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Summary	



The Gran Sasso Laboratory under the central 
Appenines(ITALY)	



The MACRO detector	



The search for magnetic monopoles, free quarks and 
other  exotic particles	



Study of the high energy muons and cosmic ray 
composition at the “knee” (1015 eV)	



Neutrino mass and oscillations in the atmospheric 
neutrino beam: neutrino conference 1998 evidence for oscillations 
from Superkamiokande, MACRO and Soudan2	



Neutrino astronomy	
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The Gran Sasso Laboratory in the central Appennines	



ITALY	


beside the Gran Sasso Tunnel (10.4 km long) on the highway connecting Teramo to Rome, at 
about 6 km from the west entrance at 963 m over the sea level and the maximum thickness of 
the rock overburden is 1400 m, corresponding to 3800 m.w.e.  
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Why This Laboratory?	


Cosmic ray muons at sea level      ~ 100 Hz / m2	



In the Gran Sasso Laboratory       ~  3 10-4 Hz / m2	



	

 	

 	

 	

          Emuon > 1.4 TeV	



Important for “low noise experiments”	



Astrophysical neutrinos ,dark matter , proton decay, 
monopole searches…….	



First Generation experiments : started in 1989	



Gallex (solar neutrinos), MACRO, LVD (neutrino from 
stellar collapse), double beta decay  experiments,          
EAS-TOP, (showers on the top of the mountain)	
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The MACRO detector in hall B  of the Gran Sasso 
Laboratory - proposed in 1984 	



dimensions 76.9 x 12.3 x9.9 m3	



Detectors : liquid scintillator counters  (in green), streamer tube chambers, CR39 
plastic detectors	
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1987	

 1990	



1995	

 2001	


Waiting for	


ICARUS	
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• Body text

Upgoing muon with 3 scintillator 
planes

• Body text

"Strip" view
"Wire" view

Scintillators

Full MACRO

Expanded 
View

1/! = " 1.01  #2 =1.6

(produced by a CC neutrino interaction in the rock under MACRO)	
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A big muon bundle (E>50000 GeV)	
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Magnetic monopole	


• very old question  (Pierre de Maricourt ≈ 1200)	


• 1931 Dirac: the magnetic charge g should be multiple of	



	

 	

	



 e is the elementary charge	



Numerically g=68.5 e	



  
g = 1

2
h
c
e

A  moving monopole produces an electric field 	

 E =
v
c
! B

dE
dx

! g2 = 68.52e2At high v/c	

 Very large signals in  
detectors!	



At low v/c : more complicated situation ( kinematical 
thresholds to have ionization ecc.)	
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1974 `t Hooft,  Polyakov	



1982   1 event detected?  Cabrera (superconductive loop)	
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95% scintillator 
trigger effic.	



95% Slow monopoles 
analysis effic.	



7 events analyzed 
also the in track 
etch detector	



Magnetic monopole combined search using the 3 detectors	
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Macro limit	



1984 proposal	
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Discovered ? See http://www1.msfc.nasa.gov/NEWSROOM/news/releases/2002/02-082.html	
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Search for lightly ionizing particles (free quarks etc)	



trigger efficiency ≈1   E>1 Mev	



Search region	



Flux limit ≈ 1.6 10-15   cm-2 sec-1 sr-1   for Q 1/5 : 2/3 e to be improved with full statistics	



Q=1/5 e	
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Cosmic Rays at Sea Level are due to  secondaries produced in the 
interactions of a primary (proton or  nucleon ) in the Atmosphere	


	


 Energy Spectra (of primaries) in the range of energies up to 1000	


 Tev    α≈2.7 ,after 1000 Tev α increases (“knee”)	


	


	


The Cascade is a Complex Phenomena  not  fully understood . 	


Complicated Montecarlo Calculations are in a  continuos 	


Development. The detailed Simulation of the Cascade is Difficult.	


Kinematical region not explored by accelerator experiments	


	


 At the sea level three main components : electrons (+ photons), 	


muons, hadrons.    Only muons  and neutrinos undergorund	


At energy < 1000 TeV cosmic ray produced probably in the 	


supernavae shock waves. Open problem at higher energy. 	



	



Cosmic Rays  : a few remarks	
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knee	



All particle 
spectrum	



Cosmic Rays  - a few remarks - Composition	



Direct measurements only at low energy	



LHC	

Tevatron	
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P,He..

