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Outline!

On the track of θ13 !
Hints from: !
1) Atmospheric data;  !
2) Solar & KamLAND; !
3) MINOS (νe appearance data);    !

 Introduction!
 The standard 3ν framework; !
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Future perspective and conclusions   !



The standard 3ν framework !
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   Dirac CP-violating phase 

The leptonic mixing!

unknown 

Explicit form: 

4 



ν1

NH! IH!

ν2

ν3

ν3

The neutrino mass spectrum!

? 

+Δm2

δm2

-Δm2

ν1

ν2

5 



Experimental Sensitivities!

Solar, 
KamLAND 

Atmospheric,  
LBL (disapp.) 

CHOOZ,  
MINOS (app.) 

sub-leading!

leading!
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Fogli et. al. [PRD 78, 033010 (2008)] 
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A preference for θ13 > 0 at a non-negligible C.L (90%) emerged in 2008  
[Fogli, Lisi, Marrone, A.P, Rotunnno, PRL 101, 141801 (2008), arXiv:0806.2649,hep-ph]. 

                                        This brings us to focus on … 

Constraints from global 3ν analysis as of 2008 !

High precision on both mass splittings, now determined by “artificial” 
neutrino sources experiments (KamLAND for δm2, MINOS for Δm2).  

Estimates of the two leading mixing angles is less accurate (especially θ23), 
and experiments using “natural” ν’s play a crucial role in their determination.    
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● Searched for disappearance of reactor νe   
         E ~ few MeV  
     L = 1 km  

●  L/E range comparable to atmospheric ν 
             → probes the same Δm2 

●  No disappearance signal was found (1998) 

        The CHOOZ experiment !
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CHOOZ exclusion plot 

Exclusion plot in the 
(Δm2, θ13)  

plane  

Atm 
+LBL 

 Δm2  scale (now) 
set with precision by 

“Historical” upper bound on θ13 established in 1998!
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Since then the 3ν global analyses have shown a slow but progressive!
enhancement in the sensitivity to θ13.         !

What instead (pleasantly) surprises us is that, for the first time, the !
neutrino data point towards a non-zero value of θ13 – providing three 
independent and converging hints in this direction.!

In the past they have first corroborated (atmospheric analyses), and!
then strengthened (solar+KamLAND analyses) the CHOOZ upper limit.!

It is then not a complete surprise that they now start to be sensitive!
to values of θ13 below the CHOOZ limit.!

The role of global analyses  
in pinning down θ13          
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Hint n. I!

Date: !
2006!

Data: !
Atm.  + LBL(disapp.) + CHOOZ!
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G.L. Fogli, E. Lisi, A. Marrone,  A.P.,  Prog. Part. Nucl. Phys. 57, 742 (2006)!

We found a hint for!
         θ13 > 0 !
in the 3ν analysis of !
Atm. + LBL + CHOOZ !

Best fit ~ 0.015 
is ~ 1 sigma!

 away from zero!

Numerical results of 3ν global analysis (2006)           
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The hint persists after 
inclusion of the latest 

disappearance LBL  
results (MINOS)   
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Tracing the origin of the “atmospheric hint”  

Atmospheric data present a small excess of sub-GeV electron-like events.!
This can be partially explained by 3ν subleading effects driven by the “solar” 
splitting δm2.!

Indeed, from an estimate of the order of magnitude of the MSW potential: !

we see that in SK data earth matter effects are:! - Δm2-driven for multi-GeV  
- δm2-driven for sub-GeV   
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Theoretical expectation for the excess  

In the spirit of this qualitative discussion, it is helpful to assume that!
the density of the earth is constant. Indeed, in this case we have that!
this observable can be written as the sum of three different terms:    

multi-GeV 
sub-GeV 

The excess of expected electron events compared to the no-oscillation!
case can be expressed as [Peres and Smirnov , Nucl. Phys. B  456, 204 (1999); 680, 479 (2004)] : !

r = 

Notice that this observable is particularly useful to describe 3ν sub-leading!
effects since it exactly equals zero when:  both θ13 = 0 & δm2 = 0   !



