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and 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Lipari 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use of some of 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slide material  

•  General informa/on and history: what is special with the neutrino ? 

•   Neutrino oscilla/ons: hoRest topic in neutrino physics 

•  Forced selec/on of oscilla/on experiment subtopics: a not exhaus/ve 
list of oscilla/on experiments (which gave or are going to give results 
soon) is presented below: 

Homestake, Gallex, Sage, GNO, SNO, Kamiokande, Super‐Kamiokande, Borexino, MACRO, 
Soudan2, CHOOZ, Double‐Chooz, Palo Verde, Kamland, Reno, Daya‐Bay, K2K, MINOS, 
OPERA, T2K, NOVA, ICARUS, LSND, Karmen, MiniBoone, CHORUS, NOMAD, …. 

IMPOSSIBLE TO ACCOUNT FOR ALL OF THEM! 

•  An arbitrary selec/on is imposed…apologies…. 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One of the most famous leRers of par/cle physics 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BeRer detec/on method…. 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DONUT experiment at FERMILAB: first detec/on of ντ with an ECC based detector 
 (K. Niwa and collaborators): 9 τ events, 1.5 BG. 

K. Kodama et al. (DONuT Collabora/on), Phys. LeR. B 504, 218 (2001).  

A third neutrino flavor! 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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




Bruno Pontecorvo 

21 



Quantum mechanical mixing can take place, 
as it happens for quarks 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Neutrino state cross-composition 
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For the special case of νµ  νe oscillations, we have:


θ13 is the link between 
solar and atmospheric 
oscillations


In vacuum, at leading order:
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sin22θ13

sin22θ12


Δm2
23


Δm2
12


Example: νe survival probability as a func/on of L/E 

30 



An/cipate a fundamental ques/on 

The occurrence of neutrino oscilla/ons implies that the neutrino has a mass 
(actually 3 non‐degenerate mass eigenvalues) 

From oscilla/on experiments we cannot set the mass scale, but only a lower limit: 
if m1 ~ 0  m3 > √ 3x10‐3 eV2 ~ 50 meV. From cosmological and direct mass 
measurements it turns out that the neutrino mass is smaller than ~1 eV. 

The ques/on is then: why the neutrino mass is so much smaller that that of the 
other fermions? 

Maybe because the neutrino is a Majorana par/cle…. 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Classification of neutrino oscillation experiments 

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

NEED:  
 1) no νb in the initial beam (or a small fraction very well known) 
 2) Eν sufficient to produce a b lepton 
 3) high efficiency in detecting the b lepton  

APPEARANCE experiments 

νa ‐ νb oscilla/ons  detector 

νb 
νa 

lb 

oscilla/ons 

DISAPPEARANCE experiments 

νa 

νa 

la 

νa  νa and νb  

la 

oscilla/ons 

νa ‐ νx oscilla/ons 

la 

CC interaction of νa 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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How neutrino oscillation results are presented


€ 

P(ν µ →ν µ ) =1− sin2θ23 ⋅ sin
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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 (Δm2 L/4E)


oscillation Δm2 (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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ν µ


e± 

π±


πο


Primary cosmic-rays:

( protons, light ions … )


µ

ν


e± 
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Cerenkov ring detection in Super-Kamiokande


νµ


µ


(νe)

(e)
 N

Nʼ
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A first problem: integral electron and muon distributions
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A.Ereditato SS 2010 

Posc = sin22θ sin2 (Δm2L/4E)


The data also indicate that the

atmospheric neutrino deficit 

is due to νµ ντ oscillations 
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No νe-νx oscillations in the same parameter 
region as atmospheric neutrinos
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Typical accelerator neutrino beam (NUMI, Fermilab)




K2K: the mother of all LBL experiments 


νµ disappearance experiment 
to probe the SK atmospheric 
neutrino result.  


