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Three flavour oscillation parameters
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Four well-known parameters

• robust determination 
(relat. precision at 3 ) 
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• neutrino mass ordering  
(red vs blue curves) 

• octant of  

• status of leptonic CP violation

θ23

6

The unknowns:
Global data and 3-flavour oscillations Qualitative picture
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• broad allowed range for  

• ambiguity in the octant  
• fragile with respect to  

atmospheric neutrino analysis 
and mass ordering

θ23 (25%)
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The least known mixing angle

5.2%for quarks:
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•different tendencies in  
•LBL accelerator data:  
T2K & NOvA better compatible for IO
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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 –
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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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Consistency of µ and e disappearance

2

2.2

2.4

2.6

2.8

3

3.2

∆
m

2 3
2
  
  
[1

0
-3

 e
V

2
] 
  
 ∆

m
2 3
1 NOvA

T2K

MINOS

DeepCore SuperK

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

-3.2

-3

-2.8

-2.6

-2.4

-2.2

-2

Reno

DayaBay

Dbl-Chooz

0.015 0.02 0.025 0.03

sin
2
θ

13

[2σ]

NuFIT 5.0 (2020)



Th. Schwetz - Petcov Fest — 24. 4. 202310

Consistency of µ and e disappearance
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slightly different effective mass-squared differences: -/+ for NO/IO   Nunokawa, Parke, Zukanovich, 05

<latexit sha1_base64="hK7LRVbu1MWY80zsl/PkXyP2PUM="></latexit>

|�m2
µµ| = |�m2

ee|⌥�m2
21 [cos 2✓12 � cos � sin ✓13 sin 2✓12 tan ✓23]
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• different tendencies in  
• LBL accelerator data:  

T2K & NOvA better compatible for IO 
• Reactor and LBL data: 

better agreement of for NO 

• overall preference for NO with 
 (was 6.2 in 2019)
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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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The LMA MSW solution of the solar neutrino problem,
inverted neutrino mass hierarchy and reactor neutrino experiments

S.T. Petcov 1, M. Piai

SISSA/INFN, Via Beirut 2-4, I-34014 Trieste, Italy

Received 11 December 2001; received in revised form 14 March 2002; accepted 18 March 2002

Editor: G.F. Giudice

Abstract

In the context of three-neutrino oscillations, we study the possibility of using antineutrinos from nuclear reactors to explore
the 10−4 eV2 < !m2

" ! 8×10−4 eV2 region of the LMAMSW solution of the solar neutrino problem and measure !m2
" with

high precision. The KamLAND experiment is not expected to determine!m2
" if the latter happens to lie in the indicated region.

By analysing both the total event rate suppression and the energy spectrum distortion caused by ν̄e oscillations in vacuum, we
show that the optimal baseline of such an experiment is L ∼ (20–25) km. Furthermore, for 10−4 eV2 < !m2" ! 5× 10−4 eV2,
the same experiment might be used to try to distinguish between the two possible types of neutrino mass spectrum—with normal
or with inverted hierarchy, by exploring the effect of interference between the atmospheric- and solar-!m2 driven oscillations;
for larger values of !m2" not exceeding 8.0× 10−4 eV2, a shorter baseline, L ∼= 10 km, would be needed for the purpose. The
indicated interference effect modifies in a characteristic way the energy spectrum of detected events. Distinguishing between the
two types of neutrino mass spectrum requires, however, a high precision determination of the atmospheric !m2, a sufficiently
large sin2 θ and a non-maximal sin2 2θ", where θ and θ" are the mixing angles, respectively, limited by the CHOOZ and Palo
Verde data and characterizing the solar neutrino oscillations. It also requires a relatively high precision measurement of the
positron spectrum in the reaction ν̄e + p → e+ + n.

PACS: 14.60.Pq; 13.15.+g

1. Introduction

In recent years the experiments with solar and atmospheric neutrinos collected strong evidences in favor of the
existence of oscillations between the flavour neutrinos, νe , νµ and ντ . Further progress in our understanding of
the neutrino mixing and oscillations requires, in particular, precise measurements of the parameters entering into
the oscillation probabilities—the neutrino mass-squared differences and mixing angles, and the reconstruction of
the neutrino mass spectrum.
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Figure 6: ∆χ2 as a function of∆m2
31 with the wrong sign for PINGU, Daya Bay II, and the combination.

