC predictionsfor �� ! �� oscillations with �m2 = 3:5 10�3eV 2and sin22� = 1 [3][4].which may be considered a con�rmation of the
ux calculations and of the experimental meth-ods [4].The Soudan 2 results support the oscillationhypothesis by measuring atmospheric �� and �einteractions at low energies, below 1 GeV [1].A di�erent detection technique (drift chambercalorimeter) is used in this case; the total mass ofthe detector is about 1 kt and the total exposureis 4:6 kt y. Fig. 3 shows, for the high-resolutioncontained data, vs Log (L/E�) relative to the no-oscillation expectations. Still with low statisticalsigni�cance, the data agree with a reduction of�� events compared to expectations, while the �eevents agree with expectations.The MACRO detectoris a box of 76:6 m � 12 m � 9:3 m locatedat the Gran Sasso Lab.; the detection elementsare planes of limited streamer tubes for trackingand liquid scintillation counters for timing. Thelower half of the detector is �lled with trays ofabsorbers alternating with streamer tube planes,
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ight direction is determined bytime-of-
ight (t.o.f.). �� with E�� ' 4GeV inter-act inside the lower apparatus; yielding upgoingmuons (IU). The partially contained downgoingevents (ID) and upward going stopping muons(UGS) are identi�ed via topological constraints.Monte Carlo simulations play a crucial role inatmospheric neutrino studies. Macro used theBartol neutrino 
ux [5] and the deep inelasticscattering (DIS) parton distribution of ref. [6] forthe neutrino cross-sections. The propagation ofmuons is done using the energy loss calculationsof ref. [7] in standard rock. The systematic un-certainty on the expected 
ux of muons is �17%;
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Figure 3. Soudan 2 results on the number of observed�e (top) and �� (bottom) events as function of L=E� .Only statistical errors are shown; the dashed lines arethe MC predictions assuming no-oscillations. Notethe lack of �� events at Log10 (L/E) ' 1:8 and 3:9.this is a scale factor, that changes little the shapeof the angular distribution.The ratio of the observed to expected numberof upthroughgoing muons is 0:74 � 0:031stat �0:044sys� 0:12theo. Fig. 5 shows their zenith an-gle distribution compared to Monte Carlo expec-tation without neutrino oscillations (solid line);the dashed line is the �t to the data assuming�� ! �� oscillations. The reduction in the de-tected number of events and the deformation ofthe zenith angle distribution may be due to ��disappearance: fewer events are expected nearthe vertical (cos� = �1) than near the horizontal(cos� = 0), due to the longer path length of neu-trinos from production to observation. The maxi-mum of the �2 probability corresponds to �m2 =
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µFigure 4. Sketch of di�erent event topologies inducedby muon neutrino interactions in or around MACRO.The stars represent the liquid scintillator hits.2:5 � 10�3eV 2 and maximum mixing. The con-�dence region at the 90% C.L. in (sin2 2�;�m2)for �� ! �� oscillations agrees and is somewhatlarger than that of SK [2]. Notice the possibleexcess of events at cos� � �0:65 (also the up-throughgoing muons of SK have a similar hint);it is consistent with a statistical 
uctuation, butit could be a hint for a more complex scenario.Fig. 6 shows the zenith angle distribution ofthe semicontained (IU) and upstopping muonsplus partially contained downgoing muons (UGS+ ID). The data are within errors consistent witha constant de�cit with respect to the MC expecta-tions. The ratios of the number of observed to ex-pected events are RID+UGS = (DataMC )ID+UGS '0:71 and RIU ' 0:57. The theoretical and sys-tematic errors are largely reduced (from 25% toabout 5%) if the ratio of ratios is considered,R = RIU=RID+UGS = 0:80� 0:09stat; for no os-cillations one expects R = 1. The reductions areconsistent with �� ! �� oscillations with maxi-mum mixing and �m2 � 10�3 � 10�2 eV 2.Several theoretical papers tried to interpret theatmospheric neutrino data in terms of oscilla-tions among three neutrino types; the di�erenceswith the simpler �� � �� possibility are small [8].
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Figure 5. Measured 
ux (points) of upward through-going muon vs: the cosine of zenith angle �. The solidline is the prediction with no oscillations; the 17%scale uncertainty is shown as the dashed region, theerror on the shape is almost negligible. The dashedline shows the prediction assuming two-
avor neu-trino oscillations.Other authors considered �� ! �sterile, which isslightly disfavoured by the data. Others include�e; ��; �� ; �sterile.G. Battistoni [9] discussed the e�ects of theapproximations used in the Monte Carlo predic-tions. Present MCs use the collinear approach,which cannot be a good approximation at low en-ergies. But 3-D e�ects are smeared out becauseof Fermi motion of the nucleons in nuclei. Un-certainties remain in the knowledge of primarycosmic ray spectra, secondary particle productionand neutrino cross sections. Hopefully measure-ments of muons in the atmosphere [10] could im-prove the predictions, though the sub-GeV rangeremains problematic.Improved atmospheric neutrino detectors areunder discussion [11].2.2. Solar neutrinosSolar �e come from a chain of nuclear reac-tions and decays in the centre of the sun. Thethree important components of the spectrum are:i) the energetic neutrinos from 8B decay; ii) themonoenergetic neutrinos from 7Be+e� ! 7Li+�e(E�e = 0:862 MeV) and iii) the low{energy part,the pp neutrinos (E�e � 0:41 MeV) (most abun-dant) .



