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The discovery of flavor oscillations has raised the level of interest in neutrino  
 physics, at the level of  ~1.4x103 papers/year titled “…neutrino(s)…” on SPIRES 

Atmospheric 
ν oscillations, 
Limit from 
CHOOZ 

Solar and react. 
ν oscillations, 
Nobel 2002 to 
Davis & Koshiba   

Accelerator 
ν oscillations, 
Cosmo limits 
on abs.masses 

Recent peaks of interest: 1-3 ν oscill. at 
2nd gen. react. 
+ sterile nu 
  anomalies 

New fundamental ν parameters:     (Δm2,θ23)   (δm2,θ12)    [Osc.patterns]    (θ13)  
 

Neutrino histo(ry)gram 
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                    A selection has to be made for 3h lectures... 
 
 Contents: only physics of ν masses and mixings  (e.g., no cross sec’s) 
                 emphasis on interpretation of data     (e.g., no mass models) 
  
 
 Format:  phenomenology           (yellowish bkgd slides, ~2/3 of total)  
                 theory/exercises           (handwritten notes, ~1/3 of total) 
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  All exercises (even the simplest ones) are all worked out in detail, but  
  will be just flashed in most cases (“skip”). If you wish to gain further 
  understanding, work through (some of) the exercises by yourself. 
 
      
 The two lectures are supplemented by an appendix on statistics. 
 
 No bibliography herein: just browse Giunti & Laveder’s www.nu.to.infn.it  
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                           General Outline   
 
  Today:       Neutrino oscillations in standard 3ν framework 
 
  [Tomorrow:    Absolute ν masses, open problems, perspectives] 
 



Today’s lecture – part 1: 
 
* 3ν mass-mixing framework:  
    - notation, conventions, simple 
      calculations in vacuum 
	

* Oscillation searches sensitive to Δm2 
   - various classes of experiments 
  

        (production/detection/results/interpretation) 
	

* Notes on neutrino CP violation in vacuum  
 
  [Then break à part 2] 
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    The short-baseline reactor experiment CHOOZ (1998) 

L ~1 km à 

    Probably (one of) the most cited negative results ever! 
 
 
    First data: Phys. Lett. B 466, 415 (1999)    >1600 cites 
      Final data: Eur. Phys. J. C 27, 331 (2003)   >1000 cites 
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                                  Production 
 
Reactors: Intense sources of anti-νe (~6x1020/s/reactor) 

Typically, 6 neutron  
decays to reach stable  
matter from fission: 

~200 MeV per fission / 6 decays: 
Typical available neutrino energy is 
                 E~ few MeV 
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                                  Detection 
 

                      
 

ß This reaction allowed experimental 
     neutrino discovery in 1956 (Reines & Cowan)  
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 Expected spectrum (no oscill.):    CHOOZ: no oscillations  
     within few % error 

Results 
 

σ 

 With oscillations (qualitative): 
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CHOOZ exclusion plot 

Δm2 

(eV2) 

sin2(2θ13) 

For any value of Δm2 in the range 
allowed by atmospheric data (see next), 
get stringent upper bound on θ13 

In any case, it was clear that, to reach 
higher θ13 sensitivity, need to use a 
second (close) detector  to reduce 
systematics by far/near comparison à  

   sin2 θ13  < few % 
(depending on Δm2)  

Interpretation 
 

One mass scale dominance:   
Pee = 1 – sin2(2θ13) sin2(Δm2L/4Eν)	


... Nobody could know at that time, but 
θ13 was just behind the corner (less 
than a factor of two in sensitivity!)  
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Reactor experiments with near & far detectors (ND & FD) 

Running with FD; 
ND this year! 

Running with  
  ND & FD 

Running with  
  ND & FD 

E.g, for 
Daya Bay: 
 
  ß ND 
 
   FD à 
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2012: discovery of θ13>0 !  (sin2θ13~0.024  at ~fixed Δm2) 

Daya Bay 

Pee 

FD 

ND 

Double Chooz results (FD only) also consistent with Daya Bay & RENO. 

Daya Bay (& RENO): disappearance at FD w.r.t. ~unoscillated at ND 
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Interestingly: approximate value of θ13 was previously hinted from other data.  
Weaker signals were also coming from other expts (see later). 



