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Neutrinos oscillate!

neutrinos have mass → 
Standard Model of 
particle physics needs 
to be extended!
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3-flavour neutrino parameters
Global data and 3-flavour oscillations

3-flavour oscillation parameters
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3-flavour e�ects are suppressed: �m
2
21 π �m

2
31 and ◊13 π 1 (Ue3 = s13e

≠i”)

∆ dominant oscillations are well described by e�ective two-flavour oscillations
∆ present data is already sensitive to sub-leading e�ects
∆ CP-violation is suppressed by ◊13
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Global data and 3-flavour oscillations

3-flavour neutrino parameters

I 3 masses: �m
2
21, �m

2
31, m0

I 3 mixing angles: ◊12, ◊13, ◊23

I 3 phases: 1 Dirac (”), 2 Majorana (–1,–2)

neutrino oscillations
absolute mass observables
lepton-number violation (neutrinoless double-beta decay)
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The rough picture
Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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I The two mass-squared di�erences are separated roughly by a factor 30:
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I at least two neutrinos are massive
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Global data and 3-flavour oscillations Qualitative picture

Physical interpretation of mixing angles
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sin ◊13 = |Ue3| (‹e component in ‹3) = (‹3 component in ‹e)
tan ◊12 = |Ue2|

|Ue1| ratio of ‹2 and ‹1 component in ‹e

tan ◊23 = |Uµ3|
|U·3| ratio of ‹µ and ‹· component in ‹3
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• the two mass-squared differences are separated roughly by a factor 30: 

• at least two neutrinos are massive — two possible orderings 

• mixing angles are large

Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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Summary - neutrino oscillations

The SM flavour puzzle
Lepton mixing:
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Global data and 3-flavour oscillations Qualitative picture

Complementarity of global oscillation data
param experiment comment
◊12 SNO, SuperK, (KamLAND) resonant matter e�ect in the Sun

◊23 SuperK, T2K, NOvA ‹µ disappearance
atmospheric (accelerator) neutrinos

◊13 DayaBay, RENO, D-Chooz ‹̄e disappearance
(T2K, NOvA) reactor experiments @ ≥ 1 km

�m
2
21 KamLAND, (SNO, SuperK) ‹̄e disappearance

reactor @ ≥ 180 km (spectrum)

|�m
2
31| MINOS, T2K, NOvA, DayaBay ‹µ and ‹̄e disapp (spectrum)

” T2K, NOvA + DayaBay very weak sensitivity
combination of (‹µ æ ‹e) + ‹̄e disap

I global data fits nicely with the 3 neutrinos from the SM
I a few “anomalies” at 2-3 ‡: LSND, MiniBooNE, reactor anomaly,

no LMA MSW up-turn of solar neutrino spectrum – SOLVED 2020 (!)
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⇒ global analysis (especially sub-leading 3-flavour effects) 

NuFit collaboration: www.nu-fit.org with M.C. Gonzalez-Garcia, M. Maltoni, et al.  
NuFIT 5.0: Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792  

compatible results from Bari (Lisi et al.) and Valencia (Tortola et al.) groups  

http://www.nu-fit.org
http://www.nu-fit.org
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NuFIT 5.0 (2020)
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NuFit 5.0 results
www.nu-fit.org

http://www.nu-fit.org
http://www.nu-fit.org
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NuFit 5.0 results

Global data and 3-flavour oscillations Global analysis

Global 3-flavour fit
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I robust determination
(relat. precision at 3‡):

◊12 (14%) , ◊13 (9%)
�m

2
21 (16%) , |�m

2
3¸| (6.7%)

I broad allowed range for ◊23 (27%),
non-significant indications for
non-maximality/octant

I ambiguity in sign of �m
2
3¸ æ

mass ordering
I values of ”CP ƒ 90¶ disfavoured
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• preference for normal mass 
ordering ~3σ  
(subtle interplay of global data) 

• hints for „large“ CP violation ~2-3σ  
(mostly driven by T2K versus 
DayaBay)

8

CP violation and mass ordering

status about one year ago:

New data from T2K and NOvA 
at Neutrino20 (June 2020) 
neutrino samples increased by 32% / 54% resp.
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Global data and 3-flavour oscillations Global analysis

