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14 DE AGOSTO DE 2023

VICE-REITORIA COMUNITÁRIA

CORAÇÕES GENTIS
No dia 15 de agosto, o Professor Emérito da Universidade do Ala-
bama, em Birmingham, nos Estados Unidos, e ex-diretor do De-
partamento de Comunicação da PUC-Rio, Eduardo Neiva, fará uma 
palestra sobre seu novo livro, Corações Gentis. O bate-papo terá a 
participação do professor Muniz Sodré, da UFRJ. O livro de contos 
será tema de uma discussão na sala 105-K, às 15h.

FESP - Período de Ajuste Mensal
Os alunos atendidos pelo FESP que desejarem ajustar os auxílios para o 
mês de setembro de 2023 devem clicar aqui de 15 a 20 de agosto para 
fazer a solicitação.

FESP - Campanha “Universitários Online”
A PUC-Rio, com o Instituto Phi, lançou a campanha “universitários on-
line” a fim de adquirir notebooks para alunos atendidos pelo Programa 
Institucional de Permanência Estudantil - FESP.  Mais informações e doa-
ções pelo PIX: campanhapuc@institutophi.org.br. A campanha vai até o 
dia 31 de agosto.

Geopolítica do Atlântico

O IAG vai promover um painel on-line sobre a Geopolítica 
do Atlântico no dia 15 de agosto, às 19h30. Os professores 
Leonardo Mattos, da Escola de Guerra Naval, e Azeredo 
Lopes, da Universidade Católica do Porto e ex-ministro da 
defesa de Portugal, vão conversar sobre o assunto. O objetivo 
do debate é divulgar o Programa Atlântico, MBA Internacional 
em Gestão, oferecido pelo IAG PUC-Rio em parceria com 
as Business Schools das universidades católicas do Porto, 
Portugal, e de Luanda, Angola. Mais informações sobre o 
painel podem ser encontradas neste link.

O Núcleo de Memória da PUC-Rio lança, no dia 14 de agosto, o perfil no 
Instagram @nucleodememoria.pucrio. Na página, será possível conhe-
cer as atividades e pesquisas desenvolvidas pelo Núcleo e acessar os 
registros de memória da instituição.

INSTAGRAM DO NÚCLEO DE MEMÓRIA

SEMANA DE MERCADO FINANCEIRO 
A Liga de Mercado Financeiro da PUC-Rio (LMF), em parceria com o 
IAG e o Instituto ECOA PUC-Rio, vai organizar a 6ª edição da Semana 
de Mercado Financeiro da PUC-Rio, entre os dias 14 e 18 de agosto. Os 
13 painéis serão realizados presencialmente no Auditório do IAG, das 9h 
às 18h30, e terão a presença de profissionais experientes do mercado 
financeiro, como o sócio-fundador da JGP, André Jakurski, o CEO da B3, 
Gilson Finkelsztain, o sócio-fundador da Squadra Investimentos, Guilher-
me Aché, e o sócio-fundador da Constellation Asset Management, Florian 
Bartunek. Interessados podem se inscrever gratuitamente aqui. Mais in-
formações no Instagram @lmfpucrio.

SAÚDE INTEGRAL

O Departamento de Medicina e Saúde, em parceria com a Fundação 
Padre Leonel Franca, vai realizar um encontro na Lagoa Rodrigo de Frei-
tas a fim de promover a Saúde Integral. Yoga, treino funcional, palestras 
sobre alimentação saudável, serviços de medição de pressão arterial 
e glicose, além de orientações nutricionais, dermatológicas e oftalmo-
lógicas estarão na programação. O Saúde Integral PUC-Rio será no 
dia 19 de agosto, a partir das 8h, na pista de patinação do Parque dos 
Patins. As inscrições podem ser feitas gratuitamente neste link.

DEZ ANOS DE FRANCISCO

O encontro “Dez Anos de Francisco (2013-2023): Estradas e janelas 
de um pontificado”, em comemoração aos 10 anos do Pontificado 
do Papa Francisco, ocorrerá no dia 16 de agosto, às 10h30. Organi-
zada pelo Centro Loyola de Fé e Cultura, o Departamento de Teologia 
e a Cátedra Carlo Maria Martini/CTCH, a discussão terá formato hí-
brido. A palestra vai ser na sala 501/8-L ou poderá ser acessada vir-
tualmente pelo Zoom. O tema “Francisco e a irradiação da alegria”, 
será discutido pelos professores Francilaide Ronsi e Padre Abimar 
Oliveira de Moraes, do Departamento de Teologia. A mediação será 
feita por por Flávio José de Paula, mestre em Teologia pela PUC-Rio.  

A 9ª edição da Semana Integrada de Engenharia (SIEng) será de 21 a 
25 de agosto, na parte da manhã e da tarde. Organizada pelos alunos 
do Departamento de Engenharia, a SIEng terá atividades presenciais e 
on-line como palestras, mesas-redondas, workshops e visitas técnicas, 
e está aberta a estudantes de todos os departamentos. Entre os pales-
trantes confirmados estão o ex-técnico da Seleção Brasileira de Vôlei, 
Bernardinho, a diretora de Tecnologia do Bradesco Cintia Scovine, e o 
diretor de Ecossistema da IBM, Fabricio Lira. Para mais informações e 
inscrições acesse aqui.

SEMANA INTEGRADA DE ENGENHARIA

SEMANA DOS ALUNOS DE FILOSOFIA

A XXIV Semana dos Alunos da Pós-Graduação em Filosofia da 
PUC-Rio (SAF) será entre os dias 21 e 25 de agosto no formato 
híbrido. Organizado pelos discentes do Programa de Pós-Gradua-
ção de Filosofia, o encontro promove a interação com outras uni-
versidades e a divulgação de pesquisas acadêmicas nessa área, 
com apresentações de 80 trabalhos divididos em 22 mesas. A SAF 
também terá três conferências de professores sobre o tema “Os 
tempos e as formas de tecnologia”. A palestra de abertura, no dia 
21, vai ser a do professor Luiz Camillo Osorio, do Departamento de 
Filosofia, na Sala Cleonice Berardinelli, às 10h. Para mais informa-
ções e inscrições acesse aqui o site ou o Instagram @filopucpos. 



