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•Global oscillation analysis in the three-neutrino framework


•Comment on neutrino mass ordering determination from cosmology


• Proposal for a model-independent test for T-violation
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• effective low-energy description:  

•not gauge invariant, new physics origin of 


• low-energy phenomenology encoded in  
symmetric complex matrix → 9 real physical parameters:


• 6 neutrino oscillation params: 


• 1 absolute mass observable: lightest neutrino mass 


• 2 Majorana phases  (neutrinoless double beta decay)  

mab

mab

Δm2
21, Δm2

31, θ12, θ13, θ23, δCP

m0

α, β
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Neutrino mass implies physics beyond the SM

ℒMν
=

1
2

νc
aLmabνbL

}good prospects to 
determine experimentally 

absent for Dirac neutrinos
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Three flavour oscillation parameters
www.nu-fit.orgglobal analysis NuFIT 5.1 results
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comparable results: 
Bari: e.g. Capozzi et al., 2107.00532 
Valencia: e.g. deSalas et al., 2006.11237 
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Evolution of global 3 flavour fit

Universe 2021, 7, 459 6 of 17

To further illustrate the improvement on the robust precision on the determination of
these parameters over the last decade, we could compute the 3s relative precision of parameter
x

2(x+ � x�)
(x+ + x�)

where x+ and x� are the upper and lower bounds on parameter x at the 3s level. Doing so,
we find the following change in the 3s relative precision (marginalising over ordering):

NuFIT 1.0 NuFIT 2.0 NuFIT 3.0 NuFIT 4.0 NuFIT 5.1
q12 15% 14% 14% 14% 14%
q13 30% 15% 11% 8.9% 9.0%
q23 43% 32% 32% 27% 27%

Dm2
21 14% 14% 14% 16% 16%

|Dm2
3`| 17% 11% 9% 7.8% 6.7% [6.5%]

dCP 100% 100% 100% 100% [92%] 100% [83%]
Dc2

IO-NO ±0.5 �0.97 +0.83 +4.7 [+9.3] +2.6 [+7.0]

(5)

In the last two columns, numbers between brackets show the impact of including tabulated
SK-atm data (see Section 3.3) in the precision of the determination of such a parameter. Since
the Dc2 profile of dCP is not Gaussian, the precision estimation above for dCP is only indicative.
In addition, the last line shows the Dc2 between orderings that, for NuFIT 1.0, changed from
+0.5 to �0.5 depending on the choice of normalisation for the reactor fluxes.

0

2

4

6

8

10

12

14

∆
χ

2

7 7.5 8

∆m
2

21
 [10

-5
 eV

2
]

0

2

4

6

8

10

12

14

∆
χ

2

-2.75 -2.5 -2.25

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.25 2.5 2.75 0.275 0.3 0.325 0.35

sin
2

θ
12

0.015 0.02 0.025 0.03

sin
2

θ
13

0.3 0.4 0.5 0.6

sin
2

θ
23

0 90 180 270 360

δ
CP

Huber react. fluxes

free fluxes + RSBL

with SK-atm

NO IO

w/o SK-atm

NuFIT 1.0:

NuFIT 5.1:

N
u
F

IT
 1

.0
 (2

0
1
2
)

N
u
F

IT
 5

.1
 (2

0
2
1
)

Figure 1. Comparison of global 3n oscillation analysis results. All panels show Dc2 profiles minimised with respect to all
undisplayed parameters. Red (blue) curves are for normal (inverted) ordering. As atmospheric mass-squared splitting, we
used Dm2

31 for NO and Dm2
32 for IO. (top) NuFIT 1.0 results. Solid curves obtained with free normalisation of reactor fluxes and

the inclusion of data from short-baseline (less than 100 m) reactor experiments; for dotted curves, short-baseline data were not
included, but reactor fluxes were fixed to the predictions of [40]. (bottom) NuFIT 5.1 results. In all curves, theneutrino fluxes for
each reactor experiment were constrained by the corresponding near detector. Solid (dashed) curves obtained without (with)
including tabulated SK-atm Dc2 data. Figure adapted from [30].
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Figure 1. Comparison of global 3n oscillation analysis results. All panels show Dc2 profiles minimised with respect to all
undisplayed parameters. Red (blue) curves are for normal (inverted) ordering. As atmospheric mass-squared splitting, we
used Dm2

31 for NO and Dm2
32 for IO. (top) NuFIT 1.0 results. Solid curves obtained with free normalisation of reactor fluxes and

the inclusion of data from short-baseline (less than 100 m) reactor experiments; for dotted curves, short-baseline data were not
included, but reactor fluxes were fixed to the predictions of [40]. (bottom) NuFIT 5.1 results. In all curves, theneutrino fluxes for
each reactor experiment were constrained by the corresponding near detector. Solid (dashed) curves obtained without (with)
including tabulated SK-atm Dc2 data. Figure adapted from [30].

relat. precision at  :3σ

2012             2014             2016             2018             2021   

Gonzalez-Garcia, Maltoni, TS [arXiv:2111.03086]
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Four well-known parameters
www.nu-fit.orgNuFIT 5.1 results

• robust determination 
(relat. precision at 3 )σ
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Four well-known parameters
www.nu-fit.orgNuFIT 5.1 results

• robust determination 
(relat. precision at 3 )σ
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Four well-known parameters
www.nu-fit.orgNuFIT 5.1 results

• robust determination 
(relat. precision at 3 )σ
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• long-standing tension (2 ) between solar and 
KamL data resolved by latest SK-solar data

σ

8

Four well-known parameters
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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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• 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)

22

Difference from the 
previous results

Data/MC ratio at E < 6 MeV slightly shifted upward

AFit
DN = (−3.6 ± 1.6(stat) ± 0.6(syst)) % → AFit

DN = (−2.1 ± 1.1) %

Preliminary

Preliminary KamLAND (95%CL)

SK+SNO 2020 (95% CL)