5
Figure 6. MACRO Zenith angle distributions for(ID+UGS) and IU events. The data (black pointswith error bars) are compared with the Monte Carloexpectations assuming no oscillations (full lines) andtwo-
avour oscillations (dashed lines) using maxi-mum mixing and �m2 = 2:5� 10�3 eV 2.Experimental measurements of solar neutrinoshave been performed by �ve experiments usingthree di�erent reactions [12].The �rst measurement of solar neutrinos useda radiochemical method via inverse � decay,�e+37Cl!37Ar+e� , which has a neutrino en-ergy threshold E�th = 814 keV. The experi-ment, sensitive to 7Be and 8B neutrinos yieldsa 
ux smaller than that predicted by the Stan-dard Solar Model (SSM): (�7Be + �8B)(Cl) <(�7Be + �8B)(SSM).The second measurement was performed in theKamiokande water Ĉerenkov detector using thereaction �e + e� ! �e + e�. They applya cut at E�th ' 7 MeV and are thus sensi-tive only to 8B neutrinos. The angular dis-tribution is peaked in the direction of the sunand therefore con�rms that the detected neutri-nos come from the sun. They obtained a ratioexpected=measured = 0:417� 0:069. Combiningthis with the chlorine result, one has a discrep-ancy expressed as (�7Be + �8B)(Cl) < �8B(Ka).A third reaction is studied by radiochemicalmethods using 71Ga in metallic (SAGE) and in

a hydrochloric water solution (GALLEX, GNO):�e+71Ga!71Ge+e� , which has a threshold atE�e=233 keV. Thus one may measure the neu-trinos coming from the pp reactions, provingthat the sun is a pp nuclear fusion plant. Theexperiments yield values smaller than the SSMprediction; these low values and the compari-son with the preceeding measurements, lead to�7Be(meas) < �7Be(SSM), which seems to be themain problem.Superkamiokande presented at this workshopnew results on solar neutrinos which further con-�rm the above statements. The data also con�rmthat the solar �e come from the sun [4], see Fig. 7.A day-night e�ect might have been observed bySK: this would be expected for the MSW e�ect.Also a seasonal variation due to the eccentricityof the earth orbit might have been observed.
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Figure 7. Data from SuperKamiokande on the arrivaldirection of solar neutrinos measured via the reaction�ee� ! �ee�. Notice the peak at cos� = 1, towardsthe sun.The lack of observed Be solar neutrinos seemsat present to be the essence of the solar neutrinoproblem. This could be due to a faulty exper-



6iment. Assuming that the experiments are cor-rect, physicists looked for an astrophysical solu-tion and at neutrino oscillations. Improvementshave been made in the knowledge of the sun inte-rior [12] and it seems that one cannot explain thede�cits. One is therefore left with the possibilityof neutrino oscillations.Possible solutions of the problem assuming neu-trino oscillations in vacuum and possible solu-tions assuming neutrino oscillations in solar mat-ter (the MSW e�ect) are indicated in the compila-tion of Fig. 8; more up to date compilations havebeen presented in [11]-[13]; the MSW low-mixingsolution seems to be disfavoured.��yyLSND   
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Figure 8. Compilation of excluded regions by shortbaseline accelerator and reactor experiments, and ofallowed regions by the LSND accelerator experiment[13], by the atmospheric �� experiments and by thesolar neutrino experiments, assuming MSW matteroscillations and vacuum oscillations. More updatedcompilations are given in [4], [12]-[18].

Most solar neutrino experiments are relativelylow{rate experiments. Superkamiokande and fu-ture experiments have higher rates and have morespeci�c aims. The SNO detector in Sudbury,Canada is starting to take data with neutrino in-teractions in D2O. At Gran Sasso the Borexinoexperiment plans to detect 7Be neutrinos via thereaction �ee� ! �ee� in liquid scintillators [12];ICARUS should detect �e interactions in an 40ArTPC [17]. There are discussions about the possi-ble use of Li I (Eu) scintillation counters.2.3. Accelerator and reactor experimentsWe have heard numerous reports about shortbaseline accelerator experiments: LSND, KAR-MEN, NOMAD, CHORUS and the future MINI-BOONE. LSND gave a possible signal for neu-trino oscillations for �m2 � 1 eV 2 and 10�3 <�sin22� < few 10�2, see Fig. 8 [13]. The otherexperiments gave limits, which are globally sum-marized in Fig. 8. Several technical improve-ments were made by these experiments; I shallonly recall the revival of the emulsion techniquefor neutrino physics, speci�cally for �� detec-tion, because of the exceptional space resolution(� 1 �m) of the technique [14].The results from the Chooz and Palo Verde re-actor experiments exclude �e ! �� oscillationsfor �m2 > 10�3eV 2 and 2� 10�2 < sin2 2� < 1,not shown properly in Fig. 8.2.4. Long baseline experimentsSeveral long baseline experiments have beenproposed; they will cover the region �m2 >10�3 eV 2 and sin22� > 10�2 [15] [18].- K2K: from KEK to SuperKamiokande (230 km)is starting to take data; they also have a near de-tector [4].- MINOS: from the Fermilab main injector to theSoudan mine (730 km) is under construction; it isa 6 kton calorimeter detector; they will also havea near detector [15].- KAMLAND: �e from nuclear reactors will bedetected in the Kamiokande mine with a liquidscintillator detector [16].- ICARUS ! now ICANOE: from CERN-SPSto Gran Sasso (730 km) [17]; ICARUS will bean "electronic" bubble chamber; NOE a tracking