T2K and NOvA accelerator experiments

I ‹µ æ ‹µ and ‹̄µ æ ‹̄µ disappearance
I ‹µ æ ‹e and ‹̄µ æ ‹̄e appearance

The T2K Experiment

02/07/2020P. Dunne 6
295 km

Kamioka

J-PARC

Tokai

Super-K
• Muon (anti) neutrino beam generated at J
• Beam travels 295 km to large SK far detector to be 

measured after oscillations
• Near detector complex, ND280 constrains beam flux and 

interaction cross
• Important to constrain non

avoid bias
Near 
Detector

The NOvA Experiment
• Long-baseline	neutrino	
oscillation	experiment

• NuMI beam:	νμ or	ν̅μ
• 2	functionally	identical,	tracking	
calorimeter	detectors
– Near:	300	T	underground
– Far:	14	kT on	the	surface
– Placed	off-axis	to	produce	a	
narrow-band	spectrum

• 810	km	baseline
– Longest	baseline	of	current	
experiments.

Take a tour 
in VR!

T. Schwetz (KIT) Neutrino physics I 49 / 1
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T2K and NOvA Neutrino20 νµ→νe appearance results
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SK event samples

Patrick Dunne (p.dunne12@imperial.ac.uk) 22

• Three samples with e-like rings
• Two with e-ring only in ν-mode and $ν-mode targeting CC0# events
• One with Michel electron from # decay targeting CC1# events

• Uncertainty on rate is 4.7-5.9% in CC0# samples and 14.3% for CC1#

ν-mode e-ring %ν-mode e-ring ν-mode 
e-ring and
e from 
pion decay

94 events 16 events 14 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
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NOvA Preliminary-beamn

νe and ν̅e Data at the Far Detector

ν̅eνe

Total	Observed 82 Range
Total	Prediction 85.8 52-110
Wrong-sign 1.0 0.6-1.7
Beam	Bkgd. 22.7
Cosmic	Bkgd. 3.1

Total	Bkgd. 26.8 26-28

Total	Observed 33 Range
Total	Prediction 33.2 25-45
Wrong-sign 2.3 1.0-3.2
Beam	Bkgd. 10.2
Cosmic	Bkgd. 1.6

Total	Bkgd. 14.0 13-15

>4σ	evidence	of ν̅e appearance

NOvA neutrino NOvA anti-neutrino
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Latest results from T2K and NOvA
Global data and 3-flavour oscillations Global analysis

Latest restults from T2K and NOvA
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determined by DayaBay, RENO, DoubleChooz
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Status of mass ordering and CP phase
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Figure 1. Predicted number of events as a function of �CP for the T2K (left) and NOvA (right)
appearance data sets. sin2 ✓23 varies between 0.44 and 0.58, where the lower-light (upper-dark)
bound of the colored bands corresponds to 0.44 (0.58). Red (blue) bands correspond to NO (IO).
For the other oscillation parameters we have adopted sin2 ✓13 = 0.0224, |�m2

3`| = 2.5⇥ 10�3 eV2,
sin2 ✓12 = 0.310, �m2

21 = 7.39⇥ 10�5 eV2. The horizontal dashed lines show the observed number
of events, with the ±1� statistical error indicated by the gray shaded band.

accomodate the observed number of events within 1�. It seems that part of previous

hints can be attributed to a statistical fluctuation in this sub-leading event sample. Let

us stress, however, that due to the small CC1⇡ event numbers, statistical uncertainties

are large. Indeed, CCQE neutrino and anti-neutrino events consistently point in the same

direction and they are both fitted best with NO and maximal CP phase.