Solar 2019 (95% CL)
ADN=-0.05

ADN=-0.04

ADN=-0.03
ADN=-0.025

ADN=-0.02

ADN=-0.015

ADN=-0.01

ADN=-0.005

sin2(O13)=0.0219±0.0014

sin2(O12)=0.309±0.014 6m2
21=(4.83+1.25

 -0.60) 10-5eV2

sin2(O12)=0.312±0.014 6m2
21=(4.85+1.31

 -0.61) 10-5eV2

sin2(O12)=0.306±0.014 6m2
21=(6.11+1.21

 -0.68) 10-5eV2
sin2(O12)=0.316+0.034

 -0.026 6m2
21=(7.54+0.19

 -0.18) 10-5eV2

6
m

2 21
 in

 1
0-5

eV
2

5

10

15

2 4 6 8
1m 2m 3m

6r2sin2(e)
0.1 0.2 0.3 0.4 0.5

2
4
6
8

1m

2m

3m

6
r2

SK-IV

Solid: all solar   
Dashed: SK+SNO

Y. Nakajima, talk @ Neutrino20

• 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)

22

Difference from the 
previous results

Data/MC ratio at E < 6 MeV slightly shifted upward

AFit
DN = (−3.6 ± 1.6(stat) ± 0.6(syst)) % → AFit

DN = (−2.1 ± 1.1) %

Preliminary

Preliminary KamLAND (95%CL)

SK+SNO 2020 (95% CL)

Solar 2019 (95% CL)
ADN=-0.05

ADN=-0.04

ADN=-0.03
ADN=-0.025

ADN=-0.02

ADN=-0.015

ADN=-0.01

ADN=-0.005

sin2(O13)=0.0219±0.0014

sin2(O12)=0.309±0.014 6m2
21=(4.83+1.25

 -0.60) 10-5eV2

sin2(O12)=0.312±0.014 6m2
21=(4.85+1.31

 -0.61) 10-5eV2

sin2(O12)=0.306±0.014 6m2
21=(6.11+1.21

 -0.68) 10-5eV2
sin2(O12)=0.316+0.034

 -0.026 6m2
21=(7.54+0.19

 -0.18) 10-5eV2

6
m

2 21
 in

 1
0-5

eV
2

5

10

15

2 4 6 8
1m 2m 3m

6r2sin2(e)
0.1 0.2 0.3 0.4 0.5

2
4
6
8

1m

2m

3m

6
r2

SK-IV

Solid: all solar   
Dashed: SK+SNO

•solar neutrino and KamLAND data compatible at 1.1σ



Th. Schwetz - Neutrino 2022 — 1. 6. 2022

• neutrino mass ordering  
(red vs blue curves)


• octant of 


• status of leptonic CP violation

θ23

9

The unknowns:
Global data and 3-flavour oscillations Qualitative picture

What we know – masses

INVERTEDNORMAL
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I The two mass-squared di�erences are separated roughly by a factor 30:
�m

2
21 ¥ 7◊ 10≠5eV2 , |�m

2
31| ¥ |�m
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32| ¥ 2.4◊ 10≠3eV2

I at least two neutrinos are massive

T. Schwetz (KIT) Neutrino physics I 41 / 63
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•broad allowed range for 


• ambiguity in the octant 

• fragile with respect to  

atmospheric neutrino analysis 
and mass ordering

θ23 (24%)

10

The least known mixing angle
www.nu-fit.orgNuFIT 5.1 results

5.2%for quarks:

http://www.nu-fit.org
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•broad allowed range for 


• ambiguity in the octant 

• fragile with respect to  

atmospheric neutrino analysis 
and mass ordering

θ23 (24%)

11

The least known mixing angle
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•different tendencies in 

•LBL accelerator data:  
T2K & NOvA better compatible for IO
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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
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(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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slightly different effective mass-squared differences: -/+ for NO/IO   Nunokawa, Parke, Zukanovich, 05
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|�m2
µµ| = |�m2

ee|⌥�m2
21 [cos 2✓12 � cos � sin ✓13 sin 2✓12 tan ✓23]
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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 –
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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.
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very power full in the future [Blennow, TS, 2013] 
combining reactor data from JUNO with 
atmospheric data from IceCube [1911.06745] or 
KM3NET/ORCA  [2108.06293]  
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• CP phase best fit at δ=195° →  
CP conservation allowed at 0.6σ


• for IO: best fit close to δ=270°,  
CP conservation disfavoured at 3σ
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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
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•NuFit 5.0 updated with SK I-IV analysis 
presented @ Neutrino’20


•improved sensitivity to MO: 
𝝌2(IO) - 𝝌2(NO) = 3.2 (atm only) 
pre-Neutrino’20: 4.3


•added to global fit via 𝝌2 table: 
𝝌2(IO) - 𝝌2(NO) = 2.7 (no SK)  
                   → 7.1 (w SK) 2.7σ


•CP conservation @  (no SK)  
                            (w SK) 
                                 best fit: 

0.6σ
→ 2σ

δCP ≈ 230∘

16

Mass ordering and CP phase: atmospheric neutrinos
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Mass ordering and CP phase: atmospheric neutrinos
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• results from global 3-flavour oscillation fit


• robust determination of 


• determination of mass-ordering, -octant, CP phase depends on  
sub-leading three-flavour effects — not yet statistically significant


• interplay of accelerator / reactor / atmospheric data 

Δm2
21, |Δm2

31 | , θ12, θ13

θ23

17

Intermediate summary:

best fit MO best fit oct.

accelerator IO                1.5 275° 2.0 2nd 2.2

+ reactors NO 2.7 195° 0.4 2nd 0.5

+ atmospheric NO 7.1 230° 4.0 1st 3.2

δCPΔχ2(MO) Δχ2(CPC) Δχ2(oct.)θ23
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Neutrino mass from cosmology

•minimal values predicted from 
oscillation data for : 
 

 

•detection of non-zero neutrino 
mass expected soon!