Let us now proceed with other expt’s mainly sensitive to Δm2 à 
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2013:  more Daya Bay data à  spectral analyses à ½ osc. cycle in L/E!  
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                Atmospheric neutrinos: 
 The 1998 Super-Kamiokande breakthrough 

(T. Kajita at Neutrino’98, Takayama) 

ß 
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Production 

Cosmic-ray
shower

π0
π+

µ+

νe

e+

νµ

νµ

Underground
νe, νe, νµ, νµ

detector

Atmospheric neutrino source
π+       µ+ + νµ

e+ + νe + νµ
π–       µ– + νµ

e– + νe + νµ

~30 kilometers

Cosmic rays hitting the atmosphere can generate secondary  
(anti)neutrinos with electron and muon flavor via meson decays.   

Primary flux affected by large  
  normalization uncertainties…   

… but (anti)neutrino flavor ratio  
  (μ/e ~ 2) robust within few %  
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Moreover: same ν flux 
from opposite solid angles 
(up-down symmetry) 
 
 
[Flux dilution (~1/r2) is 

compensated by larger 
production surface (~r2)] 
 
 
 
Should be reflected in 
symmetry of event  
zenith spectra, if  
energy & angle can be  
reconstructed well enough 
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Detection in SK 
Parent neutrinos detected via CC interactions in the target (water). 
Final-state μ and e distinguished by ≠ Cherenkov ring sharpness.  
(But: no charge discrimination, no τ event reconstruction). Topologies:    

Fully  
Contained	


Partially 
Contained	


ν	


µ	


Through  
going µ	


Stopping µ	


ν	


µ	


ν	
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RESULTS  SK zenith distributions 
SGe  
MGe  
SGµ 
MGµ 
USµ 
UTµ 

Sub-GeV electrons  
Multi-GeV electrons  
Sub-GeV muons 
Multi-GeV muons 
Upward Stopping muons 
Upward Through-going muons 

electrons ~OK 

no osc. 

 ▲             ▼ 
up           down muon deficit from below 
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νe induced events: ~ as expected 
νµ  induced events: disappearance from below 
  
 
 

 
Channel νµ→νe? No (or subdominant) ß CHOOZ OK! 
Channel νµ→ντ? Yes  (dominant) 
 
 
 
  Pμτ = sin2(2θ23) sin2(Δm2L/4Eν)	

 

Observations over several decades in L/E: 

Interpretation in terms of oscillations: 

[In this channel, oscillations are ~vacuum-like,  
     despite the presence of Earth matter] 

One-mass-scale approximation (for θ13~0): 

Results consistent with other atmos. expts.  using different  
techniques (MACRO, Soudan2) but with lower statistics 
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1st oscillation dip still visible 
despite large L & E smearing 

Strong constraints on the  
   parameters (Δm2, θ) 

Dedicated L/E analysis in SK “sees” half-period of oscillations 

Δm2 ~ 2.5 x 10-3 eV2 
    θ ~ π/4 
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[Latest SK data analyses more refined: include many bins and syst. 
 in order to “squeeze” subleading effects beyond dominant L/E]   



         Long-baseline neutrino experiments  
           (K2K, MINOS, OPERA, T2K) 
 
“Reproducing atmospheric νμ physics” in controlled conditions  

41 



π decay: ν energy is only function of νπ angle and π energy 

Production (e.g., MINOS) 

Spectra: 
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(Far) Detection 
K2K, T2K: Cherenkov technique in SK 
MINOS: Steel/Scintillator detector (+ magnetic field) 
 

•  Long muon track + 
hadronic activity at 
vertex 

νµ	
 CC Event NC Event νe CC Event 
UZ 

VZ 

3.5m 1.8m 2.3m 

•  Short showering 
event, often 
diffuse 

•  Short event with 
typical EM shower 
profile 

K2K, MINOS, T2K supplemented by near detectors to measure disappear. Pμμ 
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Results in muon neutrino disappearance mode, Pµµ	


K2K MINOS 

 1st oscillation dip observed in energy spectrum 
 (equivalent to L/E spectrum since L is fixed). 
 
  [Exotic explanations without dip (decay, decoherence) excluded] 

T2K 
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Testing dominant oscillations via τ appearance: OPERA 

ντ	


( 45 µm ) 

•  the OPERA hybrid detector 
Finding needles  
in a haystack… 

Four “τ needles” found! (consistent with expected signal)  
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                     Interpretation 
  

Once more… dominant Pμτ = sin2(2θ23) sin2(Δm2L/4Eν) 
 
       Osc. parameters consistent among atm/LBL experiments... 
  ... with recent, possible hints of nonmaximal θ23 mixing in MINOS	


The format of such a “2ν” plot is, however, obsolete... 