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


(various detectors) 




K2K physics goals 



The K2K beam line 



K2K near detectors 



K2K (SuperKamiokande) event 





K2K results (oscillation parameters) 







K2K event energy dependence 



K2K results: 

1.7 < Δm2  < 3.5 eV2  for sin22θ = 1 (90% CL) 

(νµ disappearance plus shape distortion)

oscillation hypothesis confirmed at 3.9 σ 


K2K confirms SK:

1.5 < Δm2 < 3.4 eV2  for sin22θ > 0.93 (90% CL)




MINOS in the NuMi neutrino beam


•  low E neutrinos (few GeV): νµ disappearance experiment

•  4 x1020 pot/year  2500 νµ CC/year

•  compare Det1-Det2 response vs E  sensitivity to Δm2

atm


•  main goal: reduce errors on Δm2
23 and sin22θ23 as needed to measure sin22θ13


•  some sensitivity to θ13


Magnetized steel/scintillator calorimeter
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νµ - ντ
 νµ - ντ
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P(νµντ) ~ sin22θ23cos4θ13sin2(Δm2
23L/4E) 

           OPERA: first direct detec/on of neutrino oscilla/ons in appearance mode  

following the Super‐ Kamiokande discovery of oscilla/ons with atmospheric neutrinos and the 
confirma/on obtained with solar neutrinos and accelerator beams. Important, missing /le in the 
oscilla/on picture.  

The PMNS 3‐flavor oscilla/on formalism predicts: 

Requirements: 

1) long baseline, 2) high neutrino energy, 3) high beam intensity, 4) detect short lived τ’s 

νµ 
νµ


µ- 

decay “kink” 

ντ 

ν 

τ- 

~1 mm 

νµ

             oscilla@on 

µ- , h‐  , e‐ 

plus 3‐prong decay modes 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Pb 

emulsion layers 

ντ


τ


1 mm 

interface films (CS) 

ECC brick 

electronics 
trackers 

•  Intense, high‐energy muon‐neutrino beam 
•  Massive ac/ve target with micrometric space resolu/on 
•  Detect tau‐lepton produc/on and decay 
•  Use electronic detectors to provide “/me resolu/on” to the emulsions  
  and preselect the interac/on region 

THE PRINCIPLE OF THE EXPERIMENT: ECC + ELECTRONIC DETECTORS 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CNGS beam: tuned for ντ‐appearance at LNGS (730 km away from CERN)  

< E > 17 GeV 

L 730 km 

( νe + νe) / νµ  (CC) 0.87% 

νµ / νµ  (CC) 2.1% 

ντ prompt negligible 

L = 730 km

CERN


LNGS


Tflight = 2.44 ms


Expected neutrino interac/ons for 22.5x1019 pot:  
~ 23600 νµ CC + NC 
~ 160 νe + νe CC 
~ 115 ντ CC (Δm2 = 2.5 x 10‐3 eV2) 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LNGS of INFN, the world largest underground physics laboratory: 

~180’000 m3 caverns’ volume, ~3’100 m.w.e. overburden, ~1 cosmic µ / m2 x hour, 
experimental infrastructure, variety of experiments. Perfectly fit to host detector and related 
facili/es, caverns oriented towards CERN. 

OPERA 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Two target super-modules, each with an iron spectrometer for 
muon detection (BG rejection and tau-into-muon decay channel) 



10.2 cm 

12.5 cm 
7.5 cm 

10 X0 

neutrino 

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 

Hybrid target structure.


(CS) 


The heart of the experiment: 
THE ECC TARGET BRICKS 

76 

(CS) 




intrinsic resolu/on: 50 nm  

INDUSTRIAL EMULSION FILMS BY FUJI FILM


devia/on from linear‐fit line. (2D) 
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Plas/c Base (205 microns)


Emulsion Layer 


Emulsion Layer (44 microns) 


basic detector: AgBr crystal, 

size = 0.2 micron 

detec/on eff.= 0.16/crystal 

1013 “detectors” per film 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20 μm 

mip 

electron ～100 keV 

sensi/vity 15 grains/44 microns 

high dE/dx tracks 
from nuclear evapora/on 



PARALLEL ANALYSIS  
OF BRICKS


     selected bricks sent to scanning 
labs (presently 12) 

one of the brick scanning labs


To Jap
an 

Padova 

To Dubna 

LNGS  To Ankara 

Bern 

Bologna 

Roma 

LNF 

Napoli 
Salerno 

Bari 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1 cm


Emulsions give 3D vector data, with micrometric precision of the vertexing accuracy. 