For PINGU we assume 1 year of data with σE = 2 GeV and σθν =
√

1GeV/Eν , statistical errors only,

and we minimize with respect to δ but keep all other oscillation parameters fixed. For Daya Bay II we take

an exposure of 1000 kt GW yr and assume an energy resolution of σE = 3.5%
√

1MeV/E. The dashed

curves corresponds to 5 years of neutrino data at 0.77 MW from T2K (not included in the “combined”

curve). We take the true values |∆m2
31| = 2.4 × 10−3 eV2, sin2 2θ13 = 0.092, sin2 θ23 = 0.5, δ = 0,

∆m2
21 = 7.59 · 10−5 eV2. For the left (right) panel the true mass ordering is normal (inverted).

4 Combination of PINGU and Daya Bay II

We now move to the main point of this work, the combination of data from a high-statistics

atmospheric and a medium-baseline reactor experiment. For our combined analysis of
PINGU and Daya Bay II, we need to consider the full three flavor framework in order

to properly assess the combined sensitivity. This is due to the fact that the effect we
are exploiting is mainly based on the impact of ∆m2

21 on the best fit of ∆m2
31 for the

wrong ordering. It is therefore necessary to take three flavour oscillations into account

without approximation in order to obtain reliable results. For computational reasons we
neglect the impact of systematic uncertainties in PINGU, however we will comment on

their impact later in this section.
The basic mechanism is illustrated in Fig. 6. We show the power of combining PINGU

and Daya Bay II results by plotting the individual ∆χ2 as well as their sum as a function of
the wrong sign ∆m2

31. With the parameters chosen for this plot neither of the experiments
would have a sensitivity to the neutrino mass ordering of more than two sigma. However,

the |∆m2
31| best fit values would differ significantly. This implies that the overall best

fit occurs at a value of |∆m2
31| which is not advantageous for either of the experiments

and therefore the sensitivity increases significantly, as can be seen from the red curve, to
between four and five sigma.
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•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) = 2.3 (no SK)  
                   → 6.4 (w SK) 2.5σ 

•CP conservation @  (no SK)  
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→ 2σ

δCP ≈ 230∘
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ON THE OSCILLATIONS OF NEUTRINOS WITH DIRAC AND MAJORANA MASSES 
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Pontecorvo neutrino oscillations are discussed in the case of Dirac as well as Majorana neutrino mass terms. We prove 
that none of the possible experiments on neutrino oscillations including those on CP nonconservation, can distinguish be- 
tween these two possibilities. Oscillations of neutrinos having both Dirac and Majorana mass terms are also considered. 

1. The possibility of oscillations in neutrino beams 
was considered first by Pontecorvo [1]. The first 
phenomenological theory of neutrino oscillations was 
constructed by Gribov and Pontecorvo [2]. Quite 
recently, the interest in neutrino oscillations remark- 
ably increased due to the progress made in grand uni- 
fied theories. The lepton charge is generally not con- 
served in grand unified theories and in most of the 
schemes the neutrinos have finite masses [3]. 

Neutrino oscillations are possible provided (i) the / 
neutrinos have non-zero and different masses and (ii) 
the neutrino fields enter the weak charged current in 
a mixed form. It should be mentioned that the pres- 
ently available experimental data are entirely com- 
patible with the assumption that the neutrinos have 
either Dirac or Majorana masses [4,5]. 

Oscillations of two types of neutrinos with Majo- 
rana masses were considered in ref. [2]. This work is 
based on the two-component neutrino theory. The 
scheme is maximally economical: to the four particles 
re, ~e, u~, and ~u correspond the four spin states of 
two Majorana neutrinos. Oscillations of neutrinos 
with Dirac masses were discussed in refs. [6,7]. These 
papers are closely related to the electroweak gauge 
theories and are based on the idea of analogy between 

1 On leave from the Institute of Nuclear Physics of the Czech- 
oslovak Academy of Sciences, Rez near Prague, Czecho- 
slovakia. 

2 Permanent address: Institute of Nuclear Research and Nu- 
clear Energy, Bulgarian Academy of Sciences, Sofia, Bul- 
garia. 

leptons and quarks. Finally, Dirac and Majorana neu- 
trino mass terms can arise in grand unified theories, 
depending on the scheme considered and on the 
choice of admissible Higgs representations [3]. 

If it turns out that the neutrino masses are really 
different from zero and that lepton mixing takes 
place ,1,  naturally the question will arise to which 
type the neutrino masses belong. Obviously, in the 
case of Majorana masses and mixing there is no lep- 
ton charge. Consequently, processes like the neutrino- 
less double/3 decay, the decay K + ~ ~r- +/l  + + e +, 
etc., forbidden in theories with Dirac neutrinos, be- 
come possible. However, the existing limits on the 
neutrino masses impose stringent constraints on the 
probabilities of these processes, which turn out to 
be [9] many orders of magnitude smaller than the 
existing experimental upper bounds (for the neutrino- 
less double/3 decay e.g., 4 - 5  orders below the upper 
bound found in ref. [10] ). 