“θ13 term”

“δm2 term”

“Interference  
term” 

mixing angles  
in matter 

“swapping” 
relations  

For the case of: 

two (non-equivalent) 
 CP conserving cases   

we have: 
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“Exact” numerical examples 

“θ13 term” dominant 

“δm2 term” dominant 

“Interference term”
dominant  

(only in sub-GeV) 

These terms help to fit the small electron excess in Sub-GeV and Multi-GeV!
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 Two non-equivalent CP-conserving cases 

G.L. Fogli, E. Lisi, A. Marrone,  A.P.,  Prog. Part. Nucl. Phys. 57, 742 (2006)!
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Maltoni & Schwetz (arXiv:0812.3161[hep-ph])  

Comparison with other existing analyses 

Escamilla , Latimer and Ernst  (arXiv:0805.2924 [nucl-th]) 
Roa, Latimer, Ernst (arXiv:0904.3930 [nucl-th]) 

Atm. hint supported. Similar preference for cosδ sinθ13 < 0   !

Schwetz, Tortola, Valle (arXiv:0808.2016[hep-ph]) 
Atm. hint not supported. !

Atm. hint not or partially supported. !
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There exist ongoing 3ν analyses in SK after phase I, presented in recent 
PhD theses using SK-I+II data.!

Unfortunately, none of the these analyses allows both θ13 > 0 & dm2 > 0, 
and thus they do not include the interference term.!

Concluding remarks on the “atmospheric hint”   

Therefore, it will be very important to see the next official SK oscillation 
analysis, which should hopefully include a complete treatment of three-
flavor oscillations with both δm2 > 0 and θ13 > 0.    !

It is also worth noticing that, at the current level of refinement, it is 
difficult to reproduce in detail the atmospheric analysis outside the SK 
collaboration, especially if one is looking for effects at the level of ~ 1 σ.  !
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Meanwhile, also in consideration of the partial agreement among different!
independent analyses, it seems wise to consider the atmospheric hint having!
a fragile status.  !



Hint n. II!

Date:!
 June 2008!

Data: !
Solar & KamLAND !
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3ν analysis of solar and KamLAND data (2008)!

Notice that marginalization !
over δm2 is practically!
 equivalent to fix this!

parameter at its best fit!
 (determined KamLAND)  

Best fit ~ 0.021 
is 1.2 sigma 

 away from zero θ13

Then we have a second,  
independent hint of θ13 > 0 

G.L Fogli, E. Lisi, A. Marrone, A.P., A.M. Rotunno!
PRL 101, 141801 (2008) !



Origin: Tension between solar and KamLAND  

  For θ13 = 0   
Solar and KamLAND 

prefer different values of θ12
No overlap at 1σ level  

For θ13 > 0   
Solar data  prefer higher θ12  
KamLAND prefers lower θ12
Disagreement reduced*  

*See also Balantekin and Yilmaz, J. Phys. G. 35, 075007 (2008)     

θ13 > 0  θ13 = 0  
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Interplay is more evident in the plane 
 spanned by the two mixing angles   

Solar (S) and KamLAND (K) display different correlations.  !
 This renders their combination particularly sensitive to θ13 !
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High-E solar !
(adiabatic MSW)!

KamLAND !
(vacuum)!

Different relative sign for (θ12, θ13) in Pee !
of Solar (high-E dominated) vs KamLAND!

Origin of the different correlations 

+ - 

- - 

oscillation phase!
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SNO-III  

- Central value lower than before 

- Error reduced when combined    

best fit of θ12 at a!
 slightly lower value  !

range allowed for θ12!
appreciably narrowed 

SNO-II  
2005 2008 

- Apparently a small change    
but big enough to give!
 rise to a significant!

 tension with KamLAND !
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How the tension increased in the past year  



Difficult to think to an anomalous statistical fluctuation  

SNO-II (2005) SNO-III (2008) 

            both already good        …and…          now excellent   !