•current limit close to IO minimum

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

talks by J. Lesgourgues, O. Mena
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Figure 1: Posterior likelihood function from current data (Planck+BAO+H0). The left panel shows the

posterior likelihood function for ⌃, where we indicate the predicted values for NO and IO in the case of

m0 = 0; the width of the lines corresponds to ±2� uncertainty due to current oscillation data. The gray

shaded region indicates the one-sided upper bound on ⌃ at 95% CL (flat prior in ⌃). The right panel shows

the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization. The

dashed, dot-dashed, solid curves correspond to the approximation that 1, 2, 3 massive neutrinos contribute

to ⌃ (see text for details).

none of these scenarios actually corresponds to the realistic cases of NO or IO with mass-

squared di↵erences constrained by oscillations. However, the spread in the results will be

indicative for our assumption that cosmology is sensitive only to ⌃. Indeed we confirm that

within the numerical accuracy all three models lead to an upper bound of 0.14 eV (95% CL).

The posterior likelihood function is shown in fig. 1. The left panel shows the likelihood

as a function of ⌃, and we indicate the predicted values for ⌃ for NO and IO assuming

m0 = 0, as well as the 95% CL upper bound on ⌃, assuming a flat prior in ⌃ � 0. Note

that the region of largest likelihood, for ⌃ < 59 meV, is actually unphysical, since such small

values for the sum of the neutrino masses are inconsistent with neutrino oscillation data.

Hence, this region will be cut away once the sum is expressed using eq. (1.1) and imposing

the physical requirement of m0 � 0.

In order to apply eq. (2.2) to calculate the probability of IO vs NO we translate the

likelihood into a posterior likelihood as a function of m0 by using eq. (1.1).2 The resulting

likelihoods are shown in the right panel of fig. 1. The posterior odds for NO versus IO are

given by the ratio of the integrals over those two curves weighted by the prior probabilities

for the orderings. Assuming equal prior probabilities for NO and IO, eq. (2.2) leads to a

probability for IO of pI = 0.35, which corresponds to posterior odds for NO versus IO of

about 1.9:1. Clearly, using even quite restrictive assumptions about the cosmological model

2
We neglect the uncertainty induced by the uncertainty on the mass-squared di↵erences from oscillation

data. For an accuracy on ⌃ larger than 0.01 eV this is an excellent approximation, see also sec. 4.

5
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al
Bayesian odds:

NO:IO ≈ 2:1

Hannestad, Schwetz, 1606.04691

Excluding inverted ordering with cosmology?
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the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization. The

dashed, dot-dashed, solid curves correspond to the approximation that 1, 2, 3 massive neutrinos contribute

to ⌃ (see text for details).

none of these scenarios actually corresponds to the realistic cases of NO or IO with mass-

squared di↵erences constrained by oscillations. However, the spread in the results will be

indicative for our assumption that cosmology is sensitive only to ⌃. Indeed we confirm that

within the numerical accuracy all three models lead to an upper bound of 0.14 eV (95% CL).

The posterior likelihood function is shown in fig. 1. The left panel shows the likelihood

as a function of ⌃, and we indicate the predicted values for ⌃ for NO and IO assuming

m0 = 0, as well as the 95% CL upper bound on ⌃, assuming a flat prior in ⌃ � 0. Note

that the region of largest likelihood, for ⌃ < 59 meV, is actually unphysical, since such small

values for the sum of the neutrino masses are inconsistent with neutrino oscillation data.

Hence, this region will be cut away once the sum is expressed using eq. (1.1) and imposing

the physical requirement of m0 � 0.

In order to apply eq. (2.2) to calculate the probability of IO vs NO we translate the

likelihood into a posterior likelihood as a function of m0 by using eq. (1.1).2 The resulting

likelihoods are shown in the right panel of fig. 1. The posterior odds for NO versus IO are

given by the ratio of the integrals over those two curves weighted by the prior probabilities

for the orderings. Assuming equal prior probabilities for NO and IO, eq. (2.2) leads to a

probability for IO of pI = 0.35, which corresponds to posterior odds for NO versus IO of

about 1.9:1. Clearly, using even quite restrictive assumptions about the cosmological model

2
We neglect the uncertainty induced by the uncertainty on the mass-squared di↵erences from oscillation

data. For an accuracy on ⌃ larger than 0.01 eV this is an excellent approximation, see also sec. 4.

5
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Bayesian odds:

NO:IO ≈ 2:1

Hannestad, Schwetz, 1606.04691

Excluding inverted ordering with cosmology?

•Strong Bayesian Evidence for 
the Normal Neutrino Hierarchy  
Simpson et al., 1703.03425;  
Jimenez et al., 2203.14247

•No conclusive evidence for normal ordering: TS et al. 1703.04585; 
Vagnozzi et al., 1701.08172; Gariazzo et al., 1801.04946; Heavens, Sellentin, 
1802.09450; deSalas et al., 1806.11051; Mahony et al., 1907.04331; 
Hannestad, Roy Choudhury, 1907.12598; Gariazzo et al., 2205.02195
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4

FIG. 1. Bayes factors B in favor of NO: probability of NO being the true mass ordering and corresponding number of � (not
indicated if smaller than 1�), for di↵erent parameterizations and constraining data, as described in the text. Colored bands
represent the Bayes factor ranges that correspond to statistical significance of 1�, 2� and 3� Gaussian probabilities. Note that
the ��2 value from oscillation experiments has not been included in this figure.

show the Bayes factors plus the corresponding probabil-
ity and significance in favor of NO for the five di↵erent
parameterizations described in section II B.