The oscillations of neutrinos are a subtle interfer- 
ence effect. Are the experiments on neutrino oscilla- 
tions able to clarify the type of the neutrino masses? 
In this note we shall consider neutrino oscillations 
from this point of view. No model assumptions will 
be made for the values of the neutrino masses, the 
mixing angles and the CP-violating phases. 

4:1 Possible indications of neutrino oscillations have been ob- 
tained recently in the beam-dump experiments at CERN 
[5] and in the experiments with reactor antineutrinos [8 ]. 

495 
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The matter effects in three-neutrino oscillations in a beam of neutrinos passing through the earth are discussed, An exact ana- 
lytic expression for the T-violating asymmetry in oscillations involving the three flavour neutrinos in matter with constant density 
is derived and it is shown that this asymmetry can be amplified considerably by matter. In particular, the T-violating asymmetry 
in the oscillations of neutrinos which have passed through the earth can be much larger than the analogous asymmetry in the 
oscillations in vacuum. 

There has been considerable interest in the possi- 
ble effects of  matter on neutrino oscillations [ 1-3 ] 
and they were intensively studied in the last two and 
a half  years ~.  It was stimulated by the pioneering 
work of  Mikheyev and Smirnov [ 3 ] who showed that 
under certain conditions the presence o f  matter  can 
lead to a resonance amplification o f  the neutrino 
transitions, even if these transitions are strongly sup- 
pressed in vacuum. It was also found in ref. [ 3 ] that 
for a large range of  values o f  the parameters charac- 
terizing the neutrino oscillations the conditions in- 
dicated can occur in the sun and thus a substantial 
reduction of  the flux of  solar electron-neutrinos on 
their way from the central region to the surface of  the 
sun is possible. In this way, matter-enhanced neu- 
trino oscillations were shown to provide a possible 
very attractive solution o f  the solar neutrino problem 
[6]. 

Most o f  the studies of  the matter  effects in neutrino 
oscillations have been performed under  the assump- 
tion that only two neutrinos take part in the oscilla- 
tions. Three-neutrino oscillations in matter  with 
varying density have been considered in refs. [7 -10] .  
However, the calculations of  the relevant three-neu- 
trino transition probabilities performed so far are 
based on simplifying assumptions (small neutrino 
mixing angles in vacuum, large neutrino mass hier- 

~ See, e.g. the review articles [4,5 ] where extensive lists of ref- 
erences are given. 

archy, etc. ); and the results of  these calculations were 
used to describe the oscillations of  solar neutrinos 
only. In this letter we present the results o f  a numer- 
ical integration of  the system of  evolution equations 
describing the oscillations in a beam of  neutrinos 
passing through the earth, when three neutrinos take 
part in the oscillations. 

The possible matter effects in the oscillations o f  
neutrinos passing through the earth have been stud- 
ied first in ref. [2] .  Limiting their discussion to the 
case of  constant density and large lepton mixing an- 
gles, the authors of  ref. [2] have obtained only a 
rather qualitative picture o f  the three-neutrino oscil- 
lations in the earth. Detailed calculations o f  the ef- 
fects o f  earth matter on the two-neutrino oscillations 
o f  accelerator and atmospheric neutrinos have been 
performed in refs. [ 11-14 ] by using more realistic 
distributions o f  the matter density PE in the earth. It 
was found in particular, that resonance amplification 
o f  the probability of  a transition between two neutri- 
nos can take place for tg20~>0.1 and E / A m 2 ~  10 3 
GeV/eV 2, where 0 is the neutrino mixing angle in 
vacuum, E is the neutrino energy and Am 2 is the dif- 
ference o f  the squares of  the masses of  neutrinos with 
definite mass in vacuum. A method of  reconstruc- 
t ion o f  the density distribution in the earth, fiE, by 
measuring the dependence of  the probability 
P ( v ~ v e )  that the electron-neutrino will not change 
into a different type of  neutrino while crossing the 
earth on the neutrino energy in experiments with ac- 
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Aspects of 3-neutrino mixing and oscillations in vacuum and in matter with constant density are 
investigated working with a real form of the neutrino Hamiltonian. We find the (approximate) equalities 
θm

23 = θ23 and δm = δ, θ23 (θm
23) and δ (δm) being respectively the atmospheric neutrino mixing angle and 

the Dirac CP violation phase in vacuum (in matter) of the neutrino mixing matrix, which are shown 
to represent excellent approximations for the conditions of the T2K (T2HK), T2HKK, NOνA and DUNE 
neutrino oscillation experiments. A new derivation of the known relation sin 2θm

23 sin δm = sin 2θ23 sin δ is 
presented and it is used to obtain a correlation between the shifts of θ23 and δ due to the matter effect. 
A derivation of the relation between the rephasing invariants which determine the magnitude of CP and 
T violating effects in 3-flavour neutrino oscillations in vacuum, JCP, and of the T violating effects in 
matter with constant density, Jm

T ≡ Jm , reported in [1] without a proof, is presented. It is shown that the 
function F which appears in this relation, Jm = JCP F , and whose explicit form was given in [1], coincides 
with the function F̃ in the similar relation Jm = JCP F̃ derived in [2], although F and F̃ are expressed in 
terms of different sets of neutrino mass and mixing parameters and have completely different forms.