46 



47 



Cl 95%

Ga 95%

νµ↔ντ

νe↔νX

100

10–3
∆m

2  [e
V2 ]

10–12

10–9

10–6

10210010–210–4

tan2θ

CHOOZ

Bugey

CHORUS
NOMAD

CHORUS

KA
RM

EN
2

νe↔ντ

NOMAD

νe↔νµ

CDHSW

NOMAD

KamLAND
95%

SNO
95%

Super-K
95%

all solar 95%

http://hitoshi.berkeley.edu/neutrino

SuperK 90/99%

All limits are at 90%CL
unless otherwise noted

LSND 90/99%

MiniBooNE

K2K
MINOS

E.g., PDG 2012: 
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E.g., LBL appearance:  Pμe= sin2θ23sin2(2θ13)sin2(Δm2L/4Eν) + corrections  à 
 
θ23 octant asymmetry, anticorrel. of θ23 and θ13: the lower θ23, the higher θ13 
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Bari group analysis of LBL results, 2012: 
 
Latest LBL disappearance data from  
T2K and MINOS favored nonmaximal θ23 
 
From LBL appearance+disappear. data, 
two quasi-degenerate  θ23 solutions  
emerged, in anticorrelation with θ13  
The two solutions merged above ~1σ. 
 
No clear preference for one octant or  
for one hierarchy yet.  
 
 
[2014 update at the end of this lecture] 
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Note: 
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Even if not observed,  all these effects “are there” and must be 
accounted for in state-of-the-art analyses; unfortunately, it is difficult 
to see (and then disentangle) them within current uncertainties. 
 
Example: size of hierarchy effects in atmospheric neutrinos at Super-K: 
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This is even more important 
in the light of νe appearance 
signals in T2K (and MINOS), 
consistent with the same θ13 
as reactors (up to subleading 
CPV, and hierarchy osc. terms).  
 
T2K 2012/2013  
e-like appearance: 
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Next: 2nd part of lecture I 
	

* Oscillation searches sensitive to δm2: 
   - probabilities for Δm2/δm2à ∞ 
   - matter effects (theory) 
   - experimental results 
	

* Global 3ν analysis of all oscillation data 
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So far we have mainly discussed Δm2-driven oscillations 
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Experiments sensitive to the “small” δm2: 
 
                  Solar neutrinos 

The Sun seen with neutrinos (SK) Earth orbit from solar ν (SK) 
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   Production 
 
pp (+CNO) cycle 
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Detection 

37Cl + νe → 37Ar + e     (CC) 
71Ga + νe → 71Ge + e-    (CC)     

    νx + e- → νx  + e-     (NC,CC) 

Radiochemical: count the decays of unstable final-state nuclei. 
(low energy threshold, but energy and time info lost/integrated)  

Homestake 

GALLEX/GNO, SAGE 

Elastic scattering: events detected in real time with either  
“high” threshold (Č, directional) or “low” threshold (Scintillators)   

SK, SNO, Borexino 

    νe + d → p + p + e-     (CC) 

Interactions on Deuterium: CC events detected in real time; NC 
events separated statistically + using neutron counters.  

    νx + d → p + n + νx    (NC) 
SNO (Sudbury Neutrino  
          Observatory) 
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Results 
All CC-sensitive results indicated a νe deficit…  

…as compared to solar model expectations  

76 



Interpretation 

“matter” (MSW) solutions 

“vacuum” solutions 

“small” mixing        “large” mixing 

+ many “exotic”  
or non-oscillatory 
solutions… 

E.g., in Gallium expts: 

In the “past millennium”: Oscillations? Maybe, but… 
-  large uncertainties in the parameter space or solar model 
- no unmistakable evidence for flavor transitions (“smoking gun”)  
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But, in 2002 (“annus mirabilis”), one global solution was finally singled  
out by combination of all solar data (“large mixing angle” or LMA).  

For LMA parameters, 
evolution is adiabatic 
in solar matter. 
 
 
 
 
 
 
 
 
 
 
 
 
  
In the Earth: small day/night  
(D/N) effects, not yet seen.  
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crucial role played by 
Sudbury Neutrino Observatory: 
  
 

The breakthrough: in deuterium one can 
separate CC events (induced by νe only)   
from NC events (induced by νe,νµ,ντ), and 
double check via Elastic Scattering events 
(due to both NC and CC)  
 

thus: 

CC/NC ~ 1/3 < 1     
“Smoking gun” proof of flavor change. Solar model OK!    Also: 
CC/NC ~ Pee ~ sin2θ12 (LMA) ~1/3 < ½ 
Evidence of: mixing in first octant  +  matter effects     
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Recent, direct confirmation of adiabatic  
Pee pattern at LMA in a single solar ν	

experiment: BOREXINO at Gran Sasso 

Borexino 

Overall picture including final SNO data 
[Spectral rise at low energy not yet  
directly observed – anomaly?] 
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Also in 2002… KamLAND: 1000 ton mineral oil detector, 
“surrounded” by nuclear reactors producing anti-νe. Characteristics: 
    