7calorimeter detector.- OPERA: from CERN to Gran Sasso [18]; it isbasically a (large) emulsion detector.2.5. Direct measurement of the �e massTritium decay, t !3 He + e� + �e with Q =18:6 keV; t1=2 = 12:3 y, has been used by manygroups to obtain increasingly better limits on the�e mass (' �1 mass if there is small mixing).The techniques and the calculations have beenconstantly improved. The latest results with theimproved Mainz set up give a 95% C.L. upperlimit m�e <� 2:8 eV [19].2.6. Neutrinoless double beta decayFor even-even nuclei the chain decays(A;Z)! (A;Z + 1) + e� + �e ;(A;Z+1)! (A;Z+2)+ e�+�e (2a)are forbidden by energy conservation; the decaymay be possible in a single step:(A;Z)! (A;Z + 2) + 2e� + 2�e; (2b)(A;Z)! (A;Z + 2) + 2e� + x; (2c)(A;Z)! (A;Z + 2) + 2e� (2d)The neutrinoless double beta decay, Eq. (2d),is forbidden by lepton number conservation; itwould be allowed if �e and �e were identical andif they had a non-zero mass. The energy spectrumfor the sum of the energies of the two electrons,E = E1 + E2, is di�erent for each of the threecases: a line for (2d), a continuum peaked at lowE for (2b) and a continuum peaked at higher Efor (2c).Most of the direct searches for neutrinoless dou-ble beta decays use materials which act both assource and detector, such as 76Ge!76 Se+2 e�2[20]. Germanium detectors ranging from 1 to7 kg have been used. Normal germanium con-tains 15% 76Ge. The Heidelberg-Moscow Collab-oration uses several kilograms of enriched germa-nium containing 85% 76Ge. From an exposure of24 kg y they quote t1=2 > 6 � 1025y (90%CL),which in certain models corresponds to m�e <0:2 eV . Some groups use visual detectors, sepa-rating the spatial detection of the two electrons.The double beta decay 136Xe !136 Ba+2e� hasa favorable transition energy of 2479 keV .Considerable work is going on in the develop-

ment of cryogenic detectors for double beta de-cays and for dark matter searches [20]. At lowtemperature the heat capacity is very small, and asmall energy deposition implies a relatively largeincrease in temperature. Four cryogenic crys-tals of Te O2, each about 340 g, were used bythe Milano-Gran Sasso collaboration to study thedouble beta decay of 130Te. Four sapphire de-tectors, each of 262 g, are used by the CRESSTexperiment in a search for dark matter WIMPs.3. NEUTRINO ASTROPHYSICS3.1. Neutrino AstronomyOne of the main interests in neutrino astron-omy is connected with the great penetratingpower of neutrinos, which allows us to look di-rectly at their sources. The universe is �lledwith fossil low-energy neutrinos from the BigBang. Low{energy neutrinos of � 1 MeVcome continuously from the interior of stars likethe sun; slightly{higher{energy neutrinos (� 12MeV) come in bursts from supernovae explosions.High{energy neutrinos (> 1 GeV), may comefrom non{thermal point sources. Neutrinos of> 1 GeV may also come from the sun and theearth, where annihilations of WIMPs could takeplace.3.1.1. Neutrinos from stellar gravitationalcollapsesMassive stars, m > 6 m�, evolve as increas-ingly heavier nuclei are produced and then burntat their centres in a chain of thermonuclear pro-cesses, ultimately leading to the formation of acore composed of iron and nickel. When the coremass exceeds the Chandrasekar limit, the core im-plodes in a time slightly longer than the freefalltime and leads to the formation of a neutron star.The energy released during a stellar collapse isat least the gravitational binding energy of theresidual neutron star, E ' 3 � 1053 (m=m2�)(10 km/R) ergs, ' 1053 ergs ' 0.1 m�, mostlyin the form of neutrinos with hE�i ' 12 MeV .About 4�1057 neutrinos of each species are emit-ted. Three stages of neutrino emission may beidenti�ed.All types of neutrinos may be detected via neu-