Moving now to NOvA, we first observe from figure 1 the larger separation between the

NO and IO bands compared to T2K. This is a manifestation of the increased matter e↵ect

because of the longer baseline in NOvA. Next, neutrino data have r ⇡ 1 which can be

accommodated by (NO, �CP ' ⇡/2) or (IO, �CP ' 3⇡/2). This behavior is consistent with

NOvA anti-neutrinos, however in tension with T2K in the case of NO. We conclude from

these considerations that the T2K and NOvA combination can be best fitted by IO and

– 4 –

0

5

10

15

∆
χ

2

Minos
NOvA
T2K
LBL-comb
LBL-react

0 90 180 270 360

δ
CP

0

5

10

15
∆

χ
2

0 90 180 270 360

δ
CP

Minos
NOvA
T2K
LBL-comb
LBL-react

NuFIT 4.1 (2019)
IO NO

NuFIT 5.0 (2020)

Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two

– 5 –

• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO
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Status of mass ordering and CP phase
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Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two

– 5 –

• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO

• CP phase best fit at 
δ=195° (shifted 
towards 180°) →  
CP conservation 
allowed at 0.6σ 

• for IO: best fit close to 
δ=270°, CP conserv. 
disfavoured at 3σ

Esteban et al., 2007.14792
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T2K and NOvA are statistically consistent for both orderings
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Figure 3. 1� and 2� allowed regions (2 dof) for T2K (red shading), NOvA (blue shading) and
their combination (black curves). Contours are defined with respect to the local minimum for IO
(left) or NO (right). We are fixing sin2 ✓13 = 0.0224, sin2 ✓12 = 0.310, �m2

21 = 7.40⇥ 10�5 eV2 and
minimize with respect to |�m2

3`|.

experiments are statistically consistent. We are going to quantify this later in section 2.3.

2.2 Accelerator versus reactor

In the previous section we have discussed the status of the hints on CP violation and

neutrino mass ordering in the latest LBL data. In the context of 3⌫ mixing the relevant

oscillation probabilities for the LBL accelerator experiments depend also on ✓13 which is

most precisely determined from reactor experiments (and on the ✓12 and �m2
21

parameters

which are independently well constrained by solar and KamLAND data). So in our discus-

sion, and also to construct the �2 curves and regions shown in figs. 2, 3, and 4 for T2K,

NOvA, Minos, and the LBL-combination, those parameters are fixed to their current best

fit values. Given the present precision in the determination of ✓13 this yields very similar

results to marginalize with respect to ✓13, taking into account the information from reactor

data by adding a Gaussian penalty term to the corresponding �2

LBL
.

Let us stress that such procedure is not the same as making a combined analysis of

LBL and reactor data, compare for instance the blue solid versus black/blue dashed curves

in fig. 2. This is so because relevant additional information on the mass ordering can be

obtained from the comparison of ⌫µ and ⌫e disappearance spectral data [22, 23]. In brief, the

relevant disappearance probabilities are approximately symmetric with respect to the sign

of two e↵ective mass-squared di↵erences, usually denoted as �m2
µµ and �m2

ee, respectively.

They are two di↵erent linear combinations of �m2
31

an �m2
32
. Consequently, the precise

determination of the oscillation frequencies in ⌫µ and ⌫e disappearance experiments, yields

information on the sign of �m2

3`. This e↵ect has been present already in previous data (see,

e.g., Ref. [2] for a discussion). We see from the two lower-left panels of figure 4 that the

region for |�m2

3`| for IO from the LBL combination (blue curve) is somewhat in tension

– 6 –
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5

TABLE I. Summary of signal and backgrounds. Rates are corrected for the muon veto and multiplicity selection efficiencies "µ · "m. The
procedure for estimating accidental, fast neutron, Am-C, and (↵,n) backgrounds is unchanged from Ref. [7].

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 830036 964381 889171 784736 127107 127726 126666 113922
DAQ live time (days) 1536.621 1737.616 1741.235 1554.044 1739.611 1739.611 1739.611 1551.945

"µ ⇥ "m 0.8050 0.8013 0.8369 0.8360 0.9596 0.9595 0.9592 0.9595
Accidentals (day�1) 8.27± 0.08 8.12± 0.08 6.00± 0.06 5.86± 0.06 1.06± 0.01 1.00± 0.01 1.03± 0.01 0.86± 0.01

Fast neutron (AD�1 day�1) 0.79± 0.10 0.57± 0.07 0.05± 0.01
9Li/8He (AD�1 day�1) 2.38± 0.66 1.59± 0.49 0.19± 0.08