   A/δm2 << 1 in Earth crust                   With previous (δm2,θ) parameters 
   (vacuum approxim. OK)                      it is (δm2L/4E)~O(1) and reactor 
   L~100-200 km                                 neutrinos should oscillate with 
   Eν~ few MeV                                    large amplitude (large θ)  

Long-baseline 
reactor expt 
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2002: electron flavor  
disappearance observed 

  2004: half-period of 
  oscillation observed 

  2007: one period of 
   oscillation observed 

KamLAND results  

Direct observation of  δm2 oscillations! 
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Interpretation in terms of 2ν oscillations 
            

(δm2, θ12) - complementarity of solar/reactor neutrinos 

Solar 

KamLAND 
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            More refined (3ν) interpretation 
 
Go beyond dominant 3ν oscillations. Include subleading θ13 effects 
in solar+KamLAND (as well as other data). 
 
Interesting hints for θ13 > 0 emerged as early as 2008... 

84 

Solar, high energy (LMA MSW): 

-            +	


Reactor (~vacuum): KamLAND 

-         -	


_ 



          Slight “tension” on θ12 could be reduced for θ13>0 

85 

Also consistent with MINOS+T2K appearance, 2009-2011. 
This was an important test of 3ν oscillation consistency, 
confirmed by the discovery of θ13>0 at reactors in 2012. 



θ13 determination essential for further progress in terrestrial  
oscillation searches (CP violat., matter effects, mass hierarchy) 
 
Also: very important to restrict theoretical models for ν masses 

E.g.: CH Albright, 2008, “distribution” of published predictions 
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PDG 2012:  sin2θ13 ≈ 0.024 ±0.003  



Global analysis of 
world ν oscillation data 

within the 3ν framework 

Extracting oscillation parameters and their 
covariances from all the available data 
(solar, atmosph., accelerator and reactor),  
circa 2013-2014  - arXiv:1312.2878v2.  
 
 
Full 3ν probabilities included, no approximation. 
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Four parameters have upper 
and lower bounds at > 4σ.	

Previous indications for  
θ13 > 0 have now become  
precise measurements! 

Weak hints of θ23 < π/4,  
2nd octant also allowed; 
more precise data needed.   

Hints of δCP ∼ 3/2 π  
emerging from all data ? 
Is there (maximal)  
CPV in neutrinos ?  

So far, no clue about  
NH           IH  

Individual oscillation parameters from ALL data 
88 
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More on CPV constraints  from latest data  

Further understanding from future accelerator & reactor data (+SK atm.) 
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More on octant asymmetry from latest data  

Further understanding from future T2K and MINOS+NOvA data (+SK atm.) 



Numerical 1σ, 2σ, 3σ ranges: 

δm2         Δm2            sin2θ12         sin2θ13       sin2θ23
	


2.6% 5.4%   8.5%  9.6% 

Fractional 1σ accuracy  [defined as 1/6 of ±3σ range]  

Hierarchy differences at ~1σ or below for various data combinations  

 2.6% 

91 7

TABLE I: Results of the global 3⌫ oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3� ranges for the 3⌫
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that �m2 is defined herein as
m2

3 � (m2
1 +m2

2)/2, with +�m2 for NH and ��m2 for IH. The CP violating phase is taken in the (cyclic) interval �/⇡ 2 [0, 2].
The overall �2 di↵erence between IH and NH is insignificant (��2

I�N = �0.3).

Parameter Best fit 1� range 2� range 3� range

�m2/10�5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 ✓12/10
�1 (NH or IH) 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

�m2/10�3 eV2 (NH) 2.43 2.37 – 2.49 2.30 – 2.55 2.23 – 2.61

�m2/10�3 eV2 (IH) 2.38 2.32 – 2.44 2.25 – 2.50 2.19 – 2.56

sin2 ✓13/10
�2 (NH) 2.34 2.15 – 2.54 1.95 – 2.74 1.76 – 2.95

sin2 ✓13/10
�2 (IH) 2.40 2.18 – 2.59 1.98 – 2.79 1.78 – 2.98

sin2 ✓23/10
�1 (NH) 4.37 4.14 – 4.70 3.93 – 5.52 3.74 – 6.26

sin2 ✓23/10
�1 (IH) 4.55 4.24 – 5.94 4.00 – 6.20 3.80 – 6.41

�/⇡ (NH) 1.39 1.12 – 1.77 0.00 – 0.16 � 0.86 – 2.00 —

�/⇡ (IH) 1.31 0.98 – 1.60 0.00 – 0.02 � 0.70 – 2.00 —

IV. COVARIANCES OF OSCILLATION PARAMETERS

In this Section we show the allowed regions for selected couples of oscillation parameters, and discuss some interesting
correlations.

