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Precision era in neutrino oscillation phenomenology

Standard 3𝝂 mass-mixing framework parameters

What we still do not know 
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sin2 θ12 ∼ 0.305

sin2 θ13 ∼ 2.23 × 10−2

sin2 θ23 ∼ 0.56 × 10−2

δm2 ∼ 7.34 × 10−5 eV2

Δm2 ∼ 2.49 × 10−3 eV2

(2.2%)

(1.3%)

(4.4%)
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Atmospheric

Solar

Reactor SBL

LBL

Reactor LBL
Future 
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To understand how bounds on the oscillation parameter arise it is useful 
to look at their correlations and to consider the progressive contribution 
of different data sets

LBL accelerators (T2K and NOvA) are dominantly sensitive to	 
but also probe 𝛿 and NO vs IO, if            are fixed by solar+KL,

(Δm2, θ23, θ13)
(δm2, θ12)

Therefore we start combining 
(1) LBL acc + Solar + KamLAND 

Solar + KL data provide the necessary input for (δm2, θ12), but also 
independent –although weak- constraints on θ13. The data set (1) provides, 
by itself, a measurement of θ13. 



SBL reactors (Daya Bay, RENO, Double Chooz) are dominantly 
sensitive to (𝛥m2, 𝜗13) and shrink the 𝜗13 range dramatically, 
with correlated effects on the other parameters  

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

SBL reactors not only provide the most accurate determination 
of θ13 but also an independent determination of Δm2 

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

Atmospheric neutrino data (SK + DeepCore) sensitive in different 
ways to all the oscillation parameters via disappearance and 
appearance channels. Because of matter effects they depends on 
all parameters in the 3ν framework, but dominantly on (Δm2, 𝜗23). 
Also important to test NO vs IO



Bounds on sigle parameters, obtained after marginalisation over 
all other parameter, shown in the following in terms of Nσ = Δχ2

osc. parameter osc. parameter
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Typical bounds would be linear and 
symmetric for gaussian errors 

NO

Separate best fits for both NO and IO Bounds for IO move upwards 
taking into account that  currently 
NO gives the absolute best fit 

IO

Global fit results: 1804.09678 by F. Capozzi, E. Lisi, A. Marrone, A. Palazzo, PPNP 102, 48 (2018)   
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With the exception of 𝛿 and 𝝑13, all parameters 
bounded at more then 4𝝈 level

𝜗23 nearly maximal but octant undetermined at 1𝝈

Maximal CP violation favoured

IO slightly disfavored with respect to NO at ~1𝝈 level.



IO disfavored with respect to NO at ~2𝝈 level.
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Range of smallest mixing angle 𝜗13 dramatically reduced

Largest mixing angle 𝜗23 close to 𝝅/4, but octant undetermined at 2𝝈

Max CPV at ~3𝝅/2 favored , CP conservation disfavored at ~2𝝈 in NO



IO significantly disfavored with respect to NO, at ~3𝝈 level
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Further improvements for various parameters: 1𝝈 bounds at few % level

Largest mixing angle 𝜗23 close to 𝝅/4, but octant undetermined at 2𝝈

CPV: sin𝜹~-1 favored, ~0  disfav., ~+1 exclud.  Meaningful bounds at ~3𝝈. 
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Anticorrelation between 
(𝜗23,𝜗13) due to leading term 
in the appearance channel 
probability at accelerators

lower 𝜗13 value 
preferred by 
reactors data 
favours second 
octant for 𝜗23

second octant 
favoured also by 
atmospheric data
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In IO there is a slight decrease of δ from left to 
middle panels, correlated to the decrease of θ13

Strong correlations (in the left panels) mainly induced by the interplay between δ 
and θ13 in the subleading terms of the appearance probability for LBL experiments

In NO, the best fit of δ remains very close to ∼ 1.3π by adding 
first SBL reactor and then atmospheric neutrino data

Consistency of all the datasets towards the same best-fit 
values of both the Δm2, θ23, θ13 and δ



3n oscillation parameters, circa 2018

Known parameters constrained at few % level – Precision era!
“Unknown” CP phase maybe already “known” at O(10%) - if trend confirmed
Dramatic progress in the last two decades on the PMNS paradigm...
but still a long way to go to reach CKM-level accuracy and redundance!