As we can see, considering only oscillation data (cir-
cles) or adding the KATRIN constraints (crosses) on the
e↵ective electron neutrino mass gives the same results
(apart from small numerical fluctuations): the limit on
the neutrino masses from KATRIN is broad enough not
to alter the Bayes factor in favor of NO. The significance
of the preference in favor of NO, however, changes sig-
nificantly when we consider di↵erent parameterizations.
Given that the oscillation ��2 between NO and IO is
not taken into account and that the constraints on the
mass splittings are the same, we expect that there is no
preference in favor of NO when only oscillation data are
considered, and indeed this is what we obtain in cases
B, D and E. On the contrary, cases A and C provide a
preference in favor of NO, which therefore is necessarily
a consequence of the specific choice of parameters and
their priors, because the data are the same.

When more constraining observations in the form of
upper limits on the sum of neutrino masses, ⌃m⌫ <
0.12 eV (diamonds) or ⌃m⌫ < 0.09 eV (stars), are taken
into account, the preference in favor of NO increases.
Cases D and E are almost equivalent, providing a Bayes
factor just above 5, which corresponds to approximately
85% probability (1.4�) in favor of NO. Concerning the
other cases, the preference can be significantly higher,
reaching a Bayes factor of approximately 175, for a nearly

2.8� preference for NO in case A, i.e. twice the signifi-
cance of cases D or E. Notice that even when consider-
ing the three neutrino masses as free parameters (cases
A, B, C), the Bayes factor in favor of NO varies up to
a factor 6 depending on the selected sampling method.
We can also note that when switching from terrestrial
measurements only to the terrestrial plus cosmological
constraints, the Bayes factor increases di↵erently in the
various cases: from a factor around 40 for cases A, B
to a much smaller 5 in case D. Varying the parameteri-
zation or the prior, therefore, does not simply introduce
a global normalization in the Bayes factors, but rather
it exacerbates the preferences in favor of NO when the
constraints on the absolute mass scale become tighter.

Notice that our results are in good agreement with
those obtained in [1] for case A (their SJPV prior), with
a slightly increased significance when including cosmolog-
ical constraints, while in case E (their HS prior) we ob-
tain slightly less significant results. The minimum prefer-
ence for NO when considering the strongest cosmological
constraints, however, is obtained within our case D, for
which the preference for NO is only driven by data: this
should be considered as the most robust result. The ef-
fect of parameterization and prior choices, therefore, is
as large as a factor of 33 in the Bayes factor, solely due
to subjective choices, when changing from case A to case
D.

When including the ��2 from oscillation experiments
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Preference for normal ordering (including  from oscillation)Δχ2
IO/NO 5

FIG. 2. Same as figure 1, but taking into account the additional preference in favor of NO arising from neutrino oscillations;
we use the average ��2 obtained in the global analyses [2–4]. Colored bands represent the Bayes factor ranges that correspond
to statistical significance of 2� to 4� Gaussian probabilities.

in favor of NO 5, which is currently between 6.5 [2, 4] and
7 [3] with the full datasets, we obtain the preferences
summarized in Fig. 2. As can be seen, the preference
in favor of NO ranges between 2.7� (case D) and 3.7�
(case A) when the most stringent cosmological limit is
considered. The former case, in particular, is not con-
sidered as decisive in particle physics. Notice that the
oscillation ��2 alone gives a Bayes factor of e3.2 to e3.5

in favor of NO, which corresponds to a significance of 2.1
to 2.2�. The increase due to cosmological constraints,
when a conservative parameterization is considered, is
therefore a mere 0.6�.

We conclude this section with the following note: in
case D, we verified that a uniform prior on the param-
eters gives the same results as those presented in this
section and obtained with a uniform prior on the loga-
rithm of the parameters.

B. Relative entropy

We also assess the impact of di↵erent parameteriza-
tions by computing the relative entropy between the prior
and the posterior. The relative entropy, or Kullback-
Leibler (KL) divergence, DKL(P ||Q), between two prob-
ability distributions P and Q of a continuous random

5
This is achieved by multiplying the Bayes factor by e��2/2

, or

adding ��2/2 to its logarithm.

variable x is given by:

DKL(P ||Q) =

Z
P (x) ln

P (x)

Q(x)
dx . (2)

The KL divergence is a measure of the “distance” 6 be-
tween the two distributions. In the context of Bayesian
inference, DKL(P ||Q) measures how much information is
gained when prior beliefs, encoded in the prior Q, are
updated, after observations, to bear the posterior P .
We have computed, using Polychord, the KL diver-

gence between the full (i.e., multidimensional) parame-
ter prior and posterior for all the parameterization and
dataset combination considered so far. The results are
shown in Fig. 3. A larger value of DKL corresponds to a
greater information gain. If we compare the obtained val-
ues, from the same data, for di↵erent parameterizations
(i.e., same symbol but di↵erent colors), we can gauge the
impact of the parameterization itself, and of the prior
induced by this choice, on the information gain 7. In
particular, less (more) informative priors lie in the top
(bottom) part of the plot. It is evident how the param-
eterizations in which the mass parameters are sampled

6
Note that the relative entropy is not strictly a distance, as it is

not symmetric for exchange of P and Q, nor does it satisfy the

triangle inequality.
7
In fact, the reference prior proposed in Ref. [30] as an “objective”

prior, is built from the property of maximizing, on average, the

information gain.

log(mi)             linear               log(mi) prior on mlightest             sum
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FIG. 2. Same as figure 1, but taking into account the additional preference in favor of NO arising from neutrino oscillations;
we use the average ��2 obtained in the global analyses [2–4]. Colored bands represent the Bayes factor ranges that correspond
to statistical significance of 2� to 4� Gaussian probabilities.

in favor of NO 5, which is currently between 6.5 [2, 4] and
7 [3] with the full datasets, we obtain the preferences
summarized in Fig. 2. As can be seen, the preference
in favor of NO ranges between 2.7� (case D) and 3.7�
(case A) when the most stringent cosmological limit is
considered. The former case, in particular, is not con-
sidered as decisive in particle physics. Notice that the
oscillation ��2 alone gives a Bayes factor of e3.2 to e3.5

in favor of NO, which corresponds to a significance of 2.1
to 2.2�. The increase due to cosmological constraints,
when a conservative parameterization is considered, is
therefore a mere 0.6�.

