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Introduction 

 Evidence of neutrino oscillations has been accumulated 
from different neutrino sources and different L/E region: 

     (a) Atmospheric neutrinos: SK, MINOS, ICECUBE, … 

     (b) Solar neutrinos: SNO, SK, Borexino, … 

     (c) Accelerator neutrinos: K2K, MINOS, T2K, … 

     (d) Reactor neutrinos: KamLAND, DYB, RENO, … 
 

  All the above evidence supports the standard framework 
of three-neutrino mixing and oscillations. 

 

 Several anomalies of short baseline oscillations need go 
beyond the standard framework. 
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Lepton mixing and Neutrino masses 

 We have observed 3 non-zero mixing angles, and 2 independent 
mass-squared differences, leaving the mass ordering and Dirac 
CP phase unknown. 

 The mass scale and 2 Majorana CP phases are irrelevant for 
neutrino oscillations. (not covered here) 
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Types of L/E plot 

(1)KamLAND (1009.4771)  
reactor antineutrinos (Δm2

21  and sin2 2θ12 ) 
(2)Daya Bay (1310.6732) 
reactor antineutrinos (Δm2

31  and sin2 2θ13 ) 
(3) Super-K  (hep-ex/0404034) 
atmospheric neutrinos (Δm2

31  and sin2 2θ23 ) 

1009.4771 1310.6732 

hep-ex/0404034 
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Global status: known  

Δm2
21~ 2.6%  |Δm2

31| ~ 2.6% 
sin2 θ12 ~ 4.1%  sin2 θ23 ~ 11.1%  sin2 θ13 ~ 8.6%  

         (defined as 1/6 of the 3σ range) 

M.C. Gonzalez Garcia(MCGG) et. al.   
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theta(12) and Δm2
21 (1) 

 Solar Data (shadow) and KamLAND Data (curve) 

     theta(12): solar dominant; Δm2
21: KamLAND dominant 

 Slight dependence on theta(13):  
 matter-induced versus vacuum oscillation 
 Residual tension on Δm2

21 

MCGG et. al 
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theta(12) and Δm2
21(2)  

 Tension on Δm2
21:  

absence of upturn in solar 
B8 spectrum. 
 Future prospect:  
Solar data: limited by large 
flux error (10%) in the SSM 
and/or NC measurement. 
 
Reactor data: optimized at 
oscillation maximum of 
the “12” sector 
JUNO and RENO-50:  

theta(12) and Δm2
21 

better than 1%  
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theta(23) and Δm2
31 (ATM and LBL DIS data) 

1308.0465 MCGG et. al. 

 Single measurements (left) and Combined precision (right) 

 theta(23): SK ATM data/T2K data; Δm2
31: MINOS mu-nu DIS data 

 MINOS-DIS favors non-maximal theta(23). 

 sign of Δm2
31 and octant of theta(23): Unknown  
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theta(13) 
 First hinted in combined Solar + KamLAND data (2008), T2K 

(2011), MINOS (2011) and D-CHOOZ (2011). 

 Decisive measurements at Daya Bay and RENO (2012).  

 T2K reported the excess 
of 28 events in mue nu 
APP data (7.5 σ). 

 Daya Bay and RENO give 
(till now) the most precise 
measurement of theta(13). 
(1310.6732, RENO[2013]) 

 The shape information of 
Daya Bay can give > 3σ 
evidence of theta(13)≠0. 

S. Jetter@NUFACT 
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theta(13): effect of reactor anomaly 

MCGG et. al 

 Experiments without near 
detector (CHOOZ,Palo-
Verde,D-CHOOZ): sensitive 
to the flux assumptions 

 DAYA-BAY and RENO with 
Near-Far comparison: flux 
independent 

 Two extreme priors : 
a) Use fluxes from Huber 
1106.0687 without RSBL data 
    (0.023+0.0026-0.0024) 
b) Leave flux free and include 
RSBL 
     (0.022+0.0026-0.0023) 
 
Uncertainty at ∼ 0.5–1σ level 
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Δm2
31(REA data) 

 Δm2
31 (in terms of 

Δm2
ee) is also measured 

independently from the 
spectrum information of 
reactor antineutrinos at 
Daya Bay (1310.6732).  

A.Radovic@DPF2013 

1310.6732 



12    

theta(13) and Δm2
31: prospect 

Daya Bay Sensitivity, D.Dwyer@TAUP2013 

 Daya Bay sensitivity for theta(13): 3%- 4%, for Δm2
ee 2.5%-3% 

 T2K and NOvA sensitivity of Δm2
31 ~ 2%. 

 As the precondition of the MH determination, JUNO and RENO50 can 
measure Δm2

31  better than 1%. 