What are “Long Baseline” (LBL) Neutrino  
Oscillation Experiments? 
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No clear definition, but usually we refer to 
neutrino oscillation experiments which use 
neutrinos produced by accelerators with  
baseline larger than ~O(100) km

In this talk, I will restrict to experiments which 
satisfy this condition 



Outline
• Brief introduction of neutrino oscillations which can be studied by long-

baseline (LBL) neutrino experiments 

•Current Status and Open Questions  

• Brief review of sensitivities to oscillation parameters to be studied by near 
future LBL experiments, focusing on DUNE and Hyper-Kamiokande, within 
the standard 3 flavor framework 

•New physics beyond SM (beyond masses and mixing of 3 active neutrinos) 
to be studied (mainly) by DUNE and HK  

• Summary
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I will focus more on phenomenological aspects, for experimental details, please see 
talks by Ettore Segreto for DUNE (Friday), Saul Cuen-Rochin for Hyper-K (yesterday), 

 Pedro Ochoa for Short Baseline experiments (today)!   



(Very) Brief review of Neutrino Oscillation
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- from theory to experiment - 
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Neutrino was invented/introduced by W. Pauli in 1930 to 
explain the problem (of continuous spectra of emitted 
electrons) observed in beta decays

A bit of History

W.E. Pauli

Discoverd/detected for the first time by Rines and 
Cowan in 1956 by using reactor neutrinos through 
the IBD (inverse beta decay) reaction

p +νe → n+ e+ 1995

A
ZX → A

Z+1 Y + e−+ ν̄e
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Period (until 1998) after the first detection of neutrino

1956-1998 (~40 years): steady progress from both 
theoretical and experimental point of view
Theory: possibility of non-zero neutrino masses, 
concept of neutrino mixing, neutrino oscillation, 
nature of neutrino, Dirac or Majorana, etc

Experiments: detection of 𝝼μ , observations of neutrinos 
from various different sources, detection of supernova 
(SN1987A) neutrinos, solar neutrino problem, atmospheric 
neutrino anomaly, etc.



We know that there are three types (flavors) of “active” 
neutrinos associated to charged leptons, e,  μ  and τ

νe

e-( ) νµ

µ-
ντ

τ-( ) ( )

LEP: Nν = 2.984 ± 0.012
from the decay width of Z

7

and their anti-particles or  
anti-neutrinos

νe
e+( ) νµ

µ+

ντ

τ+( )( )
see later for “sterile” neutrino(s)
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During ~15 years of 1998 - 2012 

Very Important Discovery 
in Neutrino Physics

Neutrino Oscillation! 
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During ~15 years of 1998 - 2012 

Very Important Discovery 
in Neutrino Physics

Neutrino Oscillation! 
1998-2012: “Discovery” Phase (Era) of 
(several types of) neutrino oscillations



Brief Review of Neutrino Oscillation
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from theory point of view 
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実はずっと以前から、ニュートリノに質量がある場合には、ひとつの
種類のニュートリノから別な種類のニュートリノに変換する可能性が
知られていた（振動と呼ばれる理由は次ページ）：

１９５７年 ポンテコルボ
１９６２年 牧ー中川ー坂田 ν

e
⇔νμ
νν!

Mixing of Neutrinos

[
νe
νµ

]
=

[
cos θ sin θ

− sin θ cos θ

] [
ν1
ν2

]

1

Z. Maki S. Sakata

flavor eigenstates mass eigenstates

 m1≠ m2

θ: mixing angle

1962

M. Nakagawa

Prog.Theo.Phys. 28 (1962) 870

If neutrinos have non-zero different masses, assuming only 2 flavors
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νe

νµ

ν1

ν2

θ)

general neutrino state 

|ν〉 =ce|νe 〉 + cµ|νµ 〉  

|ν〉 =c1|ν1 〉 + c2|ν2 〉  
12

general  neutrino state 

= +a b

linear superposition (combination) of 
different flavors/masses (states)

Mixing of Neutrinos



Oscillation Probabilities for 2 flavors in vacuum
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: appearance probability

For ultra-relativistic neutrino, 

: survival (disappearance) 
probability

B. Pontecorvo

oscillation amplitude

E = p2 + m2 ∼ p +
m2

2p
∼ p +

m2

2E
E: energy, p: momentum, m: mass of neutrino
For the case where the initial state is 

: mass squared difference
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Oscillation Probabilities for 2 flavors in vacuum
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appearance probability

: oscillation length

survival probability

ν oscillation is a powerful tool to probe (indirectly) very tiny neutrino masses

P(νμ → νe) = sin2 2θ sin2 [ Δm2

4E
L]

P(νμ → νμ) = 1 − sin2 2θ sin2 [ Δm2

4E
L]

survival probability

appearance probability
Losc



νe
νµ
ντ

Mixing among 3 flavors of neutrinos 

( )= UPNMS( )ν1
ν2

ν3

flavor  
eigenstates

mass  
eigenstates




νe
νµ
ντ



 = UMNS =




ν1
ν2
ν3





UMNS =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13
0 1 0

−s13 0 c13








c12 s12 0
−s12 c12 0

0 0 1






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νe
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ντ



 =
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1 0 0
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cij ≡ cosθij, sij ≡ sinθij
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
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
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c12 s12 0
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0 0 1
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




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

1

atmospheric ν osc. solar ν osc.reactor ν osc.
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Pontecorvo-Maki-
Nakagawa-Sakata

For oscillation, 6 indep. parameters : 3 mixing angles,                   ,1 CP phase

and 2 (indep.) mass squared differences

analogous to Euler angles

violating phases. As discussed above, the origin of neutrino mass is unknown. For example,
heavy RH neutrino exchange could be responsible for the Weinberg operators. Such heavy
RH Majorana masses play a crucial role in generating the matter–antimatter asymmetry via
leptogenesis [16], mentioned above. Alternatively, the origin of neutrino mass (and matter–
antimatter asymmetry) could be something completely different.