We conclude this section with the following note: in
case D, we verified that a uniform prior on the param-
eters gives the same results as those presented in this
section and obtained with a uniform prior on the loga-
rithm of the parameters.

B. Relative entropy

We also assess the impact of di↵erent parameteriza-
tions by computing the relative entropy between the prior
and the posterior. The relative entropy, or Kullback-
Leibler (KL) divergence, DKL(P ||Q), between two prob-
ability distributions P and Q of a continuous random

5
This is achieved by multiplying the Bayes factor by e��2/2

, or

adding ��2/2 to its logarithm.

variable x is given by:

DKL(P ||Q) =

Z
P (x) ln

P (x)

Q(x)
dx . (2)

The KL divergence is a measure of the “distance” 6 be-
tween the two distributions. In the context of Bayesian
inference, DKL(P ||Q) measures how much information is
gained when prior beliefs, encoded in the prior Q, are
updated, after observations, to bear the posterior P .
We have computed, using Polychord, the KL diver-

gence between the full (i.e., multidimensional) parame-
ter prior and posterior for all the parameterization and
dataset combination considered so far. The results are
shown in Fig. 3. A larger value of DKL corresponds to a
greater information gain. If we compare the obtained val-
ues, from the same data, for di↵erent parameterizations
(i.e., same symbol but di↵erent colors), we can gauge the
impact of the parameterization itself, and of the prior
induced by this choice, on the information gain 7. In
particular, less (more) informative priors lie in the top
(bottom) part of the plot. It is evident how the param-
eterizations in which the mass parameters are sampled

6
Note that the relative entropy is not strictly a distance, as it is

not symmetric for exchange of P and Q, nor does it satisfy the

triangle inequality.
7
In fact, the reference prior proposed in Ref. [30] as an “objective”

prior, is built from the property of maximizing, on average, the

information gain.

log(mi)             linear               log(mi) prior on mlightest             sum

• current preference for NO 

• from cosmology is prior driven (not data driven)

• in combined analysis dominated by oscillation data
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FIG. 2. Same as figure 1, but taking into account the additional preference in favor of NO arising from neutrino oscillations;
we use the average ��2 obtained in the global analyses [2–4]. Colored bands represent the Bayes factor ranges that correspond
to statistical significance of 2� to 4� Gaussian probabilities.

in favor of NO 5, which is currently between 6.5 [2, 4] and
7 [3] with the full datasets, we obtain the preferences
summarized in Fig. 2. As can be seen, the preference
in favor of NO ranges between 2.7� (case D) and 3.7�
(case A) when the most stringent cosmological limit is
considered. The former case, in particular, is not con-
sidered as decisive in particle physics. Notice that the
oscillation ��2 alone gives a Bayes factor of e3.2 to e3.5

in favor of NO, which corresponds to a significance of 2.1
to 2.2�. The increase due to cosmological constraints,
when a conservative parameterization is considered, is
therefore a mere 0.6�.

We conclude this section with the following note: in
case D, we verified that a uniform prior on the param-
eters gives the same results as those presented in this
section and obtained with a uniform prior on the loga-
rithm of the parameters.

B. Relative entropy

We also assess the impact of di↵erent parameteriza-
tions by computing the relative entropy between the prior
and the posterior. The relative entropy, or Kullback-
Leibler (KL) divergence, DKL(P ||Q), between two prob-
ability distributions P and Q of a continuous random
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The KL divergence is a measure of the “distance” 6 be-
tween the two distributions. In the context of Bayesian
inference, DKL(P ||Q) measures how much information is
gained when prior beliefs, encoded in the prior Q, are
updated, after observations, to bear the posterior P .
We have computed, using Polychord, the KL diver-

gence between the full (i.e., multidimensional) parame-
ter prior and posterior for all the parameterization and
dataset combination considered so far. The results are
shown in Fig. 3. A larger value of DKL corresponds to a
greater information gain. If we compare the obtained val-
ues, from the same data, for di↵erent parameterizations
(i.e., same symbol but di↵erent colors), we can gauge the
impact of the parameterization itself, and of the prior
induced by this choice, on the information gain 7. In
particular, less (more) informative priors lie in the top
(bottom) part of the plot. It is evident how the param-
eterizations in which the mass parameters are sampled
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Note that the relative entropy is not strictly a distance, as it is

not symmetric for exchange of P and Q, nor does it satisfy the
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• current preference for NO 

• from cosmology is prior driven (not data driven)

• in combined analysis dominated by oscillation data
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But cosmology may become powerful in the future:


•need accuracy better than 0.02 eV to exclude  
0.1 eV against 0.06 eV at 2σ


• this would imply a 3σ evidence for non-zero 
neutrino mass (for  = 0.06 eV)Σ

simulated data:  
2 yrs of EUCLID

Hannestad,TS,16
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no model-indep. CPV observable  assume:


•minimal three-flavour (unitary) scenario


• standard neutrino production and detection


• standard matter effect 

perform a parametric fit of combined 
accelerator/reactor data


• determine allowed range for 


• CPV  excluding values of 0 and  for 

→

δCP

⇔ π δCP

23

Comment on the search for CP violation

The „standard approach“ is highly model dependent:
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•measure oscillation probabilities at several distances  
but at the same energy


• search for a T-odd component of the oscillation probability


•works already with 3 experiments  
but need to cover 1st and 2nd oscillation maxima


•works without assuming unitarity, and allowing for non-standard physics in 
production, propagation, and detection 


• insensitive to (std or non-std) matter effect (for symmetric density profile) 

24

Model-independent test of T-violation
with Alejandro Segarra:  
Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099] 
Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801] 
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• general parameterisation of the transition probabilities:
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Model-independent test of T-violation A. Segarra, TS, 2106.16099
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Model-independent test of T-violation A. Segarra, TS, 2106.16099

T-even T-odd

complex phases in  lead to T 
violation; more sources for TV 
due to new physics

cα
i
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• general parameterisation of the transition probabilities:
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Model-independent test of T-violation A. Segarra, TS, 2106.16099

T-even T-odd

if data cannot be fitted only with the -even part,  
fundamental T violation is established model-independently

L
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Model-independent test of T-violation

3

Figure 1. Estimated number of appearance signal events
at future accelerator experiments, assuming normal mass or-
dering and true � = 90�. Data from Refs. [47, 48] (DUNE),
[43] (T2HK), [44] (T2HKK), and [46] (ESS⌫SB).