1)  “internal” consistency among SNO (CC,NC) and SK (ES)  
2)  consistency among NC (now higher than before) and Solar Model 
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The S+K hint is supported by other analyses  

Hint found at ~1.5 sigma!

Although weak, the S+K hint has a clear origin and there is agreement!
among independent analyses. Therefore its status can be considered more!

robust if compared to the atmospheric one  !

Schwetz, Tortola, Valle, arXiv:0808.2016 [hep-ph] !
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Ge, Giunti and Liu , arXiv:0810.54443 [hep-ph ]!

Hint found at ~1.2 sigma!



The global hint (2008)   

Combining all data!
we find an overall !
preference for θ13>0 at !

1.6 sigma (90% CL)  

Present solar and KamLAND  
data prefer θ13>0  

only in combination,  
but in future,  

they may disclose the 
 preference even  
taken separately  
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Status of the electron neutrino mixing (2008)   

~ 0.307 
~ 0.667 

~ 0.016 
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G.L Fogli, E. Lisi, A. Marrone, A.P., A.M. Rotunno PRL 101, 141801 (2008) !
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Hint n. III 

Date: 
 February 2009 

Data:  
MINOS (νe appearance) 



February 2009,!
 First data from MINOS νe appearance !

θ13 = 0 !
disfavored at ~ 90%!

The collaboration, prudently,!
does not give particular !
emphasis to this fact. !

However, combining their!
results with ours…  !
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M. Sanchez, Talk at FNAL Feb 27th  



  0.9 σ

  1.2 σ

  1.6 σ 

Hint 1σ  range   

Hints of θ13>0!
 Status as of July 2009  !

~ 2 σ
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See Fogli et al. arXiv:0905.3549 [hep-ph] 



Future perspectives!
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What we may expect from Solar and KamLAND ?  

SNO  Low energy threshold analysis underway. CC and NC statistics increased.     !

New data expected. Furthermore, it has been noted that in a multi-reactor 
setup one expects partial cancellations of random distributed errors 
(Djurcic et al., 0808.0747 [hep-exp]). Possible impact on the of “S+K hint”.!

KamLAND  

The future  
(qualitative) 

Borexino New low-energy measurements should become increasingly relevant…     !



Solar ν’s alone may be of help !

High-E! matter!
dominated!

 Low-E behavior is analogous to that one probed in KamLAND, so !
 we expect a similar interplay among high-E and low-E data !

+!- 

Low-E! averaged!
“vacuum-like”!

- - 
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What we may expect from MINOS ? !

θ13>0 confirmed at ~ 2 sigma   a competitve upper bound   …or… 

Data with doubled statistic already taken, analysis underway  

M. Sanchez, Talk at FNAL Feb 27th 

The two “extreme” cases 



What we may expect from!
reactor and accelerator searches ?!

Adapted from Huber et. al JHEP 0605, 072 (2006)!

* 

Global 
analysis 
2009 

Global 
analysis 
2009 

38 

The present hints will be subject to verification in the near future  



Conclusions!

-  All data fit within the standard 3ν framework.   !

- Global preference now at the 2 sigma level (95% C.L.) !

-  Three independent and converging hints of θ13>0.  !
  Each of them may evolve in the near future. 
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-  Only future dedicated experiments will determine if the !
  present hints are a mere statistical fluctuation or !
  they represent the first signs of an emergent signal. !
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Back-up slides 
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SK-I data SK-II data 

(zenith distributions from Takenaga thesis, 2008) 

Trend from SK-I to SK-II: 

 Sub-GeV electron excess 
persists in both phases I and II 

     Conversely,  slight excess of 
 upgoing MGe  present in  

SK-I but not in SK-II 

… however, going to SK-III … 

This downward MGe fluctuation 
may disfavor θ13 > 0  

(as noted by Maltoni and Schwetz) 



(SK-III data, from 
J. Raaf at Neutrino 2008)  
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…together with a persisting 
excess of SGe data! 

…in SK-III data, a slight excess of 
upgoing MGe seems to be back … 