8tral current interactions with electrons, �ee� !�ee�; �ee� ! �ee�, etc, with a cross section� = 1:7 � 10�44 E� (MeV cm2). The dominantreaction, �ep ! ne+, with � = 7:5 � 10�44 E2�(MeV 2cm2), is energetically possible only on freeprotons, as in H2O and in Cn H2n+2 detectors.The positron produced annihilates immediately,e+e� ! 2
, whilst the neutron is moderatedand captured after a mean time of about 180 �s(np ! d
, with E
 � 2:2 MeV). The SNO de-tector with D2O will also detect �en! pe�. Be-cause of the dependence of the cross section onneutrino energy, the average e+ energy is about2 MeV larger than the average �e energy.Only Supernova SN1987A in the Large Mag-ellanic Cloud was observed with neutrinos. Noother burst of supernova neutrinos has been de-tected. Present and future neutrino detectors,will only be able to observe galactic supernovae.An optimistic estimate of the rate of type-II Su-pernovae in our galaxy is one every 10{20 years.Several detectors are kept alive all the time anda worldwide supernova watch is in operation.3.1.2. High-energy neutrino astronomyHigh-energy muon neutrinos can be detectedvia their charged-current interactions inside adetector or in the rock surrounding the detec-tor leading to upgoing muons. Upward{goingmuons can be seen directly in Ĉerenkov detec-tors and can be separated by time{of{
ight fromdownward{going muons in scintillators. At veryhigh energies the �� � � angle is small and thee�ective target may be large. In order to observecelestial "point" sources of high{energy neutri-nos one should plot for each muon its declinationversus right ascension. A celestial source wouldreveal itself as an excess of events (in a certaindirection) above the atmospheric neutrino back-ground. Now, people are also looking at timecoincidences with 
 -ray bursts.Several underground experiments performedsearches for astrophysical sources of �� , with neg-ative results. In order to establish a 
ux limit fora speci�c source one may consider an error circlecorresponding to the resolution of the detectorin that direction ( ' 3� for tracking detectors,considerably more for H2O Ĉerenkov detectors),

determine the number of events in that circle,and subtract the corresponding number of eventsexpected from atmospheric neutrinos. MACRO,with about 1000 muon events, quotes limits atthe 10�14cm�2s�1 level [21].Neutrino telescopes. Much larger detectors,the so called Neutrino Telescopes, will be requiredto really attack the �eld of �� astronomy. Proto-types of neutrino telescopes may be consideredthe Ĉerenkov detectors NESTOR, ANTARESand NEMO under deep sea water, Baikal underlake water and AMANDA under ice at the SouthPole [22]. The �nal detector will be around 1 km3of water or ice.3.2. Searches for WIMPsWeakly Interactive Massive Particles (WIMPs)could be part of the galactic dark matter. WIMPsshould be neutral particles which may form adissipationless gas trapped in the gravitational�eld of our Galaxy. Suitable WIMP candidatesshould have lifetimes comparable to the age of theUniverse. In SUSY models, like the MSSM andSUGRA, they may be identi�ed with the light-est neutralino; it is ok if R parity is violatedprovided it leads to a long lifetime neutralino.WIMPs have been searched for by direct and in-direct methods.- Direct searches. WIMPs may be searched forvia their interactions in re�ned low energy detec-tors of 10 � 100 kg mass. The WIMPs scatterelastically with the nuclei of the detector, withcross sections of the order of the weak ones orsmaller. A scattering leads to a recoil of few keVenergy. The detectors must have low radioactiv-ity, be well shielded and use electronics which re-duces unwanted noise signals. The DAMA collab-oration presented results obtained with a 100 kgNaI (Tl) detector, looking for a signal modulatedover a one year period. They �nd a probable sig-nal which could correspond to a neutralino massof 50� 60 GeV [23].- Indirect methods. WIMPs could be interceptedby celestial bodies, slowed down and trapped intheir centres. WIMPs and anti-WIMPs could an-nihilate and yield neutrinos of GeV or TeV en-ergies. The neutrinos would travel and interactbelow the detector yielding high energy muons