The frequencies !ij are determined by the e↵ective evo-
lution Hamiltonian, assumption (i), and are independent
of the mixing in Eq. (1). A general parameterization of
the Hamiltonian is provided by the non-standard neu-
trino interaction scenario, see e.g., Ref. [40]. Using the
results of Ref. [40] we estimate the possible deviation to
�21 = 0.1�m̃

2
21, see the appendix for more details. It

turns out that the other independent frequency, !31, is
e↵ectively constrained by the long-baseline data used in
our fit, and therefore it is not necessary to impose an
analogous prior for it. The prior in Eq. (6) acts as an
additional data point for each energy bin (note that also
the prior is energy dependent). Therefore, under this ad-
ditional assumption, we come to the remarkable result
that our model-independent test can be performed al-
ready with 3 experiments at di↵erent baselines plus near
detectors.

The crucial requirement, however, is su�cient over-
lap in neutrino energy. If experiments have overlap-
ping energy ranges, we can combine information from
di↵erent energies. However, to be completely model-
independent, the minimization has to be done individu-
ally for each energy, since we do not want to make any as-
sumptions about the energy dependence of the unknown
new physics. This is an important di↵erence to usual
model-dependent analyses.

Realistic baselines and energies. Let us now con-
sider planned long-baseline accelerator experiments in or-
der to see if such a test realistically can be carried out
in the future. We consider the following experiments:
the DUNE project in USA (L = 1300 km) [41, 42],
T2HK in Japan (L = 295 km) [43], with the option
of a second detector in Korea, T2HKK (L = 1100 km,
1.5� o↵ axis) [44], and a long-baseline experiment at the
European Spalation Source in Sweden, ESS⌫SB (L =
540 km) [45, 46].

Expected event numbers are obtained from Design Re-

Figure 2. Data points for the disappearance (top) and
appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
+ T2HKK (3L (HKK), red), or DUNE + T2HK + ESS⌫SB
(3L (ESS), green). Left (right) panels are without (with) the
smearing due to a 10% energy resolution.

ports or detailed studies of the physics potential and
are shown for the appearance channel in the case of
3⌫ oscillations and � = 90� in Fig. 1. In practice,
we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity, as data points
with su�cient statistics are needed at 1st and 2nd os-
cillation maxima. We note that the energy spectrum
from the NO⌫A experiment [10] has no overlap with
the T2K beam and therefore it cannot be used for this
analysis. We use the information from Fig. 1 (and
the corresponding data for the disappearance channel)
to estimate the statistical uncertainties in Eq. (5) as
�br/P

even(Lb, Er) =
p
Sbr +Bbr/Sbr at baseline b and

energy bin r. We take the background events Bbr di-
rectly from the experimental studies and estimate the
number of signal events from the Nbr in the Figure as-
suming Sbr = Nbr ⇥ P

even(Lb, Er; ✓)/P 3⌫(Lb, Er). For
the near detector data points, we assume the standard
P↵�(L ! 0) = �↵� with � = 0.01.
In Fig. 2 we show the data points for the appearance

and disappearance probabilities as a function of the base-
line for the 0.7–0.8 GeV energy bin. We can see that the
disappearance data points essentially fix the oscillation
frequency, whereas the appearance data are crucial for
the TV test. The “true” oscillation probability assumed
to generate the data points correspond to standard 3⌫ os-
cillations with maximal TV (� = 90�) and normal mass

3

Figure 1. Estimated number of appearance signal events
at future accelerator experiments, assuming normal mass or-
dering and true � = 90�. Data from Refs. [47, 48] (DUNE),
[43] (T2HK), [44] (T2HKK), and [46] (ESS⌫SB).

The frequencies !ij are determined by the e↵ective evo-
lution Hamiltonian, assumption (i), and are independent
of the mixing in Eq. (1). A general parameterization of
the Hamiltonian is provided by the non-standard neu-
trino interaction scenario, see e.g., Ref. [40]. Using the
results of Ref. [40] we estimate the possible deviation to
�21 = 0.1�m̃

2
21, see the appendix for more details. It

turns out that the other independent frequency, !31, is
e↵ectively constrained by the long-baseline data used in
our fit, and therefore it is not necessary to impose an
analogous prior for it. The prior in Eq. (6) acts as an
additional data point for each energy bin (note that also
the prior is energy dependent). Therefore, under this ad-
ditional assumption, we come to the remarkable result
that our model-independent test can be performed al-
ready with 3 experiments at di↵erent baselines plus near
detectors.

The crucial requirement, however, is su�cient over-
lap in neutrino energy. If experiments have overlap-
ping energy ranges, we can combine information from
di↵erent energies. However, to be completely model-
independent, the minimization has to be done individu-
ally for each energy, since we do not want to make any as-
sumptions about the energy dependence of the unknown
new physics. This is an important di↵erence to usual
model-dependent analyses.

Realistic baselines and energies. Let us now con-
sider planned long-baseline accelerator experiments in or-
der to see if such a test realistically can be carried out
in the future. We consider the following experiments:
the DUNE project in USA (L = 1300 km) [41, 42],
T2HK in Japan (L = 295 km) [43], with the option
of a second detector in Korea, T2HKK (L = 1100 km,
1.5� o↵ axis) [44], and a long-baseline experiment at the
European Spalation Source in Sweden, ESS⌫SB (L =
540 km) [45, 46].