Am-C correlated(day�1) 0.17± 0.07 0.15± 0.07 0.14± 0.06 0.13± 0.06 0.06± 0.03 0.05± 0.02 0.05± 0.02 0.04± 0.02
13C(↵, n)16O (day�1) 0.08± 0.04 0.06± 0.03 0.04± 0.02 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.04± 0.02 0.04± 0.02

⌫e rate (day�1) 659.36± 1.00 681.09± 0.98 601.83± 0.82 595.82± 0.85 74.75± 0.23 75.19± 0.23 74.56± 0.23 75.33± 0.24

Nfar,pred
i , given in Eq. 2:

N far,pred
i = wi

�
✓13,�m2

ee

�
⇥Nnear,obs

i . (2)

The predicted rate is based on the measurements in the
near halls, Nnear,obs

i , with minimal dependence on models
of the reactor ⌫e flux. Weight factors wi account for
the difference in near and far hall measurements, including
detection efficiencies, target mass differences, reactor power
and distance from each core, and oscillation probability.
The 6, 8, and 7 AD periods are treated separately in order
to properly handle correlations in reactor ⌫e flux, detector
response, and background.

To evaluate the oscillation parameters, a �2 is defined
in Eq. 3, where the statistical component of the covariance
matrix V is estimated analytically, and the systematic
component is evaluated from simulations:

�2 =
X

i,j

(N far,obs
j �N far,pred

j )(V �1)ij(N
far,obs
i �N far,pred

i ).

(3)
This approach is described in detail as Method A in Ref. [7].

Using this method, values of sin2 2✓13=0.0856±0.0029
and �m2

ee=(2.522+0.068
�0.070)⇥10�3 eV2 are obtained, with

�2/NDF = 148.0/154. Consistent results are obtained
using Methods B or C in Ref. [7]. Analysis using the exact
⌫e disappearance probability for three-flavor oscillations
yields �m2

32 = (2.471+0.068
�0.070) ⇥ 10�3 eV2 (�m2

32 =

�(2.575+0.068
�0.070) ⇥ 10�3 eV2) assuming normal (inverted)

hierarchy. Statistics contribute 60% (50%) to the total
uncertainty in the sin2 2✓13 (�m2

ee) measurement. The
systematic uncertainty of sin2 2✓13 is dominated by the
detection efficiency uncertainty uncorrelated among detectors
and the reactor ⌫e flux prediction, while that of �m2

ee is
dominated by the uncorrelated energy scale uncertainty.

The reconstructed prompt energy spectrum observed in the
far site is shown in Fig. 3, as well as the best-fit predictions.
The 68.3%, 95.5%, and 99.7% C.L. allowed regions in the
�m2

ee- sin2 2✓13 plane are shown in Fig. 4.
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FIG. 3. The background-subtracted spectrum at the far site (black
points) and the expectation derived from near-site measurements
excluding (red line) or including (blue line) the best-fit oscillation.
The bottom panel shows the ratios of data over predictions with no
oscillation. The shaded area is the total uncertainty from near-site
measurements and the extrapolation model. The error bars represent
the statistical uncertainty of the far-site data. The inset shows the
background components on a logarithmic scale. Detailed spectra
data are provided as Supplemental Material [14].

In summary, new measurements of sin2 2✓13 and �m2
ee are

obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2✓13, and the precision of �m2

32 is comparable to that
of the accelerator-based experiments [19–21].

Daya Bay is supported in part by the Ministry of Science
and Technology of China, the U.S. Department of Energy,
the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural Science
Foundation of China, the Guangdong provincial government,
the Shenzhen municipal government, the China General
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)

Patrick Dunne (p.dunne12@imperial.ac.uk) 21
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Consistency of µ and e disappearance
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Status of mass ordering
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Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two
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Figure 4. ��2 profiles as a function of �m2
3` (left) and sin2 ✓23 (right) for di↵erent LBL data

sets and their combination. In the left 4 panels we show also the combined reactor data from
Daya-Bay, RENO and Double-Chooz. For all curves we have fixed sin2 ✓13 = 0.0224 as well as the
solar parameters and minimized with respect to the other un-displayed parameters. ��2 is shown
with respect to the best fit mass ordering for each curve. Upper panels are for the NuFIT 4.1 data
set, whereas lower panels correspond to the current update.

with the one from the reactor experiments Daya-Bay, RENO and Double-Chooz (black

curve), while they are in quite good agreement for NO.