 2018 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction and preliminary remarks

It was shown in 1988 in ref. [1] that in the case of what is 
currently referred to as the reference 3-neutrino mixing (see, e.g., 
[3]), the magnitude of the CP and T violating (T violating) effects in 
neutrino oscillations in vacuum (in matter with constant density) 
are controlled by the rephasing invariant JCP ( Jm

T ≡ Jm) associated 
with the Dirac CP violation phase present in the Pontecorvo, Maki, 
Nakagawa and Sakata (PMNS) [4,5] neutrino mixing matrix:

JCP( Jm) = Im
((

U (m)
e2

)(
U (m)

µ3

)(
U (m)

e3

)∗ (
U (m)

µ2

)∗)
, (1)

where U (m)
li , l = e, µ, τ , i = 1, 2, 3, are the elements of the PMNS 

matrix in vacuum (in matter) U (m) . The CP violating asymmetries
in the case of neutrino oscillations in vacuum, for example,

* Corresponding author.
E-mail address: ye-ling.zhou@durham.ac.uk (Y.-L. Zhou).

1 Also at: Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of 
Sciences, 1784 Sofia, Bulgaria.

A(l,l′)
CPvac = P vac(νl → νl′) − P vac(ν̄l → ν̄l′) ,

l &= l′ and l, l′ = e,µ,τ , (2)

P vac(νl → νl′ ) and P vac(ν̄l → ν̄l′ ) being the probabilities of respec-
tively νl → νl′ and ν̄l → ν̄l′ oscillations, were shown to be given 
by [1]:

A(e,µ)
CPvac = A(µ,τ )

CPvac = −A(e,τ )
CPvac = 4 JCP %vac

osc , (3)

with

%vac
osc = sin

(
&m2

21L

2E

)

+ sin

(
&m2

32L

2E

)

+ sin

(
&m2

13L

2E

)

, (4)

where &m2
i j = m2

i − m2
j , i &= j, mi , i = 1, 2, 3, is the mass of the 

neutrino νi with definite mass in vacuum, E is the neutrino en-
ergy and L is the distance travelled by the neutrinos. In [1] similar 
results were shown to be valid for the T-violating asymmetries in 
oscillations in vacuum (in matter), A(l′,l)

Tvac(m) = P vac(m)(νl → νl′ ) −
P vac(m)(νl′ → νl):

https://doi.org/10.1016/j.physletb.2018.08.025
0370-2693/ 2018 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Comment on the search for CP and T violation
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no model-indep. CPV observable  assume: 

•minimal three-flavour (unitary) scenario 

• standard neutrino interactions 
perform a parametric fit of combined accelerator/
reactor data 

• determine allowed range for  

• CPV  excluding values of 0 and  for 

→

δCP

⇔ π δCP

16

Comment on the search for CP and T violation

The „standard approach“ is highly model dependent:
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Looking T violation by exchanging source  
and detector difficult to realise
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• general parameterisation of the transition probabilities:

17

Model-independent test of T-violation A. Segarra, TS, 2106.16099

N. Cabibbo, 1977, Bilenky, Hosek, Petcov, 1980
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• general parameterisation of the transition probabilities:

17

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

N. Cabibbo, 1977, Bilenky, Hosek, Petcov, 1980
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• general parameterisation of the transition probabilities:

18

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

•measure oscillation probabilities at several distances  
but at the same energy 

•works already with 3 experiments  
if they cover 1st and 2nd oscillation maxima  

 combined analysis of T2HK & T2KK & DUNE 

•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) 

⇒

19

Model-independent test of T-violation A. Segarra, TS, 2106.16099

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
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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
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26% 
Dark Matter

 
Thank you  
for your inspiring work on neutrino physics,  
the opportunity to work with you  
and the wonderful time I could spend in Trieste!

Happy Birthday — Serguey!
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• long-standing tension (2 ) between solar and 
KamL data resolved by latest SK-solar data

σ

22

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

– 10 –

• 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
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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)
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•solar neutrino and KamLAND data compatible at 1.1σ
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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
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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
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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
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•  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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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