Expected event numbers are obtained from Design Re-

Figure 2. Data points for the disappearance (top) and
appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
+ T2HKK (3L (HKK), red), or DUNE + T2HK + ESS⌫SB
(3L (ESS), green). Left (right) panels are without (with) the
smearing due to a 10% energy resolution.

ports or detailed studies of the physics potential and
are shown for the appearance channel in the case of
3⌫ oscillations and � = 90� in Fig. 1. In practice,
we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity, as data points
with su�cient statistics are needed at 1st and 2nd os-
cillation maxima. We note that the energy spectrum
from the NO⌫A experiment [10] has no overlap with
the T2K beam and therefore it cannot be used for this
analysis. We use the information from Fig. 1 (and
the corresponding data for the disappearance channel)
to estimate the statistical uncertainties in Eq. (5) as
�br/P

even(Lb, Er) =
p
Sbr +Bbr/Sbr at baseline b and

energy bin r. We take the background events Bbr di-
rectly from the experimental studies and estimate the
number of signal events from the Nbr in the Figure as-
suming Sbr = Nbr ⇥ P

even(Lb, Er; ✓)/P 3⌫(Lb, Er). For
the near detector data points, we assume the standard
P↵�(L ! 0) = �↵� with � = 0.01.
In Fig. 2 we show the data points for the appearance

and disappearance probabilities as a function of the base-
line for the 0.7–0.8 GeV energy bin. We can see that the
disappearance data points essentially fix the oscillation
frequency, whereas the appearance data are crucial for
the TV test. The “true” oscillation probability assumed
to generate the data points correspond to standard 3⌫ os-
cillations with maximal TV (� = 90�) and normal mass

3

Figure 1. Estimated number of appearance signal events
at future accelerator experiments, assuming normal mass or-
dering and true � = 90�. Data from Refs. [47, 48] (DUNE),
[43] (T2HK), [44] (T2HKK), and [46] (ESS⌫SB).

The frequencies !ij are determined by the e↵ective evo-
lution Hamiltonian, assumption (i), and are independent
of the mixing in Eq. (1). A general parameterization of
the Hamiltonian is provided by the non-standard neu-
trino interaction scenario, see e.g., Ref. [40]. Using the
results of Ref. [40] we estimate the possible deviation to
�21 = 0.1�m̃

2
21, see the appendix for more details. It

turns out that the other independent frequency, !31, is
e↵ectively constrained by the long-baseline data used in
our fit, and therefore it is not necessary to impose an
analogous prior for it. The prior in Eq. (6) acts as an
additional data point for each energy bin (note that also
the prior is energy dependent). Therefore, under this ad-
ditional assumption, we come to the remarkable result
that our model-independent test can be performed al-
ready with 3 experiments at di↵erent baselines plus near
detectors.

The crucial requirement, however, is su�cient over-
lap in neutrino energy. If experiments have overlap-
ping energy ranges, we can combine information from
di↵erent energies. However, to be completely model-
independent, the minimization has to be done individu-
ally for each energy, since we do not want to make any as-
sumptions about the energy dependence of the unknown
new physics. This is an important di↵erence to usual
model-dependent analyses.

Realistic baselines and energies. Let us now con-
sider planned long-baseline accelerator experiments in or-
der to see if such a test realistically can be carried out
in the future. We consider the following experiments:
the DUNE project in USA (L = 1300 km) [41, 42],
T2HK in Japan (L = 295 km) [43], with the option
of a second detector in Korea, T2HKK (L = 1100 km,
1.5� o↵ axis) [44], and a long-baseline experiment at the
European Spalation Source in Sweden, ESS⌫SB (L =
540 km) [45, 46].

Expected event numbers are obtained from Design Re-

Figure 2. Data points for the disappearance (top) and
appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
+ T2HKK (3L (HKK), red), or DUNE + T2HK + ESS⌫SB
(3L (ESS), green). Left (right) panels are without (with) the
smearing due to a 10% energy resolution.

ports or detailed studies of the physics potential and
are shown for the appearance channel in the case of
3⌫ oscillations and � = 90� in Fig. 1. In practice,
we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity, as data points
with su�cient statistics are needed at 1st and 2nd os-
cillation maxima. We note that the energy spectrum
from the NO⌫A experiment [10] has no overlap with
the T2K beam and therefore it cannot be used for this
analysis. We use the information from Fig. 1 (and
the corresponding data for the disappearance channel)
to estimate the statistical uncertainties in Eq. (5) as
�br/P

even(Lb, Er) =
p
Sbr +Bbr/Sbr at baseline b and

energy bin r. We take the background events Bbr di-
rectly from the experimental studies and estimate the
number of signal events from the Nbr in the Figure as-
suming Sbr = Nbr ⇥ P

even(Lb, Er; ✓)/P 3⌫(Lb, Er). For
the near detector data points, we assume the standard
P↵�(L ! 0) = �↵� with � = 0.01.
In Fig. 2 we show the data points for the appearance

and disappearance probabilities as a function of the base-
line for the 0.7–0.8 GeV energy bin. We can see that the
disappearance data points essentially fix the oscillation
frequency, whereas the appearance data are crucial for
the TV test. The “true” oscillation probability assumed
to generate the data points correspond to standard 3⌫ os-
cillations with maximal TV (� = 90�) and normal mass

T2HK

ESS SBν

T2HKK

DUNE
T2HK

ESS

T2HKK

most sensitive energy interval

Does it work in real life?

ND

ND

T2HK

ESS

T2HKK

DUNE

DUNE



Th. Schwetz - Neutrino 2022 — 1. 6. 2022

•  sensitivity seems possible 
with DUNE & T2HK & T2KK


• good energy resolution crucial


• uses low-energy tail of DUNE


• detector in Korea needed to 
cover 2nd osc. max.