Figure 4 shows the global fit results in the plane charted by (sin2 ✓23, �m2), in terms of regions allowed at 1, 2
and 3� (��2 = 1, 4 and 9). Best fits are marked by dots, and it is understood that all the other parameters are
marginalized away. From left to right, the panels refer to increasingly rich datasets, as previously discussed: LBL
accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right). The
upper (lower) panels refer to normal (inverted) hierarchy. This figure shows the instability of the ✓23 octant discussed
above, in a graphical format which is perhaps more familiar to most readers. It is worth noticing the increasing
(sin2 ✓23, �m2) covariance for increasingly nonmaximal ✓23 (both in first and in the second octant), which contributes
to the overall �m2 uncertainty. In this context, the measurement of �m2 at SBL reactor experiments (although
not yet competitive with accelerator and atmospheric experiments [15]) may become relevant in the future: being
✓23-independent, it will help to break the current correlation with ✓23 and to improve the overall �m2 accuracy in
the global fit.

Figure 5 shows the allowed regions in the plane charted by (sin2 ✓23, sin
2 ✓13). Let us consider first the left panels,

where a slight negative correlation between these two parameters emerges from LBL appearance data, as discussed in
[4]. The contours extend towards relatively large values of ✓13, especially in IH, in order to accommodate the relatively
strong T2K appearance signal [17]. However, solar + KL data provide independent (although weaker) constraints on
✓13 and, in particular, prefer sin2 ✓13 ⇠ 0.02 in our analysis. This value, being on the “low side” of the allowed regions
of ✓13, leads (via anticorrelation) to a best-fit value of ✓23 on the “high side” (i.e., in the second-octant) for both NH
and IH. However, when current SBL reactor data are included in the middle panels, a slightly higher value of ✓13 is
preferred (sin2 ✓13 ' 0.023) with very small uncertainties: this value is high enough to flip the ✓23 best fit from the
second to the first octant in NH, but not in IH.

It is useful to compare the left and middle panels of Fig. 5 with the analogous ones of Fig. 1 from our previous
analysis [4]: the local minima in the two ✓23 octants are now closer and more degenerate. This fact is mainly due to
the persisting preference of T2K disappearance data for nearly maximal mixing [19], which is gradually diluting the
MINOS preference for nonmaximal mixing [23]. Moreover, accelerator data are becoming increasingly competitive
with atmospheric data in constraining ✓23 [19]. Therefore, although we still find (as in previous works [2, 4]) that
atmospheric data alone prefer ✓23 < ⇡/4, the overall combination with current non-atmospheric data (right panels
of Fig. 5) makes this indication less significant than in previous fits (compare, e.g., with Fig. 1 in [4]), especially in
IH where non-atmospheric data now prefer the opposite case ✓23 > ⇡/4. The fragility of the ✓23 octant fit (with
and without atmospheric neutrinos) was also noted in the recent analysis [6]. In conclusion, the overall indication
for ✓23 < ⇡/4 in both NH and IH (right panels of Fig. 5) is currently weaker than in our previous analysis [4]; in
particular, its significance reaches only ⇠ 1.6� ( 90% C.L.) in NH, while it is < 1� in IH. Further accelerator neutrino
data will become increasingly important in assessing the status of ✓23 in the near future.



With 1 digit accuracy: 3ν summary in just one slide! 
 Flavors = e µ τ  

+Δm2 

δm2 m2
ν ν2 

ν1 

ν3 

ν3 

-Δm2 

  Abs.scale  Normal hierarchy…  or… Inverted hierarchy      mass2 split   

Knowns: 
δm2 ~ 8 x 10-5 eV2 

Δm2 ~ 2 x 10-3 eV2 

sin2θ12 ~ 0.3  
sin2θ23 ~ 0.5  
sin2θ13 ~ 0.02  

Unkowns: 
δ (CP) 
sign(Δm2)  
octant(sin2θ23)  
absolute mass scale 
Dirac/Majorana nature 
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      Nomen [est]  Omen

      “Name  [is]  Destiny”

Neutrino - What’s in a name? 
 

                   Epilogue of 1st Lecture: 
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If “name is destiny,” then ... neutrino’s destiny is 
to raise questions! 
 
We shall address some of the open questions 
tomorrow. 
 
Thank you for your attention today! 
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