9which can be detected. The search should beperformed in small angular windows around thedirections of the celestial bodies. The 90% C.L.MACRO limit for the 
ux from the Earth centreis � 10�14cm�2s�1 for a 10� cone around the ver-tical, see Fig. 9 [21]. For the same cone searchedfor around the Sun direction, the limit stands at� 1:4� 10�14cm�2s�1.
Figure 9. Upward-going muon 
ux vs neutralinomass m� from the Earth. Each dot is obtained vary-ing model parameters, leaving � > 0. Solid line:MACRO 
ux limit (90% C.L.); the limit for the no-oscillation hypothesis is indistinguishable in the logscale from the one for the �� ! �� oscillations hy-pothesis. The open circles indicate models excludedby direct measurements and assume a local dark mat-ter density of 0:3 GeV cm�3. The DAMA indicationis at mx ' 50� 60 GeV .4. HIGH ENERGY COSMIC RAYSThe all-particle spectrum of cosmic rays isshown in Fig. 10 [24]4.1. Underground muonsUnderground experiments detect a sizeabledownward 
ux of high-energy muons, single andmultiple, coming from high-energy cosmic rays.Muons reaching the Gran Sasso detectors traversea minimumpath length of 3100 m.w.e. and an av-erage one of 3700 m.w.e.. A muon must thereforehave an energy larger than 1:3 TeV to reach thedetectors. The muon distribution in local coordi-nates (azimuth ' and zenith �) re
ects the shapeof the mountain: it may be considered an x{ray
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Figure 10. All particle energy spectrum of primaryCosmic Rays.photograph of the mountain. Experiments provedthat the arrival time distribution of undergroundmuons is random.The vertical muon 
ux I(h), where h is theslant depth, was measured with increasing accu-racy by several experiments. The 
ux may berepresented byI(h) = B�h1=h�2e�h=h1 ; (3)withB = (1:81�0:06)�10�6 cm�2s�1sr�1, h1 =(1231 � 1)hg cm�2. The muon surface 
ux, ob-tained from the measured underground muon
ux, is dN�=dEd
 = AE�
 with 
 ' 2:78.Seasonal variations. Selected muon data fromseveral experiments were used to search for sea-sonal variations. The muon rate shows clearvariations of about �1:4% amplitude which re-peats over the years. The muons come from pionand kaon decays in the upper atmosphere (atdepths of less than 200 mbar); their intensity be-comes greater when the atmosphere is warmer.



10A new measurement performed by AMANDAat the South pole exhibits a much larger e�ect(� �15%) re
ecting the 6 month darkness and 6month light [22]. From underground muons it ispossible to measure the e�ective temperature ofthe higher atmosphere to about 1�C!Muon astronomy. In \muon astronomy" oneassumes that high{energy muons remember thearrival direction of the parent high{energy par-ticle with the hope that the parent particle hasnot deviated. Thus a search may be made forcelestial point sources, d.c., periodic or episodic.The interest in muon astronomy started in 1985with reports of an excess of underground muonsfrom the direction of Cyg. X{3 and with the Cyg.X{3 periodicity. Some reports of muon excessescould be connected with intense radio 
ares. Inorder to exclude with certainty a variation of themuon 
ux from the direction of Cyg. X{3 onehas to analize data over a long period of time.Upper limits for a d.c. signal were established forspeci�c sources, Cyg. X{3, Her X1, 1E2259+59,and the Crab. The d.c. limits range from 3 to6�10�13 cm�2 s�1 [21]. For Cyg. X{3, MACROsearched for a muon signal modulated by the 4.8h X{ray period. The phase diagram does not ex-hibit any excess above background in any phasebin. The upper limit on a modulated sygnal isFmod � 3� 10�13 cm�2 s�1.Multiplemuons. Multiple muons carry infoma-tion about the energy spectrum and the chemicalcomposition of primary cosmic rays with energies� 50 TeV. The sensitivity to composition arisesfrom the fact that heavy nuclei are more e�ectivethan protons in producing multiple muons. Themeasurable distributions are: i) The decoherencefunction (the distribution of the distance betweentwo muons) [25]. ii) The decorrelation function(the double{di�erential distribution of two muonrelative angles). iii) The multiplicity distribution.iv) The muon group sub-structure.The analyses require a model of the hadronicinteractions at high energy (nucleon{nucleus andnucleus{nucleus), trial models of the energy varia-tion of the composition of cosmic rays, simulationof the cascade in air and in the rock, and a simu-lation of the detector. In practice one uses itera-tion procedures with continuous improvements in
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Figure 11. Examples of 
-ray bursts at x-ray energies(BeppoSAX).models and simulations, and eventually a multi-parameter �t of all avaible data.A slow increase of the average primary mass isobserved when going from 103 to 104 TeV , i.e.when crossing the \knee" of the cosmic ray all{particle 
ux [25] [26].It has to be noted that the muons in the samebundle arrive at the same time to within few ns.4.2. Cosmic rays of highest energiesThe origin of high{energy cosmic rays is essen-tially unknown, and it is di�cult to devise accel-eration mechanisms for the highest energy cosmicrays. Recently magnetic monopoles of relativelylow mass accelerated by the galactic magnetic�eld to high energies and high velocites have beenproposed as possible sources of the highest energycosmic rays. It should be remembered that cos-mic ray nuclei with energies > 4�1019eV cannotcome from distances > 50 Mpc because of theGreisen cut{o� caused by the interaction of pro-tons with the 2:7K photons of the cosmic back-round radiation (at these energies the c.m. p
energy is above pion threshold, the cross sectionbecomes large, and cosmic rays are soon degradedin energy).It is clear that more data are needed and thatthis requires large Extensive Air Shower Arrays(EAS). We have heard reports from KASKADEand EASTOP [26]. The largest new project isAUGER, with a �rst array in South America; a