 Neutrino Factory (beta beam) for better sensitivity of theta(13)? 
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Global status: unknown  

MCGG, et. al.  
http://www.nu-fit.org  
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Theta(23) octant 

 The dominant factor in mu-nu survival probability for ATM and 
LBL is sin22theta(23)  the octant degeneracy  

 With large theta(13), can be resolved in mue oscillations and 
sub-leading effect in the mumu oscillation. 

1301.2574 
Better sensitivity in future facilities:  
INO, PINGU and ORCA(ATM);  HyperK, LBNE and LBNO (LBL) 
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Mass ordering (hierarchy)  
(1) Matter Effect: Atmospheric (ATM), Long-Baseline(LBL), or 
Supernova Experiments 
 
 
 
 
(2) Phase Difference: Reactor antineutrinos: JUNO and RENO-50. 
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CP Violation 

Necessary conditions for observation of CP violation: 
 
 Sensitivity to all mixing angles: theta(12), theta(23) and 

smaller theta(13) 
 
 Sensitivity to oscillations due to small Δm2

21 and large Δm2
31  

 
 Remove the fake CP violation by matter effects.  
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Before 2020: T2K and NOvA   

90% C.L. 

0907.1896  
(P. Huber, et. al.) 



18    

Future facilities: JUNO 

1303.6733 

Nominal setups: 
20 kton Liquid Scintillator (LS) detector 
3%/sqrt(E) energy resolution 
52-53 km baselines, 36 GW and 6 years 
the spread of reactor cores, 
reactor antineutrino flux uncertainty,  
energy scale and non-linearity 

MH 
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Future facilities: HyperK 

HyperK: 
Atmospheric & accelerator neutrinos 
1 Mt water Cerenkov detector 
Beam from J-PARC (0.75 MW, 295 km) (10 years) 
(true values assigned at the most conservative points)   

From T. NaKaya, talk at NeuTel 2013 

CP MH 

sin2θ23 = 0.4 
sin2θ23 = 0.5 
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LBNE (& project-X) 
From Fermilab Main injector(& its upgrade) to 
Homestake(1300 km) 
Program in phases:  

beam power: 0.7-2.3 MW; LAr TPC mass: 10-35 kt 
scanned true values 

Future facilities: LBNE 

From M. Diwan, talk at NeuTel 2013 

CP MH 
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LBNO 
From CERN SPS(& its upgrade) to Pyhäsalmi(Finland) 
Beam power: 0.7MW  2.0 MW  
Baseline of 2300 km: better MH sensitivity than that of LBNE 

Future facilities: LBNO 

From A. Rubbia, talk at NeuTel 2013 
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Beyond 3-nu Mixing: Sterile Neutrinos 

C.Giunti 

 Three neutrino mixing scheme works well in most of cases except 
for several anomalies of short baseline oscillations. 

 Thus we can only modify the 3-nu mixing by tiny mixture with 
heavier sterile neutrinos. 
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Anomaly of SBL Oscillations (I) 

 The central values are different, but goodness of fit is acceptable. 
      GoF = 62% PGoF = 4% (Giunti, Laveder, Y.F. Li, et. al. PRD 86 (2012) 113014) 

 Gallium anomaly is supported by new 71Ga(3He, 3H)71Ge cross 
section measurement. (Frekers et al., PLB 706 (2011) 134) 

 Problems of theoretical calculations? 
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Anomaly of SBL Oscillations (II) 

LSND[2001] 
3.8σ (count) 

MiniBooNE 
 ~ 3σ (count) 

 MB: agreement or disagreement 
with LSND signal? 

 
 With or without CP violation? 
 
 Low-energy anomaly 
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3+1 
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3+2 and 3+1+1 
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Remarks 
(1) Short-Baseline Disappearance is alive and exciting.  
 

(2) LSND sees 3.8σ excess. But MiniBooNE(MB) has been 
inconclusive to test LSND. 
 

(3) Strong tension between DIS and APP results if explained 
with SBL nu oscillations (3+1, 3+2, … …).  
 

(4) Low energy event excess in MB versus DIS and OPERA 
(ICARUS) mue limit, is the most stringent tension.  
 

(5) Without MB-LOW events, the global fit is acceptable, and 
LSND dominates (6σ2σ)  [8.3/3 (DIS+MB) v.s. 10.1/2 (DIS)]. 
 

(6) Need direct tests of DIS  and LSND results! 
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Conclusion 
 We have observed different types of neutrino oscillations 

from different  neutrino sources and detectors.  
 

 Three mixing angles and two independent mass-squared 
differences have been measured with great precision. 
 

 Future new facilities are planned to resolve the neutrino 
mass ordering and detect the lepton CP violation, as well 
as achieve 1% precision for those known parameters. 
 

 SBL oscillations need sterile neutrinos. These anomalies 
require both theoretical and experimental new studies.  
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Thank you!  
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