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Pauli (1930)"

and the “desperate remedy”"

of the “neutron”"
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Fermi (1933)"

and the first theory 
of the “neutrino”"
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Some features of the neutrino (at the time of Fermi)!

•  Mass-less or almost mass-less particle"

•  Electrically neutral"

•  “Fermion”  (particle with “spin”):  a spinner made of nothing !?"

•  Extremely small matter interaction probability:"

can travel tens of light years in matter without interacting !!"

•  For this reason it took 25 years to discover the neutrino !"
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Artificial neutrinos?$

1020 = 100 billion of billions)
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Soon after its discovery the neutrino contributed in solving a 
long standing problem:!

can one distinguish left from right ? "

Or better: can we distinguish our “real” word from the one in the mirror ?)

neutrinos and parity violation$
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Where do neutrinos come from? …and how many are they?$

one second after the Big Bang….) HJ)58)6%"7&$0$()U)53%&-)HIJH)
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Masatoshi Koshiba!

2002 Nobel Prize for the introduction of neutrino astronomy 
(detection of SN1987A neutrinos) "
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Neutrino astronomy $
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A. Ereditato - April 2012 
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A series of key experiments conducted in the last three 
decades with atmospheric and solar neutrinos, and 
confirmed with reactor and accelerator neutrinos, has 
allowed to firmly establish the first evidence of physics 
beyond the Standard Model of Particles and Interactions:"

" ""

! !neutrino oscillations!
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Neutrino state cross-composition 
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For the special case of !µ ! !e oscillations, we have:"

%13 is the link between 
solar and atmospheric 
oscillations!

In vacuum, at leading order:"
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sin22%12"

&m2
23"

&m2
12"
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Classification of neutrino oscillation experiments 

CC interaction of !b producing the charged lepton b, whose appearance is detected 

NEED:  
 1) no !b in the initial beam (or a small fraction very well known) 
 2) E! sufficient to produce a b lepton 
 3) high efficiency in detecting the b lepton  
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CC interaction of !a producing the charged lepton a, measured where oscillations do-not/do occur 

NEED:  
 1) tiny effects: very good knowledge of the beam, and good control of detector systematics 
 2) useful to have ‘near’ and ‘far’ detector of the same type (mass scaling with L2) 
 3) look for spectrum distortions   
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! µ"

e± 

'±"

'("

Primary cosmic-rays:"
( protons, light ions … )"

µ"
!"

e± 
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Cerenkov ring detection in Super-Kamiokande"

!µ"

µ"

(!e)"
(e)" N

N’!
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A first problem: integral electron and muon distributions"
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A. Ereditato - April 2012 

The data also indicate that the"
atmospheric neutrino deficit "
is due to !µ! !$ oscillations "



_`)58)6%"7&$0$()U)53%&-)HIJH)



_a)

No !e-!x oscillations in the same parameter region as atmospheric 
neutrinos: it must predominantly be  !µ !$"
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Sensitivity range of neutrino oscillation experiments 

Following the results obtained with atmospheric neutrinos:"
experiments with artificial (accelerator) neutrinos sensitive 
to the same oscillation parameters"

Posc ~ sin2 (&m2 L/4E)"

oscillation &m2 (eV2) L (km) E (GeV) source typical 
Experiment 

atmospheric ~10-3 100-1000 1-10 accelerator K2K, MINOS, 
OPERA, T2K 

solar ~10-5 10-100 10-3-10-2 reactor 
CHOOZ, 

KamLAND 
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Typical accelerator neutrino beam (NUMI, Fermilab)"
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K2K: the mother of all LBL experiments "

!µ disappearance experiment 
to probe the SK atmospheric 
neutrino result.  !

near/far detectors 
comparison: event rate and 
energy spectrum shape"

(various detectors) !
`H)



K2K results (oscillation parameters) 
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K2K event energy dependence 
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K2K results: "
1.7 < &m2  < 3.5 eV2  for sin22% = 1 (90% CL) !
(!µ disappearance plus shape distortion)!

K2K confirmed SK:"
1.5 < &m2 < 3.4 eV2  for sin22% > 0.93 (90% CL)!
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MINOS in the NuMi neutrino beam!

•  low E neutrinos (few GeV): !µ disappearance experiment"
•  4 x1020 pot/year ! 2500 !µ CC/year"
•  compare Det1-Det2 response vs E ! sensitivity to &m2

atm"

•  main goal: reduce errors on &m2
23 and sin22%23 as needed to measure sin22%13"

•  some sensitivity to %13"

Magnetized steel/scintillator calorimeter"
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!µ  !$" !µ  !$"
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One can also look for oscillation appearance…"



73 

P(!µ!!$) ~ sin22%23cos4%13sin2(&m2
23L/4E) 
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Pb 

"+#-,&(')-0."%,)

!$"

$"

1 mm 
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9!O\)?"0+P)$#'"7):(%)!$U033"0%0'/")0$)>!O\)*a]I)M+):%(+)96E!2))

< E > 17 GeV 

L 730 km 

( !e + !e) / !µ  (CC) 0.87% 

!µ / !µ  (CC) 2.1% 

!$ prompt negligible 

L = 730 km"
CERN"

LNGS"

Tflight = 2.44 ms"

6N3"/$"7)'"#$%&'()&'$"%0/1(',):(%)HH8_NJIJc)3($P))
v)H]`II)!µ)99)u)!9)
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Two target super-modules, each with an iron spectrometer for 
muon detection (BG rejection and tau-into-muon decay channel) 
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The OPERA target consists of 150’000 
ECC bricks.!