11similar array will also be built in North America.Each Auger array will cover � 5000 km2, withdi�erent types of detectors (hybrid air shower de-tectors): sampling water tanks and improved 
y'sEyes detectors which detect the nitrogen lumi-nescence in the atmosphere, thus measuring theshower pro�le [27].Among the di�erent types of proposed detec-tors for large arrays we have heard Sorel's pre-sentation about the possibility of using standardsolar pannels connected in series/parallel to de-tect the Ĉerenkov light [24].5. SCIENTIFIC EXPLORATION OFSPACEAt this meeting we had a number of reports onphysics and astrophysics research performed withballoons, satellites and the space station. Thereis an increasing e�ort in this �eld.Recently balloon experiments have been per-formed to measure cosmic ray muons in the atmo-sphere [10]: these measurements are relevant fora more precise determination of the atmosphericneutrino 
ux.The BeppoSAX satellite measured x-raybursts, identifying 14 x-ray sources as the coun-terparts of 
-ray bursts (see Section 6) [28].The AMS (Alpha Magnetic Spectrometer) ex-periment on the space station should make athorough search for antimatter, measure the cos-mic ray composition, and perform other searches.A test 
ight was successful and it has alreadyprovided important information on the 
ux ofp; d; 3He; 4He, and limits on antimatter [29].A variety of experiments are becoming reali-ties. For instance PAMELA is measuring p; e+ of100-200GeV and is making a search forHe nuclei[30]. AGILE should be operative in 2002 [30]; ithas several 
 ray detectors optimized to cover dif-ferent 
 ray energies above 30 MeV , preliminaryresults have been obtained by NINA, etc. [30].6. 
 -RAY BURSTSSince few years, the observation of 
-ray bursts(GRBs) poses one of the main misteries of as-trophysics. The 
-ray observatory, on board the

Compton satellite, observed every day, a new 
-ray burst of MeV energy. The burst durationsare from 30 ms to 1000s (but this depends onthe sensitivity and time resolution of the exper-iment: one may only see the tip of an iceberg).The bursts come from all directions of space; inalmost all cases they represent a single episode.The rise time of the bursts is very fast, and thissuggests that they could be connected with neu-tron stars. Measurements from the BeppoSAXsatellite observe the GRBs at x-ray energies, Fig.11, determining more accurately the position ofthe source; they see a tail in intensity (afterglow).When seeing a burst, BeppoSAX alerts the astro-nomical community; it was thus possible to ob-serve the optical counterparts of x-ray emitters;the optical signal lasts a few days [28]; at least oneappeared to be at the border of a far away galaxy.It should be stressed that, even if it is seen in x-ray and in the visible, most of the emitted energyof GRBs is in 
 rays, at MeV energies.It would be interesting to observe the GRBs athigher energies (multi GeV) [31]. It would evenbe more interesting to observe them with neu-trinos; trials are being made, but probably oneneeds larger neutrino telescopes, with lower en-ergy thresholds.7. RARE PARTICLES AND PROTONDECAY SEARCHES7.1. Magnetic MonopolesGrand Uni�ed Theories (GUTs) of electroweakand strong interactions predict the existence ofmagnetic monopoles (MMs) with large mass,larger than 1016 GeV, and magnetic charges g =ngDirac = nc=2e = n68e, with n = 1; 2; :::. These theories leave open the question ofmonopole abundance. MMs were probably pro-duced in the early universe, at the end of theGUT era as point defects; others may have beenproduced in ultra{high energy collisions. Stan-dard cosmology predicts too many monopoles,whereas models with in
ation at the GUT phasetransition predict very few. Several superstringmodels predict the existence of multiply{chargedMMs (n = 3). In some models, the primordialmonopoles appeared when the temperature of the



12universe reached relatively low values. Thesemonopoles were probably not diluted by in
ationin the early universe. The existence of large{scalemagnetic �elds, on the galactic scale, leads toan astrophysical constraint, the so{called Parkerbound, with an upper limit on the monopole 
uxat the level of 10�15 cm�2 s�1 sr�1; an extendedParker bound leads to a 
ux limit almost an orderof magnitude smaller.
Figure 12. Compilation of 90 % C.L. upper limitsfor a 
ux of heavy magnetic monopoles [32].Underground experiments have searched forMMs in the penetrating cosmic radiation usingscintillators, gas tubes, and nuclear track detec-tors via dE=dx, time of 
ight and pulse shapeanalyses. At present there are only a few largeexperiments. They tested the sensitivity of theirdetectors to low velocity MMs.New limits have been presented by MACRO[32] and by AMANDA [22]. The present limitson massive cosmic MMs are summarized in Fig.12 for g = gD bare poles with mass > 1016 GeVand for catalysis cross sections smaller than fewmb.7.2. Dark MatterAnalyses of the rotation curves of stars ingalaxies, and of galaxies in clusters of galaxiesprove (assuming the validity of Newton's law)that most of the matter is unseen: 
vis '0:01 ; 
halo ' 0:1 ; 
TH ' 1; where 
 = �=�c.