π

!µ

!µ

!e

µ

"≈11.5
core

"≈4.5
mantle

Earth 

detector

e

Cosmic Rays  : the hadronic cascade	



Muon rate underground	
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MACRO Cosmic Rays  study  :                           
Down-going Muon rate  and Seasonal Effect	



Study of the seasonal effect: the muon rate is a function of the atmosphere 
profile dependent from the temperature	
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Cosmic Rays  study  : Astronomy with Down-
going Muons 	



Found (in an expensive way!) the moon and the sun (as event deficit)	



All sky search : no positive signal detected (as expected : charged particles are 
deflected by the galactic magnetic field)	



Moon	


Sun	
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Cosmic Rays  : check of the models for the	


cascade development at  the “knee”	



For example: 	


Study of the muon 
distance in muon 
bundles 
“decoherence”	



Raw data before 
unfolding	



Data are corrected for the 
detector finite size (unfolding)	
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23043 h live time   28160 coincidences	



Cosmic Rays: cosmic ray composition at “knee”	


MACRO EAS-TOP Coincidences	
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Cosmic Rays  : cosmic ray composition at “knee”	


MACRO EAS-TOP Coincidences	



Fit of the fraction p/Fe	

 Fit of the fraction(p+He)/(Mg+Fe)	



QGSJET Model	





F Ronga  - Munich  May 7 2002	



Cosmic Rays  study : 	


cosmic ray composition at “knee” 	


MACRO EAS-TOP Coincidences	



The change of composition support the idea of different origin 
of cosmic ray above the knee	



However the result depends strongly from the interaction model	



Similar results obtained by several experiment at sea level 
(Kascade - Casa Mia…Eµ>≈a few GeV). MACRO is the 
only one with Eµ>≈ 1.4 TeV. 	



This data could be used in future combined analysis of all 
experiments	
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Milestones in the Oscillating Neutrino 	


 1930  Pauli : the "neutrons" to explain the  missing energy	


 1934 Fermi : theory of beta decay and  the word 	

"neutrino"	


 1956 Reines and Cowan et al.: first direct detection of electron 
neutrino	


 1957 Pontecorvo : suggestion of neutrino oscillations	


 1963 Lederman Schwartz Steinberg detection of	



	

muon neutrino	


 1965 (Reines in South Africa and the KGF experiment in India) : 
first detection of  atmospheric neutrinos	


 1968 Davis et al.: first detection of neutrinos from the SUN. Flux 
lower than expected. δm2≈ 10-10 (vacuum solut.) or δm2≈ 10-5 eV2	


 1986 Beginning of the Atmospheric Neutrino  Anomaly 	


 (IMB - Usa and then Kamiokande Japan)  δm2≈ 10-3 ÷ 10-2 eV2	


 1995 LSND experiment anomaly(Los Alamos) δm2≈ 0.1 ÷ 1 eV2	
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1998 Evidence for Oscillations in the Atmospheric 
Neutrinos?  (Superkamiokande,  Soudan2,MACRO,...) 	


	


2002   SNO : evidence for muon neutrino appareance in the path 
from the SUN to the Earth and matter effect in the earth	



Milestones in the Oscillating Neutrino	
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The Oscillating Neutrino

• Pontecorvo suggestion :

if we postulate

1) Neutrino have different masses
2) The Weak eigenstate is a mixture of Mass
Eingenstate  then:
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 Oscillating Neutrino crossing the Sun/Earth could have a "Matter Effect" (MSW). 	


This occurs when the two oscillating neutrinos have different 	


interactions in the matter (for example νe has interaction with electrons in the 
matter different from νµ)	



Vweak =
±Gf nB
2 2

-2Yn+4Ye  for !e
-2Yn              for !µ
0               for !s

x ,!"

+ sign for neutrinos, nB= barion density, Yn,Ye= neutrons (electrons)  for one 
barion	


	


quite important in the three flavor oscillation analysis and in the sterile 
neutrino analysis	


 for mixing=1 the effective mixing is reduced for the matter effect	


 for mixing<1 enhancement for particular values of parameters (MSW resonance)	



The Oscillating Neutrino: Matter effects	
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• large !m2  due to the energy spread of a typical

neutrino beams  Posc=
sin2 2"( )

2

• small  !m2 Posc=sin2 2"# 
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 the line is defined typically by 	


χ2 = χ2min +x (x=4.6..). X  depends from  the 
"physical region”	


	


 Not well defined (Feldman Cousins) also 
called exclusion plot)	


	


 This plot has  no information on the goodness 
of one of the two hypotheses (oscill. in a given 
flavor /no oscill )  should be done only with a 
good χ2min. 	