The frames correspond to the scanning area. Yellow short lines  measured tracks.  
Other colored lines  interpola/on or extrapola/on.  

Located neutrino interac/on
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Charm candidate event (dimuon)


4 mm


flight length: 1330 microns 
kink angle: 209 mrad 
IP of daughter: 262 microns 
daughter muon: 2.2 GeV/c 
decay Pt: 0.46 GeV/c 

kink 


x‐view


1ry 
vertex 

1.3 mm


1ry muon 


daughter muon 


80 



81 

Event reconstruc/on (1) 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Event reconstruc/on (2) 

Zoom 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OPERA has observed 1 event in the 1‐prong hadron τ decay channel, 
with a background expecta/on  (~ 50% error for each component) of: 

   0.011  events (reinterac/ons) 
   0.007  events (charm) 

    
   0.018 ± 0.007 (syst) events 1‐prong hadron 

all decay modes: 1‐prong hadron, 3‐prongs + 1‐prong μ + 1‐prong e : 
    
   0.045 ± 0.020 (syst) events total BG 

                       

By considering the 1‐prong hadron channel only, the probability to observe 1 event  
due to a background fluctua/on is 1.8%, for a sta/s/cal significance of 2.36 σ on the 
measurement of a first ντ candidate event in OPERA. 

If one considers all τ decay modes which were included in the search, the probability  
to observe 1 event  for a background fluctua/on is 4.5%.  
This corresponds to a significance of 2.01 σ. 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12C+p     13N+γ


      13N      13C+e++νe   (1.2 MeV)

13C+p      14N+γ


14N+p      15O+γ


     15O       15N+ e++νe (1.73 MeV)  


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

7.7 

+1.3 

‐1.1 

Cl H2O Ga 

1.0 

+0.20 

‐0.16 

129 

+9 

‐7 

2.58 ± 0.23 

Homestake 

0.47 ± 0.02 

SuperK 

0.54 ± 0.08 

Kamiokande 

SAGE 

Gallex 
 + 

GNO 

75 
+8 

‐7  74 
+7 

‐6 

0.35 ± 0.03 

SNO CC 

             8B               7Be            pp, pep         CNO            exp. 

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 ! 
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1000 tonnes D2O 

12 m diameter Acrylic Vessel 

18 m diameter support structure; 9500 PMTs (~60% 
photocathode coverage) 

1700 tonnes inner shielding H2O 

5300 tonnes outer shielding H2O 

Urylon liner radon seal 

depth: 2092 m (~6010 m.w.e.) ~70 muons/day 

Sudbury Neutrino 
Observatory 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Neutrino Reac/ons in SNO  

-  Q = 1.445 MeV 
-  good measurement of νe energy spectrum 
-  some directional info ∝ (1 – 1/3 cosθ) 
-  νe only 

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

-  low statistics  
-  mainly sensitive to νe, some νµ  and  ντ 
-  strong directional sensitivity 

NC

x x ν ν + + →
+ n p d 

ES
 + →
+ e− ν
e− ν
 x  

CC
 e− p p d + + → + ν e 

x 
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…this millennium (a}er the SNO result of 2002): 
everything points to MSW maRer oscilla/ons in the Sun 

Solar neutrinos produced in the Sun core with E ≤ 2 MeV only experience  
averaged vacuum oscilla/ons in the Sun with P(survival) ≃ 1 − 1/2 sin2 2θ12 ≥ 1/2 

If E ≥ 2 MeV than P(survival) ≃ sin2 θ12 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KAMLAND results (2002)
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KAMLAND results (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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In summary, out of all these experiments…. 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Our knowledge of the oscillation parameters 


Note that:

 sin2θ13 < 0.04  

sin22θ13 < 0.15 and 

θ13 < 11°
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VCKM ≈UPMNS ?