The ground breaking neutrino oscillation milestones may be summarized as (for original
experimental references see e.g. [20]):

• 1998 Atmospheric νμ disappear, implying large θ23 (SuperKamiokande).
• 2002 Solar νe disappear, implying large θ12 (SuperKamiokande, following the classic
Homestake and Gallium experiments).

• 2002 Solar νe converted to νμ and ντ (Sudbury Neutrino Observatory).
• 2004 Reactor eO seen to disappear and reappear (KamLAND).
• 2004 Accelerator νμ first seen to disappear (K2K).
• 2006 Accelerator νμ disappearance studied in detail (MINOS).
• 2010 Accelerator νμ converted to an observed ντ (OPERA).
• 2011 Accelerator νμ converted to νe giving a hint for θ13 (T2K, MINOS).
• 2012 Reactor eO disappear, θ13 accurately measured (Daya Bay, RENO).

The fast pace of neutrino physics is well illustrated by the reactor angle which was
unmeasured before 2012 but is now measured to incredible accuracy: θ13≈8.4°±0.2° (see
[21] and references therein). The other angles are determined from global fits [22–24] to be:
θ12≈34°±1° and θ23≈45°±3°, and first hints of the �( -violating (CPV) phase
δ∼−π/2 have been reported, however with a large error ±π/3. The meaning of the angles
is given in figure 1. Two possible mass squared orderings are possible as explained in
figure 2. The above quoted angles are extracted from the global fits which are displayed in
figure 3 for the normal ordering (NO) case.

Despite the great pace of progress in neutrino physics, there are still several unanswered
experimental questions, as follows:

• Is the atmospheric neutrino angle θ23 in the first or second octant?
• Do neutrino mass squared eigenvalues have a NO or inverted ordering (IO)?
• What is the value of the lightest neutrino mass?
• Are neutrinos Dirac or Majorana?
• Is �( violated in the leptonic sector and if so by how much?

Figure 1. Neutrino mixing angles (assuming zero �( violation) may be represented as
Euler angles relating the charged lepton mass basis states (νe, νμ, ντ) to the mass
eigenstate basis states , , .1 2 3( )O O O

J. Phys. G: Nucl. Part. Phys. 42 (2015) 123001 Topical Review

4

UPMNS: analogous to CKM matrix
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Neutrino Oscilltion Probabilities in Vacuum

P(α → β) = ∑
j

U*αjUβje−i
m2

j
2E L

2

= δαβ − 4∑
i>j

ℜ[U*αiUαjUβiU*βj]sin2 (
Δm2

ij

4E
L) + 2∑

i>j

ℑ[U*αiUαjUβiU*βj]sin (
Δm2

ij

2E
L)

Oscillation probabilities depends on 6 oscillation parameters



Charged Current (CC) Neutral Current (NC)

W

νe

νee-

e-

Interaction of neutrinos with matter

e-, p, n e-, p, n

Z

νx

νx

νx =νe, νµ, ντ
Coherent Effect ～ O(GF)

can modify drastically the oscillation probability
matter effect modifies the index of refraction for neutrinos

analogy: photon gain effective mass in matter
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pp (all solar) 

7Be (BX)

pep (BX)

8B (SNO + SK)

Energy [keV]

P e
e

8B (SNO LETA + BX)

3ν

FIG. 84. Electron neutrino survival probability as a function
of neutrino energy according to MSW–LMA model. The band
is the same as in Fig. 83, calculated for the production region
of 8B solar neutrinos which represents well also other species
of solar neutrinos. The points represent the solar neutrino
experimental data for 7Be and pep mono–energetic neutrinos
(Borexino data), for 8B neutrinos detected above 5000 keV
of scattered-electron energy T (SNO and Super-Kamiokande
data) and for T > 3000 keV (SNO LETA + Borexino data),
and for pp neutrinos considering all solar neutrino data, in-
cluding radiochemical experiments.

including both the experimental and theoretical (solar
model) uncertainties and P 3⌫

ee
(E⌫ = 1440 keV) = 0.62 ±

0.17. A combined analysis of the Borexino data together
with those of other solar experiments allows to obtain
also the values of survival probability for the pp and 8B
neutrinos. Figure 84 reports the results.

XXVIII. CONCLUSIONS AND PERSPECTIVES

The rich scientific harvest of the Borexino Phase-I was
made possible by the extreme radio–purity of the detec-
tor and of its liquid scintillator core in particular. Chal-
lenging design purity levels have been mostly met, and,

in some cases, surpassed by a few orders of magnitude.
The central physics goal was achieved with the 5%

measurement of the 7Be solar neutrino rate. Three more
measurements beyond the scope of the original proposal
were made as well: the first observation of the solar pep
neutrinos, the most stringent experimental constraint on
the flux of CNO neutrinos, and the low-threshold mea-
surement of the 8B solar neutrino interaction rate. The
latter measurement was possible thanks to the extremely
low background rate above natural radioactivity, while
the first two exploited the superior particle identifica-
tion capability of the scintillator and an e�cient cosmo-
genic background subtraction. All measurements benefit
from an extensive calibration campaign with radioactive
sources that preserved scintillator radio–purity.
In this paper we have described the sources of back-

ground and the data analysis methods that led to the
published solar neutrinos results. We also reported, for
the first time, the detection of the annual modulation of
the 7Be solar neutrino rate, consistent with their solar
origin. The implications of Borexino solar neutrino re-
sults for neutrino and solar physics were also discussed,
both stand–alone and in combination with other solar
neutrino data.
Additional important scientific results (not discussed

in this paper) were the detection of geo–neutrinos [56]
and state-of-the art upper limits on many rare and exotic
processes [99].
Borexino has performed several purification cycles in

