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1998−2002: a golden age for 
neutrino physics

"Evidence for oscillation of atmospheric neutrinos"
The Super−Kamiokande Collaboration, Phys. Rev. Lett. 81 (1998) 1562

"Direct Evidence for Neutrino Flavor Tranformation from Neutral−Current 
Interactions in the Sudbury Neutrino Observatory"
The SNO Collaboration Phys. Rev. Lett.  89 (2002) 011301 

"First results from KAMLAND: evidence for reactor anti−neutrino 
disappearance"
The KAMLAND Collaboration. Dec 2002. hep−ex/0212021

"Indication of neutrino oscillations in a 250 KM long baseline 
experiment."
The K2K Collaboration. Dec 2002. hep−ex/0212007
 



No more wandering in the dark...

Test the flavours involved in the oscillation and the oscillation 
predictions (appearance of new flavours and/or sinusoidal 
pattern of disapperance)

MiniBoone ⇒ confirm/disprove LSND 
(sterile neutrinos?)

ICARUS+OPERA ⇒ first direct evidence of
appearance of new flavours

MINOS ⇒ sinusoidal pattern + flavour 
partecipation (NC/CC)

}
Improved 
precision
on atm. 

Oscillation 
parameters

The final question:
Can we perform precision CKM physics also in the leptonic 
sector? (determination of real angles and phases, CP, test of 

unitarity etc.)



The ϑ
13

 angle

Neutrino oscillations possible for massive neutrinos with a non 
trivial mismatch between mass (ν

i
) and gauge eigenstates (να) 
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Three light active neutrinos (ν
e
 , νµ , ντ) ⇒ U is a 3x3 

(approximately) unitary matrix and can be parameterised with 
three angles and 1 (+2) phases. Recover the CKM formalism 
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Nature simplified a lot the formulas...
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Only differences of (squared) masses enter the formula (no info on 
absolute mass scale). 

Three neutrinos ⇒ two differences ∆m2
12

 and ∆m2
23 

Nature has chosen for us a strong hierarcy:  

∆m2
12

 << ∆m2
23 

≈ ∆m2
13

"solar scale" "atmospheric scale"

If L/E is tuned to maximise the P at ∆m2
23 

("atmospheric scale") all 

the terms proportional to sin2 (∆m2
12 

L/E) are strongly suppressed



If the atmospheric scale dominates: 
P
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Note that:


 No CP violating phase appears 


 If ϑ
13

=0 "atmospheric" ⇒ pure νµ → ντ

"solar" ⇒ pure ν
e
 → νµ

ϑ13 measure the degree of decoupling of " atmospher ic 
oscillation"  from " solar  oscillations"



Subdominant contributions: 
In fact:


 if ∆m2
12 

is not too small (e.g. 5 10−5 eV2)  → OK!! Kamland!!


 if sin2 2ϑ
13 

not too small
 
(e.g. O(10−2 − 10−3) )   

we can feature subdominant effects in ter restr ial 
exper iments (Superbeams or  Neutr ino Factor ies) to


 measure the CP violation phase


 measure precisely  sin2 2ϑ13


 measure the sign of ∆m2
32

the size of sin2 2ϑ
13 

is the missing link to assess the 
potentialities of the third generation neutrino oscillation 

experiments 

} CKM like 
precision
physics!



What we know experimentally on  sin2 2ϑ
13 

? 

The " golden channel"  is νe disappearance 
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Reactor experiments with L ≈1 Km and E ≈ a few MeV

In fact they test e ei.e. the CPT coniugate of 
e e



Detection technique:

e
p e+ n

+H = 2.2MeV

+Gd = 8MeV

2γ (2x511keV)

Prompt pulse (e+): 1.2−8 MeV

Delayed pulse within 2−100 µs 
(n+Gd): 6−12 MeV 

Background from reactor−OFF
Fit of the event rate versus termal 
power of the reactors

CHOOZ 



Sistematics
Reaction cross section 1.9%
Number of protons 0.8%
Detection efficiency 1.5%
Reactor power 0.7%
Energy absorbed per fission 0.6%
Combined 2.7%

Results
Information coming from:
1) Overall rate
2) Positron E spectrum
3) Rate versus thermal power

No deficit has been observed



Results

sin22ϑ
13

 < 0.14 (90%CL)

 @ ∆m2
32 

=2.5 10−3 eV2

(LO approximation) 

NLO results depend on solar 
parameters ∆m2

12 
, ϑ
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 ∆m2
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< 2 10−4 eV2 unchanged 

 ∆m2

12  
= 4 10−4 eV2 , sin2 ϑ

12
=0.5 

sin22ϑ
13

 < 0.11 (90%CL) 
(more stringent)

S.Bilenky et al. Phys.Lett.B538(2002)77



What we know from theory on  sin2 2ϑ
13 

? 
Practically nothing! 

Not surprising since:

� Origin of Yukawa sector of the SM completely unknown

� Leptonic mixing matrix seems VERY different from CKM 
(bilarge mixing among particle with big mass differences).  

� Most of GUT inspired models need fine tuning to 
reproduce large mixings

Huge literature with predictions ranging from Chooz limits  
(10−2) to  10−5 or even smaller...



A note of caution!

The discovery of  sin2 2ϑ
13 

≠ 0 has a scientific relevance by itself:
the full three flavour mixing of neutrinos is still unestablished

However it has an even higher strategical value:

The terrestrial experiments seeking for CP violation (JHF+HyperK, Neutrino 
Factories, etc) and making precision physics with the leptonic mixing matrix 
are extremely expensive. No funding agency will spend  2billion$ if in the 
meanwhile we don’ t have evidence of  sin2  2ϑ

13 
≠  0: it could be the most 

impressive flop of the history of High Energy Physics!   

How much can we improve the CHOOZ 
limit in the forecoming years?



Can we use the next generation Long Baseline 
experiments (MINOS+ICARUS+OPERA)?

 Tuned for ν
µ
 →ντ appearance. Could work also in ν

µ
 →ν

e 
mode.
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(mainly MINOS)

Evidence of ντ appearance (mainly CNGS)

Search for sub−dominant mode  ν
µ
 →ν

e   
(ϑ

23
)



MINOS

νµ source:   (NuMI)

   120 GeV protons from  FNAL Main Injector

   νµ from pion decay 

   νe contamination from K and muon decay

detectors:  (MINOS)

   1) ‘Far ’ detector :   

            5.4 kT  magnetized iron/scintillator  
            tracker /calor imeter  in Soudan mine

   2) ‘Near ’ detector :  

            980 T  version of  far  detector  at FNAL 