In the accelerator-reactor combination this leads again to a best fit point for NO, with

��2(IO) = 2.7, considerably less than the value 6.2 of NuFIT 4.1. This is explicitly shown,

for example, in the LBL-reactor curves in fig. 2. For the NO best fit, a compromise between

T2K and NOvA appearance data has to be adopted, avoiding over-shoting the number of

neutrino events in NOvA while still being able to accommodate both neutrino and anti-

neutrino data from T2K, see figure 1. This leads to a shift of the allowed region towards

�CP = ⇡ and a rather wide allowed range for �CP for NO, see figures 2 and 3. On the

other hand, we see from these figures that for IO, both T2K and NOvA prefer �CP ' 270�.

Consequently, if we restrict to this ordering, CP conservation remains disfavored at ⇠ 3�.

The behaviour as a function of sin2 ✓23 is shown in fig. 3 and the right panels of

figure 4. It is mostly driven by the two T2K neutrino samples. As follows from eq. (2.4),

their predicted event rate can be enhanced by increasing sin2 ✓23. Therefore, in order to

compensate for the reduction in IO, a slight preference for the second ✓23 octant emerges

for IO. In case of NO, this is less preferrable, since large sin2 ✓23 would worsen the T2K

anti-neutrino fit as well as NOvA neutrino data.

– 7 –

• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO 

• LBL/reactor determ of 
Δm2 better for NO → 

•  overall preference for 
NO with Δ𝝌2 = 2.7 
(was 6.2 in 2019)

Esteban et al., 2007.14792
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Mass ordering - atmospheric neutrinos

5

(a)P (⌫µ ! ⌫µ) (b)P (⌫µ ! ⌫e)

(c)P (⌫̄µ ! ⌫̄µ) (d)P (⌫̄µ ! ⌫̄e)

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and
zenith angle assuming a normal mass hierarchy. Matter e↵ects in the Earth produce the distortions in the neutrino figures
between two and ten GeV, which are not present in the antineutrino figures. Distortions in the ⌫µ survival probability and
enhancements in the ⌫e appearance probability occur primarily in angular regions corresponding to neutrino propagation across
both the outer core and mantle regions (cosine zenith < �0.9) and propagation through the mantle and crust (�0.9 < cosine
zenith < �0.45 ). For an inverted hierarchy the matter e↵ects appear in the antineutrino figures instead. Here the oscillation
parameters are taken to be �m

2
32 = 2.5⇥ 10�3eV2, sin2

✓23 = 0.5, sin2
✓13 = 0.0219, and �CP = 0.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed
by more than 11,000 inward-facing 20-inch photomulti-

plier tubes (PMTs) and contains a 32-kiloton target vol-
ume. The outer detector, which is defined by the two
meter-thick cylindrical shell surrounding the ID, is lined
with reflective Tyvek to increase light collection to 1,885
outward-facing eight-inch PMTs mounted on the shell’s
inner surface. Since the start of operations in 1996,
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FIG. 11. Constraints on the matter e↵ect parameter ↵

from the Super-K atmospheric neutrino data fit assuming
sin2

✓13 = 0.0219± 0.0012 . Orange lines denote the inverted
hierarchy result, which has been o↵set from the normal hierar-
chy result, shown in blue, by the di↵erence in their minimum
�
2 values. Vacuum corresponds to ↵ = 0, while the standard

matter profile used in the rest of the analyses presented here
corresponds to ↵ = 1.

