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To study parameter correlations we combine different data sets:

(1) LBL acc + Solar + KamLAND

Solar + KL data provide a measure of (δm2, θ12), and also 
independent –although weak- constraints on θ13 (first “hint” ever…). 
LBL provide a measure of (𝜟m2, θ23). The combination gives, by 
itself, a measure of θ13

(2) LBL acc + Solar + KamLAND + SBL Reactors

SBL reactors not only provide the most accurate determination of 
θ13 but also an independent (and increasingly competitive) 
determination of Δm2 , not limited by E-reconstruction systematics 
as in LBL accel.

(3) LBL acc + Solar + KamLAND + SBL Reactors + Atmospheric

Herein: Atmospheric = SK + DeepCore
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sin2𝜃13 best measured by reactors
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Unknowns: CP phase δ 
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θ23 octant degeneracy effect on “wavy bands” in the (δ,θ13) plane
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θ23 octant degeneracy effect on “wavy bands” in the (δ,θ13) plane

Largely reduced by adding SBL reactor data (which select a preferred 
octant for given mass ordering). Note also synergy, not tension, 
between (LBL acc + solar + KamLAND) and (SBL Reactors) data
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θ23 octant degeneracy effect on “wavy bands” in the (δ,θ13) plane

Largely reduced by adding SBL reactor data (which select a preferred 
octant for given mass ordering). Note also synergy, not tension, 
between (LBL acc + solar + KamLAND) and (SBL Reactors) data

Results in the (δ,θ13) plane corroborated by atmospheric data
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��2
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IO�NO = +3.6��2
IO�NO = +1.1

In LBL accelerator data, θ23 and θ13 anticorrelated via appearance data, with the θ23 octants largely 
degenerate via disappearance data. Degeneracy slightly broken by solar + KL data constraints on θ13
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In LBL accelerator data, θ23 and θ13 anticorrelated via appearance data, with the θ23 octants largely 
degenerate via disappearance data. Degeneracy slightly broken by solar + KL data constraints on θ13

SBL reactors θ13 is in agreement with solar best fit
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In LBL accelerator data, θ23 and θ13 anticorrelated via appearance data, with the θ23 octants largely 
degenerate via disappearance data. Degeneracy slightly broken by solar + KL data constraints on θ13

SBL reactors θ13 is in agreement with solar best fit

Atmospheric data introduce some differences in the relative likelihood of the two octants in NO and IO
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Unknowns: Mass Ordering

Info from oscillation experiments

• Interference between Δm2 and δm2  -> Medium 
baseline experiments 

• Matter effects for accelerator or atmospheric 
neutrinos 

• Collective effects due to auto-interactions of 
Supernova neutrinos

Direct searches

• 𝜷 decay 
• 0𝝂𝜷𝜷 decay
• Cosmology & Atrophysics
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When deriving parameter bounds, two possible strategies

(1) Take NO and IO as two 
alternative hypotheses

(2) Minimize over any 
ordering taking into 
account the offset  
between the two 
alternative hypotheses
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When deriving parameter bounds, two possible strategies

(1) Take NO and IO as two 
alternative hypotheses

(2) Minimize over any 
ordering taking into 
account the offset  
between the two 
alternative hypotheses
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On the right: constraint from KL-Zen added to the 𝜟𝝌2=3.6 
offset from oscillations  —-> stronger bound on m𝛽𝛽 for IO
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Cosmological Data

𝜦CDM+𝛴: flat universe with a cosmological constant and 
adiabatic perturbations plus massive neutrinos (6+1 parameters)

𝜦CDM+𝛴+Alens: one parameter more that controls lensing in  
the Planck angular spectra (6+1+1 parameters)

Two classes of models

We separately study NO and IO, taking as unknown the lowest 
neutrino mass and calculating the other two by means of the  
best-fit values of the mass square differences δm2 and Δm2 

All in all 12 = 6 x 2 data set combinations 
6 cases with Alens=1 and 6 with Alens free

TT          Temperature anisotropy 
TE,EE       Polarization 
𝝉HFI          Reionization prior on optical depth 
BAO         Baryon acoustic oscillation
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• Polarization and BAO data strengthen bounds on 𝛴

• Bounds weak up to a factor ~2 when Alens free

• Small differences between NO and IO 
NO usually slightly preferred

Focus on 4 representative cases —> (#10,#1,#9,#6)

Some trends 
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• 𝛴 = 0 not allowed

• For cases #10 and 
#9 the minimum of 
the 𝟀2 is reached for a 
value of 𝛴 higher than 
the minimum allowed
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Conclusions
• Ranges of well-known 3𝛎 parameters (𝛿m2,𝜽12) & (𝜟m2,𝜽13) 
  confirmed by 𝛎2017 data updates

• CPV: sin𝛿<0 preferred

• Mass Ordering: IO disfavored by oscillation data: 
                    LBL+Sol+KL   +SBL   +ATM 
 𝜟𝝌2(IO-NO)             1.1         1.1     3.6 

best fit: 𝛿/𝝅 ～ 1.3-1.4 ± 0.2  (1𝝈) 

sin𝛿 ～ O disfavoured at > 2𝝈 

sin𝛿 ～ +1 disfavoured at > 3𝝈 

• Octant info: still fragile and dependent on mass ordering

• Non oscillation data corroborate NO (��2
IO�NO 2 [3.6, 4.4])