2010 and 2011 by means of water extraction [26] in batch
mode, reducing even further several background com-
ponents, among which 85Kr, 210Bi, and the 238U and
232Th chains. After these purification cycles, the Borex-
ino Phase-II has started at the beginning of 2012, with
the goal of improving all solar neutrino measurements.
Borexino is also an ideal apparatus to look for short base-
line neutrino oscillations into sterile species using strong
artificial neutrino and anti–neutrino sources [100]. An
experimental program, called SOX (Source Oscillation
eXperiment), was approved and it is now in progress.
The Borexino program is made possible by funding

from INFN (Italy), NSF (USA), BMBF, DFG and MPG
(Germany), NRC Kurchatov Institute (Russia) and NCN
(Poland). We acknowledge the generous support of the
Laboratory Nazionali del Gran Sasso (Italy).
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Resonant Enhancement of Neutrino Oscillation
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MSW effect (prediction)
Vacuum osc.

Bellini et a, Borexino, PRD89, 112007 (2014)

Neutrino Oscilltion in Matter

e-

W

νe e-

νe
Charged Current

feels extra potential  
or gains effective mass

changes index of refraction
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the 7Be solar neutrino rate, consistent with their solar
origin. The implications of Borexino solar neutrino re-
sults for neutrino and solar physics were also discussed,
both stand–alone and in combination with other solar
neutrino data.
Additional important scientific results (not discussed

in this paper) were the detection of geo–neutrinos [56]
and state-of-the art upper limits on many rare and exotic
processes [99].
Borexino has performed several purification cycles in

2010 and 2011 by means of water extraction [26] in batch
mode, reducing even further several background com-
ponents, among which 85Kr, 210Bi, and the 238U and
232Th chains. After these purification cycles, the Borex-
ino Phase-II has started at the beginning of 2012, with
the goal of improving all solar neutrino measurements.
Borexino is also an ideal apparatus to look for short base-
line neutrino oscillations into sterile species using strong
artificial neutrino and anti–neutrino sources [100]. An
experimental program, called SOX (Source Oscillation
eXperiment), was approved and it is now in progress.
The Borexino program is made possible by funding

from INFN (Italy), NSF (USA), BMBF, DFG and MPG
(Germany), NRC Kurchatov Institute (Russia) and NCN
(Poland). We acknowledge the generous support of the
Laboratory Nazionali del Gran Sasso (Italy).
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Neutrino Oscilltion Probabilities in Matter

P(α → β) = ∑
j

U*αjUβje−i
m2

j
2E L

2

= δαβ − 4∑
i>j

ℜ[U*αiUαjUβiU*βj]sin2 (
Δm2

ij

4E
L) + 2∑

i>j

ℑ[U*αiUαjUβiU*βj]sin (
Δm2

ij

2E
L)

With constant matter density, we can compute oscillation probabililties  
in the same way by simply replacing the vacuum mixing matrix elements 

and mass squared differences to the effective ones in matter, 

Uαi → Ũ αi , Δm2
ij → Δ̃m2

ij

(Oscilltion Probabilities in vacuum)
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i
d
dx

νe
νμ
ντ

= H
νe
νμ
ντ

H = U

0 0 0

0 Δm2
21

2E 0

0 0
Δm2

31

2E

U† +
2GFNe 0 0

0 0 0
0 0 0

Neutrino Evolution Equation in Matter

GF : Fermi Constant

Ne : Electron number density

In general, for varying matter (electron) density profile, one needs to 
solve numerically the evolution equation, or diagonalize the Hamiltonian 
at each position, to compute the final oscillation probability
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Oscillation gives the best fit to the data.
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!2(decoherence)=112.5/83dof

Decay and decoherence models disfavored by 

4.8 and 5.3 ", resp.

Also, strong constraint on the oscillation param.
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Solar neutrinos also oscillate!

Good start

• Mini-BooNE excludes LSND at 2.5!

• although not definitive, a collective 
sigh of relief.  LSND dismissed

• MINOS perfectly consistent with 
SuperK/K2K with high precision

• T2K/NO"A: sin22#23=0.97±0.01

• reactor/LBL: sin22#13=0.025±0.006

• All appear to converge

Nobel Prize in Physics 2012
Turned out to be premature
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This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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FIG. 6 (color). Prompt energy spectrum of the !!e events in the
low-energy region for all data-taking periods. Bottom panel:
Data together with the best-fit background and geo !!e contribu-
tions. The fit incorporates all available constraints on the
oscillation parameters. The shaded background and geo !!e

histograms are cumulative. Middle panel: Observed geo !!e

spectrum after subtraction of reactor !!e’s and other background
sources. The dashed and dotted lines show the best-fit U and Th
spectral contributions, respectively. The blue shaded curve
shows the expectation from the geological reference model of
Ref. [18]. Top panel: The energy-dependent selection efficiency.
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FIG. 5 (color). Ratio of the observed !!e spectrum to the
expectation for no-oscillation versus L0=E for the KamLAND
data. L0 ¼ 180 km is the flux-weighted average reactor baseline.
The 3-! histogram is the best-fit survival probability curve from
the three-flavor unbinned maximum-likelihood analysis using
only the KamLAND data.
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FIG. 7 (color). (a) C.L. contours for the observed number of
geo !!e events. The small shaded region represents the prediction
of the reference model of Ref. [18]. The vertical dashed line
represents the value of ðNU # NThÞ=ðNU þ NThÞ expected for a
Th/U mass ratio of 3.9 derived from chondritic meteorites.
(b) ""2 profile from the fit to the total number of geo !!e events,
fixing the Th/U mass ratio at 3.9. The grey band represents the
geochemical model prediction, assuming a 20% uncertainty in
the abundance estimates.
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TABLE XXII. Constrained and unconstrained flux results from phase I and phase II SNO data
sets in units of 106 cm−2 s−1. Note that the phase I Teff threshold was lower than the phase II threshold.