Hints for nearly maximal CPV and NO will be at center stage in next years
14

Global Fit - 2018

Known parameters constrained at few % level

If trend continued, the unknown 𝛿 could be known at 10% level

Hints for maximal nearly CP violation and NO



RENO               arXiv:1806.00248            ✔ 

Daya Bay           arXiv:1809.02261             ✔ 

Double Chooz     arXiv:1901.09445             ✘

Few days ago: NOvA update arXiv:1906.04907

Partial Update - [Capozzi et al. 2019, preliminary, unpublished] 

SK-IV atmos.   arXiv:1901.03230, fiTQun reconstr. algorithm       ✘ 

DeepCore       arXiv:1902.07771, analyses “A” and “B”                ✘ 

T2K      Neutrino 2018 + other conferences 2018/19            ✔ 

NOvA    Neutrino 2018 + other conferences 2018/early 19      ✔ 
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NO: Slight increase of best fit values for q13, q23, Dm2, with slightly smaller errors
NO: Slight decrease of best-fit value of d, with weaker CPV significance   
IO: Remains disfavored with respect to NO at ~3s level à Stable hint in favor of NO

ß 2019

NO - slight increase of best-fit values for        
      with slightly smaller errors 

(Δm2, θ23, θ13)

NO - slight decrease of best-fit value of 𝛿        
      with weaker CPV significance

IO remains disfavoured at 3𝝈 level -> stable hint for NO

2019
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Covariances of (sin2q23, sin2q13) for Normal Ordering

ß 2018

ß 2019
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sin2q13: Slightly higher q13 with smaller errors from SBL reactors
Best fit LBL+Solar+KL in better agreement w.r.t. SBL reactors
àindirectly, adds preference for 2nd octant of q23

sin2q23: Slight preference for 2nd octant already from LBL+Solar+KL data

Covariances of               for NO(sin2 θ23, sin2 θ13)

Slight preference for second octant of 𝝑23 already from LBL+Solar+KL data 

Slightly higher 𝝑13 with smaller errors fro SBL reactor data

Best fit for LBL+Solar+Kl in better agreement with SBL data 
 indirectly adds preference for second octant of 𝝑23 

2018

2019
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SK-IV 2019
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[not included]

[Octant may still flip up and down in the future...]

Covariances of              for NO(sin2 θ23, Δm2)

Δm2	:	Note impact of SBL reactors + atmos. data in reducing its range

sin2	𝝑23	:		As noted, LBL (+SBL) preference for 2nd octant, but... SK-IV? 

SK IV weak preference for first octant …

2018

2019
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CP violation favored, but CP conservation “less disfavored” than in 2018 
analysis, mainly due to NOvA constraints being “out of phase” with T2K in 
NO. Need to wait for higher statistics (and possible T2K+NOvA joint fit)

Covariances of           for NO(sin2 θ13, δ)
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Agreement as good as it can be expected from independent phenom. analyses
[except perhaps for the “bimodal” -and relatively fragile- p.d.f. of sin2q23 ]

Agreement as good as it can be expected from independent phenom. analyses 
[except perhaps for the “bimodal” -and relatively fragile- pdf of sin2𝝑23 ] 

Comparison of this 2019 partial update (“BARI”) with NuFIT 4.0 results (“NUFIT”) 



J. Wolcott / Tufts UniversityFNAL UM / June 13, 2019 36

FD�data�(with new  samν ple!)

Data antineutrino candidates 102

Best fit total prediction 96

  total bkgd.: 2.2

    ↳ cosmic bkgd. 0.8

    ↳ beam bkgd. 1.4

Data neutrino candidates 113

Best fit total prediction 124

  total bkgd.: 4.2

    ↳ cosmic bkgd. 2.1

    ↳ beam bkgd. 2.1

ν
μ
 

ν
μ
 

New

data!

3-:avor�oscillations�describe�data�well

(goodness-of-Jt p = 0.91)

Now with
78%
more
ν  data!
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Now with
78%
more
ν  data!

Evidence�for��
e
�appearance�at�4.4σ

New

data!

νe 

νe 

FD�data�(with new  samν ple!)

Data antineutrino candidates 27

Best fit total prediction 27

  total bkgd.: 10.3

    ↳ cosmic bkgd. 1.1

    ↳ beam bkgd. 7.0

    ↳ wrong-sign  (app. ν
e
) 2.2

Data neutrino candidates 58

Best fit total prediction 59

  total bkgd.: 15.0

    ↳ cosmic bkgd. 3.3

    ↳ beam bkgd. 11.1

    ↳ wrong-sign (app. ν
e
) 0.7

NOvA update 
J. Wolcott @Fermilab, June 13, 2019 
arxiv:1906.04907

4.4𝝈 observation of    appearance

27         events (10 background)ν̄ν → ν̄e

ν̄ν → ν̄μ102         candidates

ν̄e
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Oscillation�results

Precision�measurement�of�atmospheric�parameters

New

data!
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Oscillation�results

Best�Ft:�

●

●

●

sin2θ
23
=0.26

−0.03

+0.04

Δm
32

2 =+2.48
−0.06

+0.11×10−3 eV2 /c4(NH)

δ
CP

=0.0
−0.4

+1.3 π

NHUO: All values of  allowed at 1.1δ σ

IH: = /2 ruled out > 4δ � σ

New

data!
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Oscillation�results

Best�Ft:�

●

●

●

sin2θ
23
=0.26

−0.03

+0.04

Δm
32

2 =+2.48
−0.06

+0.11×10−3 eV2 /c4(NH)

δ
CP

=0.0
−0.4

+1.3 π

NHUO: All values of  allowed at 1.1δ σ

IH: = /2 ruled out > 4δ � σ

New

data!

