
the
abdus salam
international centre for theoretical physics

strada costiera, 11 - 34014 trieste italy - tel. +39 040 2240111 fax +39 040 224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it

united nations
educational, scientific

and cultural
organization

international atomic
energy agency

  

H4.SMR/1574-27

"VII School on Non-Accelerator Astroparticle Physics"

26 July - 6 August 2004

Atmospheric Neutrino Oscillations

Giorgio Giacomelli

University of Bologna and INFN



Atmospheric NeutrinoAtmospheric Neutrino  OscillationOscillationss
G.G. Giacomelli Giacomelli

University of Bologna and INFN
7th School, ICTP, Trieste, 26/7-6/8 2004

 

 

1. Atmospheric neutrinos

2. Neutrino oscillations

3. Soudan 2

4. MACRO

5. SuperKamiokande

6. Discussion, Conclusions and Outlook



p, He, Fe …

p, He, Fe …

µ
µ

νµ

νµ

1. Atmospheric neutrinos

Eν: 0.1 GeV → 100 GeV
L: 20 km → 13000 km 
L/ Eν: 1 km/GeV → 105 km/GeV 

Downgoing νµ: “near” neutrino source
Upgoing νµ:      “far”  neutrino source
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2. ν-Oscillations (in vacuum)
   Weak flavor eigenstates νe, νµ, ντ
   Mass eigenstates  ν1, ν2, ν3

   Decays, Interactionsπ+ → µ+ νµ , νµ n → µ- p
   Propagation ν1(t) = ν1(0) e -Et

   Mixing νf = Σ3
m=1 Ufm νm

   If only 2 flavors  (νµ, ντ) , (ν1, ν2) :
Oscillation probability (appearance) over a distance L:

P(νµ → ντ) = sin2 2θ23 sin2 (1.27 Δm2
23 L/Eν)

    Disappearance over a distance L:
P(νµ  νµ) = 1 - P(νµ  ντ)

Simple formulae modified by : Additional flavor oscillations
            Matter effects

In case of oscillations: mν ≠ 0
Le, Lµ, Lτ violation
Neutrino decays ?





Atmospheric Neutrino Anomaly

Summary of results since the mid 1980's:

µ / e D a t a

µ /e M C
R’=

Water
Cherenkov

Calorimeters

Double ratio between the number of
detected and expected  νµ and νe



3. Soudan 2.  The Detector

224 1m x 1m x 2.7 m modules
963 ton total mass
5.90 fiducial kton-yr exposure

The detector is surrounded by a ~1700 m2 “veto shield”
which provides nearly 4π coverage for the identification
of charged particles entering / exiting the detector cavern.

The experiment is located 
2340 feet underground in 
the Soudan State Park, 
Minnesota.



Soudan 2

Up-stopping muons
  < Eν> = 6.2 GeV

Contained events
<Eν> ~ 1 GeV

Partially contained events
<Eν> ~ 6 GeV

“In-down” muons
<Eν> = 2.4 GeV

• 3 flavor categories (νe CC, νµ CC, NC) 
• 2 bins of resolution (“hi” and “low” resolution)
• Data corrected for neutral backgrounds (6% 
   in hi-resolution samples) 

νe quasi-elastic

νµ multiprong



Soudan 2

note scale
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Rν µ ν e

= 0.69 ± 0.12
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=
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DATA
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Soudan 2:  Results

Best Fit:

Δm2 = 0.0052 eV2

sin22θ = 0.97

fν(data/mc) = 0.90

MC ⇔ Bartol '96

Inclusion of systematic errors
and application of Feldman-
Cousins technique substantially
increases the size of the 90% CL 
region.  



Main features of Macro as ν detector

• Large acceptance (~10000 m2sr for an isotropic 
 flux) 

• Low downgoing µ rate (~10-6 of the surface rate ) 

• ~600 tons of liquid scintillator to measure  T.O.F. 
(time resolution ~500psec) 

• ~20000 m2 of streamer tubes (3cm cells) for 
tracking (angular resolution < 1° )

More details in Nucl. Inst. and Meth. A324 (1993) 337.