The unseen DM could be: a) baryonic, in theform of gas, planets like jupiter, brown dwarfs,nuclearites; b) non baryonic, i.e. a gas of parti-cles. In the latter case there could be: i) hot DM,i. e. particles which were relativistic when inthe early universe they decoupled from the rest ofmatter and radiation (an example could be neu-trinos with a mass of a few eV); ii) cold DM, i.e.particles which were non{relativistic at decou-pling (for example the WIMPs, see Section 3.2).These particles are probably located in the galac-tic halos; their abundance in the vicinity of thesolar system could typically be � 0:3 GeV=cm3,and their velocity � 300 km=s.Nuclearites. The hypothesized stable phase ofquark matter, called strange quark matter or nu-clearites, formed by quarks u; d and s, may bethe true ground state of QCD. Nuclearites couldhave masses ranging from a few GeV to the massof a neutron star. Because of this wide range,searches were performed using a variety of ex-perimental techniques. At this meeting new re-sults have been presented, using techniques de-veloped for MM searches. Limits for nucleariteswith masses larger than 0:1 g (which can pene-trate the earth) are at the level of the limits ofMMs [32]; the limits are twice as large for nucle-arites with m < 0:1 g, which cannot traverse theearth.Other "exotic" objects, like the Q-balls (aggre-gates of squarks, sleptons and Higgs �elds) havealso been discussed at this meeting [32].7.3. Proton decayGUTs place quarks and leptons in the samemultiplets. Quark ! lepton transitions are thuspossible and should be mediated by supermas-sive vector bosons X;Y with m � 1014 GeV . Afree proton may decay as N ! `++ meson(s)or N ! �+ meson(s). Proton decay, with apredicted lifetime of the order of 1031 y, moti-vated the construction of the �rst undergrounddetectors with masses of the order of 1000 t.Present detectors are either water Ĉerenkov de-tectors (SK) or tracking calorimeters (Soudan 2).Water detectors have larger masses and more freeprotons and may detect the sense of the trackdirection. Tracking calorimeters have a higher



13spatial resolution and a better �=� separation atenergies of about 200 MeV . Technical develop-ments are being made towards a TPC type liquidchamber (ICARUS). A 3 t prototype works welland a 600 t module is under construction. Su-perkamiokande presented the following limits� �BR(p! e+��) > 1:6� 1033 y�BR(p! �K+) > 6:7� 1032 yat 90% C.L. [33]; they rule out the simplest SU(5)GUT models.8. SELECTED RESULTS FROM AC-CELERATOR EXPERIMENTSLEP. The four experiments at the LEPpositron-electron collider provided new improvedprecision values of the Z� lines shape. The Z�mass is now known with a precision of two partsin 105, and has acquired the status of one of thethree basic inputs of the Standard Model (SM) ofparticle physics. An important quantity derivedfrom the line shape parameters is the number oflight neutrino species which is nowN� = ��inv�l �=����l �SM = 2:9835 � 0:0083, seeFig. 13; a direct method (the neutrino countingmethod) con�rms this result [34].From this determination one may deduce theamount of helium expected in primordial nucle-osynthesis: one expects 24%, in fair agreementwith astrophysical data. The charged lepton uni-versality is now established at the 0:1% level; themuon and the tau lepton appear more and moreto be replicas of the electron. The increased en-ergy of LEP (LEP2) allowed to study the reactione+e� ! Z� ! W+W�, proving the existence ofthe triple boson vertex, Z�W+W�, and a precisemeasurement of the W� mass, which very likelywill become one of the three inputs of the SM.LEP1 allowed a detailed study of QCD proper-ties, in particular a precise determination of thestrong coupling constant and of its variation withenergy (LEP2 is showing that the variation con-tinues to higher energies). It may be worth re-membering that precision measurements lead tothe �rst determination, below threshold, of themass of the quark top and now gives a hint of themass of the Higgs boson. LEP2 with data up tops = 202 GeV yields direct limits on the S.M.
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Figure 13. Ratio of the invisible width relative tothe leptonic width at LEP. From this type of data,using updates, one obtains now that the number ofneutrino families is 2.9835 � 0.0083.Higgs boson, mH� > 103 GeV , and on a varietyof particles prediced by models beyond the SM.HERA. At the asymmetric e+p collider (Ee =26:7 GeV; Ep = 820 GeV ) at Hamburg, two ex-periments are providing a wealth of informationon CC deep inelastic scattering, in particular atvery small values of x and large values of Q2.They also measure the neutral current (NC) crosssection, see Fig. 14 [35]; notice that it is related toparton densities and takes into account e�ects ofxF3. A considerable part of the HERA programconcerns the searches for particles predicted bymodels beyond the SM [35]. In particular newmore stringent limits on leptoquarks have beenpresented.9. GRAVITATIONAL WAVESThe earth should be continously bombarded bygravitational waves produced by distant celestialbodies subject to "strong" gravitational e�ects.The amplitude of the gravitational wave emittedby a celestial body is proportional to its mass, toits acceleration, and to the inhomogeneity in itsmass distribution. Gravitational waves are emit-
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x = 0.65 (x 2)Figure 14. Neutral current reduced cross sections vsQ2 measured in e+p collisions at HERA.ted when the quadrupole moment of an object oflarge mass is subject to large and fast variations.Only large celestial bodies subject to unusual ac-celerations should produce sizeable gravitationalradiation measurable on earth. These bodies maybe binary systems of close-by stars (in particu-lar when a neutron star is about to fall on theother); they yield a periodic emission of gravita-tional waves, with frequencies from few hundredHz to 1 MHz. Asymmetric supernovae explosionsmay give bursts of gravitational waves, with fre-quencies of the order of 1 kHz over few ms. Alsovibrating black holes, star accretions, galaxy for-mation, and the Big Bang may produce or haveproduced gravitational waves.A gravitational wave is a transverse wave whichtravels at the speed of light. A gravitational waveshould modify the distances between objects inthe plane perpendicular to the direction of prop-agation of the wave. These deformations are ex-pected to be extremely small. It has been esti-mated that a star collapse at the centre of ourgalaxy may produce a variation of the order ofh � 10�18 metre per metre of separation of twoobjects on earth. The Supernova 1987A in thelarge Magellanic Cloud could probably have pro-