Data set Constrained fit

φcon
CC φcon

NC φcon
ES

Phase I (306 days) [3] 1.76+0.06+0.09
−0.05−0.09 5.09+0.44+0.46

−0.43−0.43 2.39+0.24+0.12
−0.23−0.12

Phase II (254 days) [11] 1.70+0.07+0.09
−0.07−0.10 4.90+0.24+0.29

−0.24−0.27 2.13+0.29+0.15
−0.28−0.08

Phase II (391 days) 1.72+0.05+0.11
−0.05−0.11 4.81+0.19+0.28

−0.19−0.27 2.34+0.23+0.15
−0.23−0.14

Unconstrained fit

φuncon
CC φuncon

NC φuncon
ES

Phase I (306 days) [3] 6.42+1.57+0.55
−1.57−0.58

Phase II (254 days) [11] 1.59+0.08+0.06
−0.07−0.08 5.21+0.27+0.38

−0.27−0.38 2.21+0.31+0.10
−0.26−0.10

Phase II (391 days) 1.68+0.06+0.08
−0.06−0.09 4.94+0.21+0.38

−0.21−0.34 2.35+0.22+0.15
−0.22−0.15

by varying the amplitude and the day-night rate asymmetry of
each background in the flux fits.

A. Total event rate

The simplest day-night analysis is to compare the total
event rates (signals+backgrounds) between day and night.
Table XXIII shows these results. The day and night rates
are statistically consistent. Because the external neutron back-
ground is determined from fits to the data itself, backgrounds
cannot be subtracted from the raw event rates without doing a
full signal extraction fit.

B. Model-independent day-night asymmetries

The most general day-night analysis is to fit for the day
and night neutrino fluxes separately, placing no constraint on
ANC and making no assumption about the energy dependence
of the νe oscillation probability. The results include day
and night NC fluxes and separate day and night CC energy
spectra.

Table XXIV presents the day and night integral fluxes from
the shape-unconstrained analysis. Each pair of day-night fluxes
shares some large common systematics, as calculated for the
integral flux analysis in Sec. XI. The day and night fluxes are
statistically independent, however. The asymmetry ratio A for
each flux includes a statistical uncertainty and a systematic
uncertainty because of day-night specific effects as described
in Sec. VIII. All asymmetries are consistent with zero.

TABLE XXIII. Event totals and rates for the day and night data
sets.

Events Rate (day−1)

Day 2134 12.09 ± 0.26
Night 2588 12.04 ± 0.24

Figure 31(a) shows the value of ACC in each energy bin
ACC,i . Overlaid is the expectation for the previous best-fit mix-
ing parameters #m2 = 7 × 10−5 eV2 and tan2 θ = 0.40 [11].
The dependence of ACC on CC electron energy is consistent
with this expectation, but is also consistent with no day-night
asymmetries.

Although the day and night fluxes are statistically inde-
pendent, the CC, ES, and NC fluxes for either day or night
are statistically correlated because they are produced from a
common fit. As a result, ACC, ANC, and AES are statistically

FIG. 29. (Color) Flux of µ+τ neutrinos versus flux of electron
neutrinos. CC, NC, and ES flux measurements are indicated by the
filled bands. The total 8B solar neutrino flux predicted by the standard
solar model [12] is shown as dashed lines and that measured with the
NC channel is shown as the solid band parallel to the model prediction.
The narrow band parallel to the SNO ES result correponds to the
Super-Kamiokande result in Ref. [8]. The intercepts of these bands
with the axes represent the ±1σ uncertainties. The nonzero value
of φµτ provides strong evidence for neutrino flavor transformation.
The point represents φe from the CC flux and φµτ from the NC-CC
difference with 68, 95, and 99% C.L. contours included.
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This calculation accounts for crustal uncertainties of 17%
and 10% for U and Th, respectively, including correlated
errors as suggested in Ref. [34]. To parametrize the
planetary-scale energy balance, the fraction of the global
heat production from radioactive decays, the so-called
‘‘Urey ratio,’’ is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays
[12,35], we find that the convective Urey ratio, the contri-
bution to the Urey ratio from just the mantle, is between
0.09 and 0.42 at 68% C.L. This range favors models that
allow for a substantial but not dominant contribution from
the Earth’s primordial heat supply.
Several established estimates of the BSE composition

give different geo !!e flux predictions. Reference [36]
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FIG. 6 (color). Prompt energy spectrum of the !!e events in the
low-energy region for all data-taking periods. Bottom panel:
Data together with the best-fit background and geo !!e contribu-
tions. The fit incorporates all available constraints on the
oscillation parameters. The shaded background and geo !!e

histograms are cumulative. Middle panel: Observed geo !!e

spectrum after subtraction of reactor !!e’s and other background
sources. The dashed and dotted lines show the best-fit U and Th
spectral contributions, respectively. The blue shaded curve
shows the expectation from the geological reference model of
Ref. [18]. Top panel: The energy-dependent selection efficiency.
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the three-flavor unbinned maximum-likelihood analysis using
only the KamLAND data.
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FIG. 7 (color). (a) C.L. contours for the observed number of
geo !!e events. The small shaded region represents the prediction
of the reference model of Ref. [18]. The vertical dashed line
represents the value of ðNU # NThÞ=ðNU þ NThÞ expected for a
Th/U mass ratio of 3.9 derived from chondritic meteorites.
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fixing the Th/U mass ratio at 3.9. The grey band represents the
geochemical model prediction, assuming a 20% uncertainty in
the abundance estimates.
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TABLE XXII. Constrained and unconstrained flux results from phase I and phase II SNO data
sets in units of 106 cm−2 s−1. Note that the phase I Teff threshold was lower than the phase II threshold.