Total 105’000 m2  of lead surface!

and 111’000 m2  of film surface !!

(~ 8.9 million films)!

Total target mass: 1.25 kton!

57 OPERA films, 56 lead plates 

1mm 
0.3mm 

Lead 
plate 

@.?%&7)$0%A"$),$%#/$#%"8

*9\2
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12C+p     13N+#"

      13N      13C+e++!e   (1.2 MeV)"
13C+p      14N+#"

14N+p      15O+#"

     15O       15N+ e++!e (1.73 MeV)  "

15N+p      12C+4He"
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The solar  
neutrino problem 

a8a)

uJ8])

UJ8J)

Cl H2O Ga 

J8I)

uI8HI)

UI8J`)
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Ua)
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O![)
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Ua) a^)
ua)

U`)
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\![)99)
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By fitting data from all the experiments: the detected 7Be flux is 
consistent with 0 while the 8B flux is reduced by about one half. But 
8B neutrinos are produced from 7Be ! 

58)6%"7&$0$()U)53%&-)HIJH)



cJ)

3MMM%JB@@-C%!+"%

JH)+)7&0+"$"%)5/%.-&/)w",,"-)

Jb)+)7&0+"$"%),#33(%$),$%#/$#%"})c_II)<dF,)*v`Ig)
34($(/0$4(7")/(C"%0A"2)

JaII)$(''",)&''"%),4&"-7&'A)@H[)

_]II)$(''",)(#$"%),4&"-7&'A)@H[)

B%.-(')-&'"%)%07('),"0-)

7"3$4P)HIcH)+)*v`IJI)+8Q8"82)vaI)+#(',p70.)

$0;.0/2%&-0J/?@B%
".C-/O1JB/2%



cH)

!"#$%&'()E"0/1(',)&')\![))

-  Q = 1.445 MeV 
-  good measurement of !e energy spectrum 
-  some directional info ) (1 – 1/3 cos%) 
-  !e only 

-  Q = 2.22 MeV  
-  measures total 8B ! flux from the Sun 
-  equal cross section for all active ! flavors 

-  low statistics  
-  mainly sensitive to !e, some !µ  and  !$ 
-  strong directional sensitivity 

NC!
x x ! ! + + *"+ n p d 

ES! + *"+ e! !"e! !" x  

CC! e! p p d + + * + ! e 

x 
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Combining all solar neutrino results!
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Clarifying result: KAMLAND (2002)!
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KAMLAND (2002)!
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KAMLAND results (2007)!
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KAMLAND results (2007)!
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KAMLAND results complementary !
to solar neutrino experiments!
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!µ ! !e oscillation as a tool to measure %13 with accelerator neutrino experiments.  "

•  small effect (< 5%)"
•  prompt !e contamination at % level (accelerator neutrino beams)"

•  main BG: '° production in NC and CC interactions"

•  additional BG: low energy muons and pions can fake electrons"

!e ! !µ oscillations (with accelerator neutrinos) can solve most of the problems but hard to 
make !e beams (wait for a next generation facilities)"

!e ! !µ with reactor experiments: a serious option!"

The last mixing angle: %13 "

P(!µ!!e) ~sin22%13sin2%23sin2(&m2
23L/4E) 

P(!"!!x) ~sin2%13sin2(&m2
23L/4E) 

accelerator:)

reactor:)
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Measurement of %13 with LBL accelerator experiments "
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 The first Super-Beam: off-axis T2K, from JAERI at Tokai to SK"

•  low E! (<1 GeV) Super-Beam: 1021 pot/year"
•  @ 2° ! 3000 !µ CC/year (x10 w.r.t. K2K)"
•  0.2% !e contamination and '° BG"

µ  monitor (beam "
direction and intensity)"

! energy spectrum "
and intensity"

Detect LBL events"
with SK "
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 !µ disappearance with T2K"
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Measurement of %13 with LBL reactor experiments "
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Measure %13 with nuclear reactors  "
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Example: one “near” and one “far” detector)
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Detectors and sensitivities"
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Measurements of %13 before Daya-Bay"
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Daya-Bay: reactors and detectors"
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Detection method"
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Two Antineutrino Detectors (AD)"
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Discovery of a non zero %13 angle !)
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Very recent confirmation from another reactor experiment: "
RENO, in South Korea)

,&'HHÄJ])j)I8JI])|)I8IJ])*,$0$82)|)I8IJJ)*,.,$82))

6.3 standard deviations!)
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Summary of the cross-mixing sector"
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The final 3 flavor mixing scheme"
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Fine, but maybe the “simple” three flavor mixing scheme is too simple?"

Sterile neutrinos??)
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Sterile neutrinos ??)
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Very different: need a precision study of the neutrino mixing matrix"

Quark vs lepton mixing"
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Why the neutrino mass is so small ?"
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Why the neutrino mass is so small ?"
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_]`#%!#'#['"9$*%

Insulation!

# ~70 m!

h =20 m!

Electronic crates !

XXXL Liquid Argon TPC’s !
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B/%@?HbJI1/-%aa%
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