duced a distortion 10 times smaller. A collapse inthe Virgo cluster (at MPc), should yield relativevariations of 10�21.Very sensitive instruments are needed to ob-serve gravitational waves. The two main lines de-veloped until now are resonating bars at low tem-peratures and long laser interferometric systems.A major program is underway for both types ofdetectors, hoping to be able to detect gravita-tional star collapses up to the Virgo cluster, cor-responding to h � 10�21. The supercooled (0.1K) bars NAUTILUS and AURIGA are operatingin Frascati and Legnaro (Padova), respectively.A pair of long interefometers (LIGO) are underconstruction in the US, while one long interferom-eter is under construction at Pisa (VIRGO) [36].Several detectors, in coincidence, are needed toensure that the observed signal is not spurious.The detection of gravitational waves wouldhave far reaching consequences. It would provethe validity of the general theory of relativity; inastrophysics it would open up a new observationalwindow related to violent phenomena in the uni-verse.10. CONCLUSIONSWe had an interesting and lively workshop ontopical subjects. Many new interesting resultswere presented, as well as many new proposals:the �eld of astroparticle physics in general and ofneutrinos in particular is very alive [37] and welook forward to many new exciting results in thefuture.I would like to thank Ms. Luisa De Angelis fortyping the manuscript. I acknowledge the coop-eration of all the colleagues at the workshop andthe help of the colleagues in Bologna.REFERENCES1. Soudan 2 Collaboration, Proc. of NEU-TRINO 98, Takayama, Japan; W.W.M. Al-lison et al., Phys. Lett. B449 (1999)137.2. MACROCollaboration, Proc. of NEUTRINO98, hep-ex/9810008; M. Ambrosio et al.Phys. Lett. B434 (1998)451; hep-ex9904;



15INFN/AE-99/09, INFN/AE-99/10; M. Spu-rio, this workshop.3. SuperKamiokande Collaboration, Proc. ofNEUTRINO 98, hep-ex/9810001; Y. Fukudaet al., Phys. Rev. Lett. 81 (1998) 1562.4. T Kajita, this workshop.5. V. Agrawal et al., Phys. Rev. D53 (1996)1314.6. M. Gl�uck et al., Z. Phys. C67 (1994) 433.7. W. Lohmann et al., CERN-EP/85-03 (1985).8. G. Fogli, S.F. King, D.P. Roy, W.G. Scott,this workshop.9. G. Battistoni, this workshop.10. M. Circella, this workshop.11. F. Terranova, this workshop.12. G. Bellini, A. Grandpierre, this workshop.13. I. Stancu, this workshop.14. T. Kawamura, this workshop.15. P. Harris, this workshop.16. G. Gratta (KAMLAND), this workshop.17. C. Vignoli, this workshop.18. A. Cocco, this workshop.19. C. Weinheimer, this workshop.20. E. Fiorini, Proc. of the Neutrino TelescopeWorkshop, Venezia (1999) page 35.21. M. Ambrosio, et al., INFN/AE-99/11;INFN/AE-99/12, INFN/AE-99/13.22. Neutrino telescopes: S. Bottai, C. Carlogam,P. Niessen, this workshop.23. DAMA Collaboration, R. Barnabei et al.,Phys. Lett. B450 (1999) 488.24. M. Sorel, this workshop.25. M. Sioli, E. Scapparone, this workshop.26. K. Bernl�ohr, A. Chiavassa, this workshop.27. D. Zavrtanik, this workshop.28. F. Frontera, A. Iyudin, this workshop.29. A. Alpat, this workshop.30. A. Morselli, R. Sparvoli, P. Spillantini, thisworkshop.31. M. Iacovacci, this workshop.32. L. Patrizii, M. Giorgini, M. Ouchrif, R. Wig-mans, this workshop.33. SuperKamiokande Collab., M. Shiozawa etal., Phys. Rev. Lett. 81 (1998) 3319; Y. Hay-ats et al., ICRR-453-99-11 (1999).34. The LEP Collaborations, CERN-EP/99-15;M. Chemarin, this workshop.35. M. Corradi, C. Beier, this workshop.

36. VIRGO, R. Passaquieti, this workshop.37. Proceedings of the 5th School on Non Acceler-ator Particle Astrophysics, Trieste UniversityPress (1999).