Data set Constrained fit

φcon
CC φcon

NC φcon
ES

Phase I (306 days) [3] 1.76+0.06+0.09
−0.05−0.09 5.09+0.44+0.46

−0.43−0.43 2.39+0.24+0.12
−0.23−0.12

Phase II (254 days) [11] 1.70+0.07+0.09
−0.07−0.10 4.90+0.24+0.29

−0.24−0.27 2.13+0.29+0.15
−0.28−0.08

Phase II (391 days) 1.72+0.05+0.11
−0.05−0.11 4.81+0.19+0.28

−0.19−0.27 2.34+0.23+0.15
−0.23−0.14

Unconstrained fit

φuncon
CC φuncon

NC φuncon
ES

Phase I (306 days) [3] 6.42+1.57+0.55
−1.57−0.58

Phase II (254 days) [11] 1.59+0.08+0.06
−0.07−0.08 5.21+0.27+0.38

−0.27−0.38 2.21+0.31+0.10
−0.26−0.10

Phase II (391 days) 1.68+0.06+0.08
−0.06−0.09 4.94+0.21+0.38

−0.21−0.34 2.35+0.22+0.15
−0.22−0.15

by varying the amplitude and the day-night rate asymmetry of
each background in the flux fits.

A. Total event rate

The simplest day-night analysis is to compare the total
event rates (signals+backgrounds) between day and night.
Table XXIII shows these results. The day and night rates
are statistically consistent. Because the external neutron back-
ground is determined from fits to the data itself, backgrounds
cannot be subtracted from the raw event rates without doing a
full signal extraction fit.

B. Model-independent day-night asymmetries

The most general day-night analysis is to fit for the day
and night neutrino fluxes separately, placing no constraint on
ANC and making no assumption about the energy dependence
of the νe oscillation probability. The results include day
and night NC fluxes and separate day and night CC energy
spectra.

Table XXIV presents the day and night integral fluxes from
the shape-unconstrained analysis. Each pair of day-night fluxes
shares some large common systematics, as calculated for the
integral flux analysis in Sec. XI. The day and night fluxes are
statistically independent, however. The asymmetry ratio A for
each flux includes a statistical uncertainty and a systematic
uncertainty because of day-night specific effects as described
in Sec. VIII. All asymmetries are consistent with zero.

TABLE XXIII. Event totals and rates for the day and night data
sets.

Events Rate (day−1)

Day 2134 12.09 ± 0.26
Night 2588 12.04 ± 0.24

Figure 31(a) shows the value of ACC in each energy bin
ACC,i . Overlaid is the expectation for the previous best-fit mix-
ing parameters #m2 = 7 × 10−5 eV2 and tan2 θ = 0.40 [11].
The dependence of ACC on CC electron energy is consistent
with this expectation, but is also consistent with no day-night
asymmetries.

Although the day and night fluxes are statistically inde-
pendent, the CC, ES, and NC fluxes for either day or night
are statistically correlated because they are produced from a
common fit. As a result, ACC, ANC, and AES are statistically

FIG. 29. (Color) Flux of µ+τ neutrinos versus flux of electron
neutrinos. CC, NC, and ES flux measurements are indicated by the
filled bands. The total 8B solar neutrino flux predicted by the standard
solar model [12] is shown as dashed lines and that measured with the
NC channel is shown as the solid band parallel to the model prediction.
The narrow band parallel to the SNO ES result correponds to the
Super-Kamiokande result in Ref. [8]. The intercepts of these bands
with the axes represent the ±1σ uncertainties. The nonzero value
of φµτ provides strong evidence for neutrino flavor transformation.
The point represents φe from the CC flux and φµτ from the NC-CC
difference with 68, 95, and 99% C.L. contours included.
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systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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Neutrinos do Oscillate!  

 mν≠ 0 
( at least 2 neutrinos ) 

νe

νµ

ντ
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So What? 



 mν≠ 0 
( at least 2 neutrinos ) 

νe

νµ

ντ
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● Strong evidence of physics beyond the Standard Model
● It is likely that by studying phenomena related to tiny neutrino masses, 

we are probing some higher energy scales beyond SM, e.g., GUT scale,  
like the scenario suggested in the Seesaw Mechanism 

So What? 

Neutrinos do Oscillate!  



Current Status and Open Questions
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(in the context of LBL oscillation experiments)



Past and currently running “Long Baseline” 𝝂 oscillation experiments

34

• T2K (Tokai to Kamioka): Japan, 2009-present, Baseline = 295 km

• K2K (KEK to Kamioka) : Japan, 1999-2004, Baseline = 250km

• MINOS (Main Injector Neutrino Oscillation Search): USA,   
  2005-2016, Baseline = 735 km

 • NOvA (NuMI Off-Axis 𝝼e Appearance,  USA): 2014-present,  
    Baseline = 810 km

• OPERA (Oscillation Project with Emulsion-tRacking Apparatus): 
 CERN to Gran Sasso Laboratory, 2008-2012, Baseline = 730 km 

So far, all of them showed results consistent with neutrino oscillation within  
the standard 3 flavor scheme, no strong disagreement among these experiments 



Setup of Near-Far Detectors in LBL experiments
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 sourceν near detector far detector
typically at L  ~1km≤ L > O(100 km)

νν

In LBL oscillation experiments, near detector (ND) is mandatory, 
or essential to predict “unoscillated” neutrino spetra at 

the far dector (FD), cancelling various systematic uncertainties

This near-far comparison allows us to perform precise 
analysis/study of oscillation (or effect of any new physics)
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Therefore, in general, a LBL oscillation experiment comes 
with a “short baseline (~km)” experiment with its near 

detector, by which one can study also some physics 
(inculding some BSM physics) related to neutrinos 

I will forcus mainly the oscillation related phenomena 
which can be studied by “near-far” comparison



Current allowed range of mixing parameters from Global Fit

1σ uncertainties of 6 mixing parameters
:  ~ 3 - 4 %

: ~3 %

: ~1%

:  ~30o
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See Mriam Tortola’s talk for any details! 