NO favoured with respect to IO at 1.9𝝈 (it was 1.8𝝈)

Weaker bounds on 𝛿 for NO

Maximal 𝝑23 less 
disfavoured

Probably Less “tension” with T2K data



Future Prospects

Oscillation Experiments

Non-Oscillation Experiments

Mass Ordering 
CP phase 𝛿 
T23 maximal mixing/octant 
Precision at <% level 

DUNE  
HyperKamiokande 
INO 
JUNO 
ORCA  
PINGU

Open issues

Open issues

Absolute mass scale 
Dirac/Majorana neutrinos 
Mass Ordering

0𝝂𝜷𝜷 experiments 
Cosmology + Astrophysics
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Expectations for JUNO reactor experiment

“Medium” baseline 
~50 km

Expected improvements 
on oscillation parameters

δm2 ∼ 7.34 × 10−5 eV2 (2.2%) → (0.6%)
Δm2 ∼ 2.49 × 10−3 eV2 (1.3%) → (0.5%)
sin2 θ12 ∼ 0.305 (4.4%) → (0.4%)
sin2 θ13 ∼ 2.23 × 10−2 (3.0%) → ( ∼ 3%)

Main goal: 
distinguish NO vs 
IO at 3-4𝝈 in 6y
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A “guaranteed” complementarity: better NO/IO discrimination by combining
JUNO + improved Dm2 from LBL accel. and Atmospheric expts

[reason: for wrong ordering, Dm2 misfits differ in different expts]

JUNO CDR, 1508.07166 Blennow & Schwetz, 1306.3988 

At lower significance, this complementarity is already at work in available data!
In general, we need diversity of approaches, also to test overall 3n consistency
à talk by M. Mezzetto

Complementarity: different measurements of Δm2 give better NO/
IO discrimination because of misfits differ in different expts

At lower significance, this complementarity 
is already at work in available data

JUNO + improved Δm2  from LBL accel. and Atmospheric expts 
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Long term: JUNO (osc. in vacuum) + high-precision solar n data (osc. in matter) 
might test the slight solar vs KamLAND “tension” (~2s) 

currently emerging from global fits in the determination of dm2 

Hypothetical outcome of a proposed DUNE-based solar n experiment vs JUNO:

Also: HyperK solar day-night tests. A discrepancy might point beyond standard 3n,
e.g., nonstandard interactions (NSI) of neutrinos in the solar+Earth matter. 

[Recently: NSI also testable with coherent elastic neutrino-nucleus scattering]  

[Beacom+ 1808.08232] 

(Very) Long term: JUNO (osc. in vacuum) + high-precision solar 𝝂 data 
(osc. in matter) might test the slight solar vs KamLAND “tension” (~2𝝈) 
currently emerging from global fits in the determination of 𝛿m2 
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Expectations for DUNE, LBL accel. expt [Input #126 + 1807.10334]
Disappearance + appearance à Can probe several 3n knowns and unknowns:   

Parameter 1s, 2019 DUNE, from Input #45 [EU Town meeting]
assuming systematics scaling with statistics

Dm2 1.3  % ~ 0.3 %
sin2q23 ~ 5  % ~ 1 % à octant resolution
sin2q13 3.0  % ~ comparable to reactors

T2HK: same ballpark.  But: Difficult to anticipate DUNE/T2K accuracy
due to current cross-section uncertainties. [Not an issue for IBD in JUNO]   

Δm2 ∼ 2.49 × 10−3 eV2 (1.3%) → (0.3%)
sin2 θ13 ∼ 2.23 × 10−2 (3.0%) → ( ∼ 3%)sin2 θ13 ∼ 2.23 × 10−2

sin2 θ23 ∼ 0.55 (5.2%) → ( ∼ 1%)

Disappearance + appearance enable to probe 
several 3𝝂 knowns and unknowns

Expectations for DUNE, LBL accel. expt 



Conclusions

● 3𝝂 framework established by convergence of many data sets 
● Five known parameters are being measured with increasing accuracy 
● Five unknowns remain to be determined, with hints in favor of:

Thank you for your attention

Absolute mass scale: —> sub-eV range, help from 
cosmology in the next future

Dirac/Majorana nature: probably need to wait much longer…

●  NO    vs IO at the level of ~3𝝈 from oscillation data  
          (+ cosmology) 
●  CPV  with 𝛿~1.2p (but CPC allowed at 1.3𝝈) 
●  𝝑23    in 2nd octant (but 1st octant allowed at <2𝝈 level) 
                [All very interesting... but not robust yet] 