	



The Oscillation Plot 	
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Neutrino Oscillations was one of the motivation for  the 
MACRO proposal (1984)!!	
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Up 
stop	



In 
down	



In 
up	



Up 
through	



Neutrino event topologies in MACRO	



•  Detector mass ~ 5.3 kton	


	



(1) Up throughgoing µ      (ToF)	


(2) Internal Upgoing µ      (ToF)	


(3) Internal Downgoing µ (no ToF)	


(4) UpGoing Stopping µ   (no ToF)	



Absorber	



Streamer	



Scintillator	



(1)	

 (2)	


(3)	



(4)	
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Energy spectra of ν events detected in MACRO 	



•  Emedian ~ 50 GeV for Throughgoing muons;	


•  Emedian ~ 4.5 GeV for Internal Upgoing (IU) µ;	


•  Emedian ~ 3.5 GeV for Internal Downgoing (ID) µ	


	

               and for UpGoing Stopping (UGS) µ;	



Low energy events (IU, ID+UGS) allow to investigate the ν oscillation parameter space 
independently from throughgoing muons	
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Total : 809 ev	



Total  809	



Prediction 1122±17%	



1
!
=
T1 + T2 " T3 " T4( )c

2L
=

+1  µ	



-1   µ	



T1	



T3	

 T4	



T2	



L>2.5m	

Streamer tube track	



Neutrino Induced Upward Throughgoing muons	


 	



	



*  β evaluation: 

Event selection based on time-of-flight method 

R=data/prediction= 0.72  
±0.026(stat)±0.043	


(systemat.)±0.12(theor)	



Event deficit?	
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χ2  test on the angular 
distribution (10 bins)	


        with prediction 
normalized to data :	


	


• χ2  = 9.6/9 d.o.f  for νµ      
ντ  with maximum mixing 	


       and  Δm2 ~ 0.0025 eV2                  

	

  P = 37 %	


	


• χ2  = 25.9/9 d.o.f. for no - 
oscillations    P = 0.2 %	



Neutrino in MACRO : Evidence of oscillations from the 
UPMU angular distributions angular distribution	
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•  The plot is for maximum mixing	


   P(sterile) = 0.033%                  P(τ) = 8.4%	


•  Sterile neutrino disfavored with respect to τ at 	


  >99% C.L. for any mixing (7% systematic on the ratio)	



• to discriminate sterile neutrino oscillations(matter effects) and   
τ neutrino oscillations (no matter effect)	
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Peak probability from the angular distribution≈37%
                              from the combination ≈66%

angular distribution
 in 10 bins

Probabilities for maximum mixing and νµ--> 
ν
τ oscillations	
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Recently : additional information coming from the 
muon energy measurement using the multiple 

coulomb scattering	



Eµ)	



dNµ / dLog(Eµ)	


(a.u.)	

 No oscillations	



dm2=0.001	



dm2=0.002	



dm2=0.005	



dm2=0.01	



Macro ≈ 25 X0	



Streamer tube 
spatial resolution:	



σ ≈1 cm digit (3x 3 
cm cells)	



	



σ ≈ 0.3 cm 
measuring  the 
drift time	



	

Saturation using drift	



Muon energy distribution	
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E lowν ≈ 15 GeV	



E highν ≈ 170 GeV	



0.5

1

1.5

2

10-5 0.0001 0.001 0.01 0.1

R
at

io
 

dm2

Upward Going Muons
Ratio E low / E high using multiple coulomb scattering

Nlow=  46
Nhigh= 54

Probability to have R noscillation <= R measured ≈ 2.4%
theoretical error ≈ 17%

Predictions for oscillation in neutrino
 tau and maximal mixing  
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Neutrino :Low energy results	



DATA:	

 	

154 ± 12stat	


MC: 	

 	

 	

285 ± 28sys ± 57theo	


MC (Δm2=0.0025 eV2): 	

168 ± 17sys ± 34theo	



DATA:	

262 ± 16stat	


MC: 	

 	

376 ± 38sys ± 76theo	


MC (Δm2=0.0025 eV2): 	

284 ± 28sys ± 57theo	



Internal down + Upgoing stopping µ’s	



Internal Upward going µ’s	



thsysstat
IUMC

Data 11.005.004.054.0
)(

±±±=

thsysstat
UGSIDMC

Data 14.007.004.070.0
)(

±±±=
+

•  Zenith angular distributions	


  	

      constant deficit 	


  	


•  RIU and RID+UGS not same 	


reduction 	


	


deficit not due to 	


theor. overestimate of ν 	


flux/cross sections	


	


IU and ID+UGS have	


<Eν> ~ 4 GeV 	
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Neutrino oscillations : Double Ratio 	



•  Most of the theor. err. cancel (<5%)	


•  Systematic err. reduced (~6%)	


	



Data: 	

 	

R = 0.59 ± 0.06stat	


	



Expected (No oscillations):      	


R = 0.76 ± 0.04sys ± 0.04th	



	

	


	



Probability to obtain double ratio so far from expected is ~2% 

===>>>> UP /Down Asimmetry 

Expected reductions for  

Δm2 ~1-10 ×10-3 eV2 sin22θ=1  

1/2 for IU 1/4 for ID+UGS 	


Internal	



Downgoing	


Upgoing	



Stop	



R =	


+	
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The physical quantity for 2 flavor 
neutrino oscillatons is  L/Eν	