aspects of the experiments are shared. Notably the de-
tector simulation as well as the neutrino interaction gen-
erator, NEUT [33], and the event reconstruction tools
at Super-K are common between the two. From the
standpoint of Super-K then, only the neutrino source and
associated systematics di↵er between the beam and at-
mospheric neutrino measurements. For this reason it is
possible to create a reliable simulation of the T2K experi-
ment using software and methods specific to atmospheric
neutrino measurements, provided only information about
the beam flux and systematic errors. Accordingly, in ad-
dition to the 19⇥4 data samples presented in Section III,
simulated T2K ⌫e appearance and ⌫µ disappearance sam-
ples are introduced into the atmospheric analysis in or-
der to directly incorporate T2K’s measurements. Monte
Carlo corresponding to these samples is constructed from
reweighted atmospheric neutrino MC and data are taken
from the literature. This scheme allows various oscilla-
tion hypotheses to be tested against the published T2K
data and in conjunction with the Super-K data. Pro-
vided the model samples reproduce T2K’s results when
fit without the atmospheric neutrino data, the results of
a combined analysis can be taken as reliable.

Neutrino MC samples at Super-K are generated ac-

Super-Kamiokande I-IV, 1710.09126

• 𝝌2(IO) - 𝝌2(NO) = 4.3 

• analysis not reproducable outside SK 

•add 𝝌2 table to global fit („black box“)
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• global analysis (using SK I-IV, 1710.09126):  
𝝌2(IO) - 𝝌2(NO) = 2.7 (no SK) → 7.1 (w SK) 2.7σ was 10.4 (3.2σ) in 2019 

• NOTE: recent SK update @ Neutrino20: improved analysis: 
𝝌2(IO) - 𝝌2(NO) = 4.3 → 3.2              (𝝌2 table not available yet)
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Figure 6. Global 3⌫ oscillation analysis. We show ��2 profiles minimized with respect to all
undisplayed parameters. The red (blue) curves correspond to Normal (Inverted) Ordering. Solid
(dashed) curves are without (with) adding the tabulated SK-atm ��2. Note that as atmospheric
mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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long-standing tension between Δm2 from KamLAND and solar neutrinos: 

• missing up-turn of high-energy solar neutrino spectrum 

• too large day-night effect

20
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Small „tension“ (2σ) in 12 sector: RESOLVED
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Figure 5. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the previous results of the global
analysis for the GS98 model in Ref .[2]. Right: ��2 dependence on �m2

21 for the same four analyses
after marginalizing over ✓12.

asymmetry

AD/N,SK4-2970 = (�2.1± 1.1)% . (3.2)

We show in fig. 5 the present determination of these parameters from the global solar

analysis in comparison with that of KamLAND data. The results of the solar neutrino

analysis are shown for the two latest versions of the Standard Solar Model, namely the

GS98 and the AGSS09 models [29] obtained with two di↵erent determinations of the solar

abundances [30]. For sake of comparison we also show the corresponding results of the

solar analysis with the pre-Neutrino2020 data [2].

As seen in the figure, with the new data the tension between the best fit �m2
21

of

KamLAND and that of the solar results has decreased. Quantitatively we now find that

the best fit �m2
21

of KamLAND lies at ��2

solar
= 1.3 (1.14�) in the analysis with the GS98

fluxes. This decrease in the tension is due to both, the smaller day-night asymmetry (which

lowers ��2

solar
of the the best fit �m2

21
of KamLAND by 2.4 units) and the slightly more

pronounced turn-up in the low energy part of the spectrum which lowers it one extra unit.

4 Global fit results

Finally we present a selection of the results of our global analysis NuFIT 5.0 using data

available up to July 2020 (see appendix A for the complete list of the used data including
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• new SuperK solar neutrino data @ Neutrino20: 
• spectrum better compatible with KamLAND prediction 
• day/night asym.:  

• solar neutrino and KamLAND data compatible at 1.1σ

• Best fit value of solar Δm221 changed from 4.8 x 10-5 eV2 (2019) to 
6.1 x 10-5 eV2


• Spectrum analysis:


• Shift of prediction due to improved detector simulation


• Added statistics due to improved spallation cut


• Event migration due to new reconstruction tool 


• Day/Night asymmetry:


• Event migration due to new reconstruction


• Previous analysis used data up to Feb 2014 (SK-IV: 1664 days)


• Added ~1200 days of data fluctuated towards smaller D/N 
asymmetry


• Both impacted to the shift of best fit Δm221 value by roughly equal 
amount (in term of change of Δχ2)
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6.1 x 10-5 eV2