•  can be tested with 
antineutrino data (not shown)

∼ 3σ

δCP ∼ 270∘
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Model-independent test of T-violation
Does it work in real life? 4

Table I. Fit to data with the �m2
21 prior �21 = 0.1 in Eq. (6)

assuming normal mass ordering and a true � = 90�. Units of
E are GeV. Columns correspond to di↵erent combinations of
DUNE, T2HK, T2HKK, ESS⌫SB. The values outside (inside)
the brackets show the min(�2) without (with) smearing the
data with a 10% energy resolution.

E w/o HKK w/o DUNE w/o ESS all

0.65 0.07 [0.03] 0.76 [0.65] 0.04 [0.21] 0.79 [0.67]

0.75 0.04 [0.04] 6.95 [4.78] 7.92 [4.82] 8.60 [4.86]

0.85 0.54 [0.53] 0.76 [2.18] 2.75 [2.96] 3.15 [3.06]

0.95 - - 0.42 [0.98] -

Tot. 0.65 [0.60] 8.46 [7.60] 11.13 [8.97] 12.54 [8.59]

ordering. We find that no satisfactory L-even fit is pos-
sible for the 4L and 3L (HKK) combinations at this en-
ergy. The essential information is obtained from the rela-
tive heights of the first and second appearance oscillation
peaks, see the appendix for further discussion. Note that
disappearance probabilities can reach values larger than
one in our fit, since we do not impose unitarity in our
e↵ective parameterization of the T-even transitions.

In order to connect our test with experiments, one
should take into account the fact that finite energy reso-
lution e↵ectively changes the L-dependence in their mea-
surements, which will in turn a↵ect the sensitivity of
the TV test. We assume a given energy resolution �E

around the central bin energy E0, and smear the transi-
tion probability by convoluting it with a Gaussian with
mean E0 and width �E. To illustrate the e↵ect we as-
sume here �E = 0.1E0. In order to perform the con-
volution one must assume a certain energy dependence
of the transition probability. Our assumption is that the
energy dependence of the amplitudes c↵i is slow enough,
such that it can be neglected within an interval of few
�E. The only significant energy dependence would thus
be in the oscillation phases !ij . According to assump-
tion (iv) introduced above, we assume that !31 / 1/E,
as in the standard 3⌫ oscillation case. We have checked
that our results are independent of energy smearing of
!21 terms. The impact of the finite energy resolution is
illustrated in the right panels of Figure 2.

Our results for maximal TV are summarized in Tab. I,
which shows the �

2
min values for the various energy bins

for di↵erent experiment combinations, with and with-
out including the energy smearing. We observe that
0.75 GeV is the most relevant energy bin, whereas the one
at 0.85 GeV still provides some sensitivity. The strong
impact of the energy resolution is apparent. We also
find that the detector in Korea is essential, whereas both
DUNE and ESS provide little sensitivity but at least one
of them is needed to fix the !ij from disappearance data.

In Fig. 3 we show the summed �
2
min contributions from

the 0.75 and 0.85 GeV bins as a function of the value
of the 3⌫ CP phase � assumed to calculate the “data”
to which the T-even model is fitted. In addition to the

Figure 3. �2
min summed for the energy bins around 0.75 and

0.85 GeV, with perfect (solid) or 10% (dashed) energy reso-
lution. We show the fit to all 4 experimental baselines (4L),
DUNE + T2HK + T2HKK (3L (HKK)), and DUNE + T2HK
+ ESS⌫SB (3L (ESS)), as well as the e↵ect in 4L of DUNE
having twice as many events (2xDUNE). Neutrino data is
assumed, with normal (inverted) mass ordering for the left
(right) panel.

features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitiv-
ity appears around 270�. This behaviour stems from the
enhancement of the second oscillation maximum in the
latter case (contrary to its suppression around 90�): only
when the second oscillation maximum is smaller than the
first one does the P

even
µe (L) fail to fit the data. Bins with

E > 1 GeV are not useful in the test because of the
absence of measurements at both maxima. See the ap-
pendix for further discussion. For illustration purpose
we show in Fig. 3 the e↵ect doubling the event numbers
in DUNE. This shows that there is significant potential
to increase the sensitivity of the test by suitable opti-
mizations. The increased sensitivity emerges from the
0.85 GeV bin, since at this energy the DUNE baseline is
close to the 2nd oscillation maximum.
The results for inverted mass ordering (IO) are quali-

tatively similar to the one from normal ordering (for IO
we show only the relevant range of � in Fig. 3). Further
details on IO are given in the appendix. If antineutrino
data are assumed (instead of neutrino data) the result
is roughly obtained for � ! 2⇡ � � in Fig. 3, with high-
est sensitivity around � ' 270�. This is to be expected,
since antineutrino oscillation probabilities are obtained
from the neutrino ones by replacing � ! �� (in addition
to the sign-flip of the matter potential).

Summary. We propose a largely model-independent
test to search for T violation in neutrino oscillations by
comparing transition probabilities at the same energy
and di↵erent baselines. The test can be done under
rather general assumptions covering a wide range of new
physics scenarios. Within some modest assumptions, the
test can be performed already with experiments at three
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• great progress in 3-flavour oscillation parameters


• hint for CP violation below 2σ


• slight preference for normal ordering from oscillations ( ) 

• cosmology sensitivity to neutrino mass very exciting


• current cosmo preference for normal ordering is strongly prior dependent 
(for ordering-agnostic prior the preference is dominated by oscillation data)


• propose model-independent test for T-violation  
combining data from 3 LBL experiments at the same energy


• requires detector at 2nd osc. max. (T2KK), good energy resolution,  
low-energy tail of beam in DUNE

Δχ2
IO/NO ≈ 7
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Summary

Thank you for your attention!