4. MACRO



Up stop In down

In upUp throughgoing

Absorber

Streamer

Scintillator

  1)
2)

 3) 4)

Detector
mass ~
5.3 kton

DATA SAMPLES(measured)
(Bartol96 expected)

__________________________

Up through(1)   857
    1169

Internal UP(2)  157
     285

In DOWN(3)+
   Stop(4)      262

     375

MACRO



Many ingredients in the Monte
Carlo simulation:
 CR flux
 ν cross sections
 secondary multiplicity distributions
 atmosphere model

Atmospheric
neutrino spectrum
from primary CR

primary CR

neutrinos



Monte Carlo
Neutrino cross sections



Flux reduction depending on zenith
angle for the high energy  events
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From MC: distortion of
the angular distribution

underground detector
Eν ~ 100 GeV
Lν ~ 10 - 104 km

Effects of νµ oscillations on
upthroughgoing events
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Through the
measurement of the
shape of the muon

zenith angle
distribution.

L(cosΘ=-1)~13000 km
L(cosΘ=0)~500 km
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MACRO-MonteCarlo



νµ        ντ  or  νµ        νsterile ?

OSCILLATION HYPOTHESIS
Minimum value for νµ            ντ : Rτ

min =1.61
Minimum value for νµ            νsterile : Rst

min =2.03
PROBABILITY FOR R < Rmin :
Pτ = 7.2% ;  Psterile = 0.015%            Pτ/Psterile = 480  

νµ         νsterile hypothesis
disfavoured at 99.8 % C.L.
with respect to νµ           ντ

Phys. Lett. B517 (2001) 59
Eur. Phys. Jou. C, in press

   MACRO



MACRO : L/Eν distribution
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From the shape of
the muon zenith
distribution

From the measurement
of the muon energy using
Multiple Coulomb
Scattering

Upthr. µ data
IU µ data

12% point-to-point syst. error

MC predictions for νµ         ντ 
oscillations with the best 
MACRO parameters 



MACRO : Low Energy Neutrino Events

Internal Up Internal Down
+ Up-stopping µ

Measured (points) and expected number (dashed lines) of upgoing semicontained events
(left) and up-stopping plus downgoing semicontained µ (right).
Solid lines: neutrino two flavor oscillations, with the best fit parameters
sin22Θ=1 and  Δm2=0.0023 eV2.  (Phys. Lett. B478 (2000) 5)



Zenith distribution 

MACRO : Combined analysis

Eν estimate 
IU, ID and UGS µ

R1= N(cos Θ < -0.7) /N(cosΘ > -0.4)

R2= N(low Eν) / N(high Eν)

R3= N(ID+UGS) / N(IU)

{H.E.

NO OSCILLATION HYPOTHESIS
RULED OUT BY ~ 5 σ

  Best fit parameters for  νµ  ντ
  Δm2 = 2.3 10-3 eV2  ;  sin2 2θ =1

L.E.

Predictions of the FLUKA and Honda Monte Carlo
H.E. 25% low ;  L.E. 12% low

Bartol96 may give additional evidence for oscillations:
Absolute values referred to Bartol96 MC:
               R4=(Data/MC)H.E.    ;    R5=(Data/MC)L.E.

With these informations, the no oscillation hypothesis is ruled out by ~ 6 σ
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Oscillation probability vs L (at fixed Eν)



• 1000 m Deep Underground
• 50,000 ton of Ultra-Pure Water
• 11000 +2000 PMTs

5. SuperK
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SK-1 Zenith Angle Distributions



SK. Exotic scenarios



SK. Ratios



SK. L/Eν distribution



SK - L/Eν significance



6. Discussion, Conclusions and Outlook
  Atmospheric neutrino data favor 2-flavor oscillations with
    maximal mixing

Δm23
2=

Soudan2   5.2 10-3eV2

MACRO   2.3    “
SK         2.4    “
K2K        2.7    “

{{

More exotic scenarios:
- Lorentz invariance violation : mixing between flavor and velocity
  eigenstates (MACRO, SK,...)
- neutrino radiative decay (NOTTE,...)

Oscillation pattern in L/Eν

Appearance experiments νµ    ντ (OPERA, ICARUS,...)

(SK,MINOS)

Δ

θ

No νµνσ  oscillations (MACRO, SK)