(central value not so stable) 
normal mass ordering (               ) is favored at ~2σ

Based on ν data coming from solar, atmospheric, reactor, 
accelerator ν expriments (no strong evidence of more than  
3 flavors, except for some hints/indications)
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Figure 1. Global 3ω oscillation analysis. We show !ε2 profiles minimized with respect to all
undisplayed parameters. The red (blue) curves correspond to Normal (Inverted) Ordering. Solid
and dashed curves correspond to the two variants of the analysis as described in the labels.
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Current allowed range of mixing parameters from Global Fit

NuFit6.0 Esteban et la, arXiv:2410.05380

1σ uncertainties of 6 mixing parameters
:  ~ 3 - 4 %

: ~3 %

: ~1%

:  ~30o
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(central value not so stable) 
normal mass ordering (               ) is favored at ~2σ

Based on ν data coming from solar, atmospheric, reactor, 
accelerator ν expriments (no strong evidence of more than  
3 flavors, except for some hints/indications)
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Time evolution of precision of our knowledge about mixing parameters

Denton et la (SNOWMASS Report), arXiv:2212.00809, updated in 2024 by P. Denton

we are now in 

a “precision” era!
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Best Fitted values of mixing parameters from PDG2024
sin2 θ12 = 0.307 ± 0.013 Δm2

21 = (7.53 ± 0.18) × 10−5 eV2

sin2 θ23 = 0.553+0.016
−0.024

Normal Order
sin2 θ23 = 0.558+0.015

−0.021

Inverted Order

Δm2
32 = (2.455 ± 0.028) × 10−3 eV2

Δm2
32 = (−2.529 ± 0.029) × 10−3 eV2

sin2 θ13 = (2.19 ± 0.07) × 10−2

S. Navas et al. (PDG2024),Phys. Rev. D 110, 03001 (2024) 

δCP = 1.19 ± 0.22π rad

~ a few % precisions, except for CP phase and Mass Ordering
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(left) or NO (right). We fix sin2 ε13 = 0.0222, sin2 ε12 = 0.31, !m2

21 = 7.5→10→5 eV2 and minimize
with respect to |!m2

3ω|.

(ϑCP, sin2 ε23) plane from the global analysis of all data are shown in Fig. 7, which resemble
to a large extent the features from the combination among T2K and NOvA discussed above.
We observe, in particular, non-trivial correlations between these two parameters and the
MO. For IO, the preference for ϑCP ↑ 270→ is highly significant, whereas for NO a more
complicated structure in the (ϑCP, sin2 ε23) plane, with several local minima, emerges. The
octant degeneracy for ε23 is present with !ϖ2 < 4 for both mass orderings and both data
variants, showing local minima around sin2 ε23 ↓ 0.56 and 0.47.

An obvious question to address is whether T2K and NOvA are in tension with each
other at a worrisome level. Consistency among di!erent data sets can be quantified with
the parameter goodness-of-fit (PG) [39]. For a number N of di!erent data sets i, each
depending on ni model parameters, and globally depending on nglob parameters, it can be
shown that the test statistic

ϖ2
PG ↔ ϖ2

min,glob ↗

N∑

i

ϖ2
min,i = min

[ N∑

i

ϖ2
i

]
↗

∑

i

ϖ2
min,i , (3.3)

follows a ϖ2 distribution with n ↔
∑

i ni ↗ nglob degrees of freedom [39].
Applying this test to the full NOvA and T2K samples (including both appearance and

disappearance data for neutrinos and antineutrinos) we obtain the values in Table 3. We
carry out the analysis separately for each mass ordering, in all cases fixing !m2

21 and ε12
to their best fit. In the results reported in the upper part of the table ε13 is varied in the
minimization, so nT2K = nNOvA = nglob=T2K+NOvA = 4 (i.e., !m2

3ω, ε23, ϑCP, and ε13). In
the lower part ε13 is kept fixed to its best fit so nT2K = nNOvA = nglob=T2K+NOvA = 3.
From the table we read that, as expected, agreement is better in IO, where irrespective
on ε13 the samples are compatible at the 0.5ω level or better. In NO, compatibility arises

– 11 –

NuFit6.0 Esteban et la, arXiv:2410.05380

We do not know very well the value of CP phase
Inverted Ordering Normal Ordering



normal MO inverted MO

We still do not know the neutrino mass ordering (MO)
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de Salas et al. Neutrino Mass Ordering in 2018

Despite the good precision that neutrino experiments have
reached in the recent years, still many neutrino properties
remain unknown. Among them, the neutrino character, Dirac
vs. Majorana, the existence of CP violation in the leptonic
sector, the absolute scale of neutrino masses, and the type of
the neutrino mass spectrum. Future laboratory, accelerator and
reactor, astrophysical and cosmological probes will address all
these open questions, that may further reinforce the evidence for
physics beyond the SM. Themain focus of this review is, however,
the last of the aforementioned unknowns. We will discuss what
we know and how we could improve our current knowledge of
the neutrino mass ordering.