θ12=13o 

θ23=2.4o 

θ13=0.21o 

θ12=33±3o 

θ23=45±8o 

θ13 <11o 

Quark mixing  Neutrino mixing 

(3 mixing angles in VCKM and UPMNS? ) 

Very different: need a precision study of the neutrino mixing matrix


Quark vs lepton mixing
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This suggests that physics of neutrino mass could be 
related to physics of Grand Unifica/on!   

M
as
s 
(e
V/
c2
) 

genera/on 

Quarks 
and 
leptons 

3ν
2ν









×

≈







12

3
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1

)(
)(

quarktopm
m ν

See‐saw mechanism  Minkowsky, Yanagida,                           
Gell‐mann, Ramond, Slansky 

N

q

m
m

m
2

≈ν
If we input mν3 and mq (mtop is used), 

we get mN= 1015 GeV 

Why the neutrino mass is so small ?
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νµ  νe oscillation as a tool to measure θ13 with accelerator neutrino experiments.  


Future reactor experiments will have sensitivity to large θ13 values. Existing or planned 
atmospheric neutrino detectors can be limited by statistics.


•  small effect (< 5%)


•  prompt νe contamination at % level (accelerator neutrino beams)


•  main BG: π° production in NC and CC interactions


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


νe  νµ oscillations can solve most of the problems but hard to make νe beams

(wait for a next generation facilities)


In any case high intensity is a must !


The next goal: measure θ13 


P(νµνe) ~sin22θ13sin2θ23sin2(Δm2
23L/4E) 
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Measure θ13 with nuclear reactors ? 
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Measure θ13 with nuclear reactors ? 
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Measure θ13 with LBL accelerator experiments? 
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 The first Super-Beam: off-axis T2K, from JAERI at Tokai to SK


•  low Eν (<1 GeV) Super-Beam: 1021 pot/year

•  @ 2°  3000 νµ CC/year (x10 w.r.t. K2K)

•  0.2% νe contamination and π° BG


µ  monitor (beam 

direction and intensity)


ν energy spectrum 

and intensity


Same spectrum as SK, 

BG measurement 
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But a}er new results, new ques/ons…. 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By the way, measuring CP phase will imply a new genera/on of  
neutrino beam facili/es and experiments  
(beyond the scopes of these lectures!) 

NEUTRINO FACTORIES 

BETA‐BEAMS 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VERY LONG BASELINES ! 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HUGE DETECTORS! 

Perlite insulation


Φ ~70 m


h =20 m


Electronic crates 


XXXL Liquid Argon TPCʼs *


* go to our Grosslabor for a 1/100000 scale  prototype…. 



125 

In one sentence, the study of neutrino physics will successfully con/nue for 
decades keeping physicists very busy… 

We will combine results from oscilla/on experiments to direct mass 
measurement experiments (with beta‐decay)… 

and with measurements on the neutrinoless double‐beta decay… 

…in addi/on to the (already now!) sensi/ve measurements of the neutrino 
proper/es from cosmological observa/ons… 



126 

Dream ?? 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or nightmare ?? 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Maybe even beWer than a dream!! 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A possible conclusion 

out of (1/mν)n 



•  The neutrino was born as a desperate remedy 

•  It became soon an intriguing source of mysteries, while being in 
many cases also a powerful tool to assess new physics 

•  Combined to other results from astrophysics, cosmology and LHC 
physics, neutrinos will certainly bring new “problems” to physicists, 
in perfect agreement with their nature 

•  Neutrino oscilla/ons 

yesterday:    a (ir)realis/c possibility and then an explana/on; 
today:       a solid evidence opening a window to the unknown; 
tomorrow:   a unique tool to pin down new physics? 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Thank you for your aRen/on! 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