• Spectrum analysis:


• Shift of prediction due to improved detector simulation


• Added statistics due to improved spallation cut


• Event migration due to new reconstruction tool 


• Day/Night asymmetry:


• Event migration due to new reconstruction


• Previous analysis used data up to Feb 2014 (SK-IV: 1664 days)


• Added ~1200 days of data fluctuated towards smaller D/N 
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• Both impacted to the shift of best fit Δm221 value by roughly equal 
amount (in term of change of Δχ2)
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• 3-flavour oscillation paradigm very successful 
excellent description of global data 

• previous hints for CP violation disappeared  
mostly due to new T2K and NOvA results:  
• CP cons. @ 0.6σ 
• if restricted to inverted ordering: CPV preferred at ~3σ 

• previous hints for normal ordering decreased:  
• Δ𝝌2(IO) = 2.7 (no SK atm) / 7.1 (w SK atm)  

opposite tendencies in different sets of experiments  
• preference for NO from SK atm is decreasing  

• previous tension between solar and KamLAND data resolved with 
latest SuperK solar neutrino data

22

Summary

Thank you for your attention!
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T2K, NOvA, and reactors are consistent with each others

data sets normal ordering inverted ordering

�2

PG
/n p-value #� �2

PG
/n p-value #�

T2K vs NOvA 6.7/4 0.15 1.4� 3.6/4 0.46 0.7�

T2K vs React 0.3/2 0.87 0.2� 2.5/2 0.29 1.1�

NOvA vs React 3.0/2 0.23 1.2� 6.2/2 0.045 2.0�

T2K vs NOvA vs React 8.4/6 0.21 1.3� 8.9/6 0.18 1.3�

T2K vs NOvA 6.5/3 0.088 1.7� 2.8/3 0.42 0.8�

T2K vs NOvA vs React 7.8/4 0.098 1.7� 7.2/4 0.13 1.5�

Table 2. Testing the consistency of di↵erent data sets shown in the first column assuming either
normal or inverted ordering. “React” includes Daya-Bay, RENO and Double-Chooz. In the analyses
above the horizontal line, ✓13 is a free parameter, whereas below the line we have fixed sin2 ✓13 =
0.0224. See text for more details.

2.3 Consistency between T2K, NOvA and reactors

Let us now address the question of whether some data sets are in tension with each other at

a worrisome level. A useful method to quantify the consistency of di↵erent data sets is the

so-called parameter goodness-of-fit (PG) [24]. It makes use of the following test statistic:

�2

PG = �2

min,glob �
X

i

�2

min,i , (2.6)

where i labels di↵erent data sets, �2

min,i is the �2 minimum of each data set individually,

and �2

min,glob
is the �2 minimum of the global data, i.e., �2

min,glob
= min

⇥P
i �

2

i

⇤
. Let us

denote by ni the number of model parameters on which the data set i depends, and nglob

the number of parameters on which the global data depends. Then the test statistic �2

PG

follows a �2 distribution with n degrees of freedom, where [24]

n =
X

i

ni � nglob . (2.7)

We are going to apply this test now to di↵erent combination of the three data sets,

“T2K”, “NOvA”, and “React”, where “React” is the joint data set of Daya-Bay, RENO

and Double-Chooz.3 The accelerator samples always include appearance and disappearance

channels for both neutrinos and anti-neutrinos. In order to study the consistency of the sets

under a given hypothesis for the neutrino mass ordering, all minimizations are preformed

restricting to a given mass ordering. Furthermore, the solar parameters are kept fixed and

hence, we have nT2K = nNOvA = nglob = 4 (namely ✓13, ✓23, �CP, |�m2

3`|) and nReact = 2

(namely ✓13, |�m2

3`|). The results are shown in table 2.

First, we check the pair-wise consistency of two out of the three sets. In all cases

we find perfect consistency with p-values well above 10%. The only exception is NOvA

vs React for IO which show tension at the 2� level. A large contribution to this e↵ect

3
We have also checked that the three reactor experiments by themselves are in excellent agreement with

each other, see the figure “Synergies: atmospheric mass-squared splitting” available at [11]. This justifies

to merge them into a single set.
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Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792