17% theoretical error	

 25% error	



L =path length	



E=neutrino 
energy measured 
using the multiple 
coulomb scattering 
(external events)	
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MACRO 90% allowed region for different 
event samples	

 Everything 

consistent with 
νµ --> ντ 
oscillations 	


•Angular 
distribution	



•Up Down 
Asymmetry	



•Energy 
distribution	



•Event rate	


Evidence for 
oscillations 
≈105 :1 	
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MACRO 90% allowed region, 	


SuperKAmiokande and Soudan2 	



Best point for 
MACRO 
dm2=0.0025eV2	



(no change since 1998)	



Same as SK	
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Neutrino astronomy	



Possible neutrino sources:	



Galactic binary systems and Supernova 
remnants (Crab nebula..)	



Active Galactic Nuclei	



Gamma Burst Sources……...	



	



	



Proposed around 1960 (Greisen) Neutrino are not deflected by 
magnetic fields and not absorbed by matter	



Expected signals < 0.1 ev/yr/1000m2	



	



Detection  :  Upward going muons	
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Neutrino astronomy	


Neutrino are produced in the cascade produced at the source by the 
primary protons. Spectral index ≈ 2.1. 	



Atmospheric neutrinos are a background for this search, but 
spectral index ≈ 3	



MACRO SKY SURV ���EY	



1356 
events	
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Neutrino astronomy :search for point like sources	



  Angular cone 3 degrees	


• Search around know sources	


• All sky search for cluster of	


 events	



	



Upper limits for 42 
selected sources	


(Astr Journ 546 1038 2001)	



GX339	
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Neutrino astronomy:  Galactic MicroQuasars	


High interest in the last months: microquasars (galactic 
objects with a mini-balck hole in the center ) could be very 
interesting sources of neutrinos	



NEUTRINO FLUX PREDICTIONS 
FOR KNOWN GALACTIC 
MICROQUASARS. 
By C. Distefano (Catania U. & INFN, LNS), D. 
Guetta (Arcetri Observatory), E. Waxman 
(Weizmann Inst.), A. Levinson (Tel Aviv U.). 
Feb 2002. 17pp. : astro-ph/0202200  

The largest excess in 
MACRO is from GX339-4 	



7 events (1.9 background) 	



Prob≈1% (42 sources exam.)	



Ev/year/1km2	
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True signal or statistical fluctuation?	



Con:	


• we have 1 event in an 1.5 degrees 
cone (expected ≈ 60%)	



• signal 10 time larger than expected 
(but inside the typical errors of such 
calculation)	



Neutrino astronomy:  Galactic MicroQuasars	



Wait for future experiments..	
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Neutrino astronomy:  diffuse high energy neutrino 
flux from extragalactic source	



Search for TeV events with a very high energy deposition in the 
scintillators and streamer tube; 	



Log10(E (GeV))

E2
(G

eV
 cm

-2  s-1  sr
-1 )

10
-9

10
-8

10
-7

10
-6

10
-5

2 3 4 5 6 7 8 9

MACRO limit  	


Baikal and Amanda unpublished	



2 events found	



 1 expected from 
atmospheric neutrinos	
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Other MACRO neutrino negative searches	



Search for dark matter (WIMPS) from the center of the 
SUN or EARTH, this search uses the upgoing muons	



Search for burst of neutrinos from galactic 
Supernova (1989-2000)	
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Summary and Future (1)	


All the goal of the proposal reached	



• Magnetic monopole and exotic particle search : 	



the best limit in the world; complementary technique to identify a 
single monopole; Not easy to improve this search	



• Cosmic ray physics and composition around the knee:	



  several experiments are working (one of the best is Kascade in 
Germany); however the MACRO and EAS-TOP data will remain 
unique (Eµ > 1.4 TeV).	



• Atmospheric Neutrino Oscillations. 	



The most interesting result. Unfortunately obtained only in 1998, 
MACRO had the potentiality to claim  atmospheric neutrino 
oscillations without the SuperKamiokande data.	
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Summary and Future (2)	



• Atmospheric Neutrino Oscillations. 	



No future atmospheric neutrino experiment planned. The future is 
in the long base line beams (Fermilab-Soudan,CERN-Gran Sasso, 
KEK - Kamioka) 	



• Neutrino Astronomy. 	



Currently the MACRO data set is the best in the world (angular 
resolution better than SuperKamiokande). The future is already 
started with the under-ice and under-water experiments (Amanda, 
Antares, Nemo, Baikal) It will be interesting to see if the 
Microquasar signal is real	