Neutrino oscillation physics is only sensitive to the squared
mass differences (!m2

ij = m2
i − m2

j ). Current oscillation data
can be remarkably well-fitted in terms of two squared mass
differences, dubbed as the solar mass splitting (!m2

21 " 7.6 ×
10−5 eV2) and the atmospheric mass splitting (|!m2

31| " 2.5 ×
10−3 eV2) (de Salas et al., 2018)1. Thanks to matter effects in
the Sun, we know that !m2

21 > 02. Since the atmospheric
mass splitting !m2

31 is essentially measured only via neutrino
oscillations in vacuum, which exclusively depend on its absolute
value, its sign is unknown at the moment. As a consequence, we
have two possibilities for the ordering of neutrino masses: normal
ordering (NO, !m2

31 > 0) or inverted ordering (IO, !m2
31 < 0).

The situation for the mass ordering has changed a lot in
the last few months. The 2017 analyses dealing with global
oscillation neutrino data have only shown a mild preference
for the normal ordering. Namely, the authors of Capozzi
et al. (2017), by means of a frequentist analysis, found χ2

IO −
χ2
NO = 3.6 from all the oscillation data considered in their

analyses. Very similar results were reported in the first version
of de Salas et al. (2018)3, where a value of χ2

IO − χ2
NO = 4.3

was quoted4 (nufit)5 Furthermore, in Gariazzo et al. (2018a),
the authors verified that the use of a Bayesian approach and the
introduction of cosmological or neutrinoless double beta decay
data did not alter the main result, which was a weak-to-moderate
evidence for the normal neutrino mass ordering according to
the Jeffreys’ scale (see Table 2). The most recent global fit
to neutrino oscillation data, however, reported a strengthened
preference for normal ordering that is mainly due to the new data
from the Super-Kamiokande Abe et al. (2018a), T2K Hartz
(2017), and NOνA Radovic (2018) experiments. The inclusion of
these new data in both the analyses of Capozzi et al. (2018a)
and the 2018 update of de Salas et al. (2018)1 increases the
preference for normal ordering, which now lies mildly above
the 3σ level. In this review we will comment these new results
(see section 2) and use them to perform an updated global

1Valencia-Globalfit, 2018; Available online at: http://globalfit.astroparticles.es/.
2Note that the observation of matter effects in the Sun constrains the product
!m2

21 cos 2θ12 to be positive. Therefore, depending on the convention chosen to
describe solar neutrino oscillations, matter effects either fix the sign of the solar
mass splitting !m2

21 or the octant of the solar angle θ12, with !m2
21 positive by

definition.
3See the “July 2017” version in1.
4A somewhat milder preference in favor of normal mass ordering was obtained in
the corresponding version of the analysis in Refs. Esteban et al. (2017)
5NuFIT v3.2, http://www.nu-fit.org/.

FIGURE 1 | Probability of finding the α neutrino flavor in the i-th neutrino mass

eigenstate as the CP-violating phase, δCP, is varied. Inspired by Mena and

Parke (2004).

analysis, following the method of Gariazzo et al. (2018a) (see
section 5).

The two possible hierarchical6 neutrino mass scenarios are
shown in Figure 1, inspired by Mena and Parke (2004), which
provides a graphical representation of the neutrino flavor content
of each of the neutrino mass eigenstates given the current
preferred values of the oscillation parameters de Salas et al.
(2018), see section 2. At present, even if the current preferred
value of δCP for both normal and inverted mass orderings lies
close to 3π/2 de Salas et al. (2018), the precise value of the
CP violating phase in the leptonic sector remains unknown.
Consequently, in Figure 1, we have varied δCP within its entire
range, ranging from 0 to 2π .

Given the two known mass splittings that oscillation
experiments provide us, we are sure that at least two neutrinos

have a mass above
√

!m2
21 " 8 meV and that at least one of

these two neutrinos has a mass larger than
√
|!m2

31| " 50 meV.
For the same reason, we also know that there exists a lower
bound on the sum of the three active neutrino masses (

∑
mν =

m1 +m2 +m3):

∑
mNO

ν = m1 +
√
m2

1 + !m2
21 +

√
m2

1 + !m2
31 , (1)

∑
mIO

ν = m3 +
√
m2

3 + |!m2
31| +

√
m2

3 + |!m2
31| + !m2

21 ,

where the lightest neutrino mass eigenstate corresponds to m1
(m3) in the normal (inverted) ordering. Using the best-fit values
for the neutrino mass splittings in Table 1 one finds that

∑
mν !

0.06 eV in normal ordering, while
∑

mν ! 0.10 eV in inverted

6A clarification about the use of “hierarchy” and “ordering” is mandatory. One
talks about “hierarchy” when referring to the absolute scales of neutrino masses,
in the sense that neutrino masses can be distinguished and ranked from lower to
higher. This does not include the possibility that the lightest neutrinomass is much
larger than the mass splittings obtained by neutrino oscillation measurements,
since in this case the neutrino masses are degenerate. On the other hand, the mass
“ordering” is basically defined by the sign of !m2

31, or by the fact that the lightest
neutrino is the most (least) coupled to the electron neutrino flavor in the normal
(inverted) case.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 2 October 2018 | Volume 5 | Article 36

Salas et al, Front.Astron.Space.Sci 5, 36(2018) 

Normal MO is currently favored only at ~ 2-3σ, not yet conclusive

ν3

ν2

ν1



Open Questions in Neutrino Sector
• Why neutrino masses are very small? How to understand mixing pattern? 

• Neutrinos are Dirac or Majorana particles?  

• Is CP (Charge Conjugation) symmetry violated?   

• Mass Ordering (MO), Normal or Inverted?  

• Octant of θ23, larger than π/4 or not?  

• Are there more than 3 neutrinos (sterile ν) ?  

• Do neutrinos have some new BSM (Beyond Standard Model) properties 
such as non-standard interactions (NSI), magnetic moment, instabilities 
(decay),  decoherence, etc? 
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• Why neutrino masses are very small? How to understand mixing pattern? 

• Neutrinos are Dirac or Majorana particles?  

• Is CP (Charge Conjugation) symmetry violated?   

• Mass Ordering (MO), Normal or Inverted?  

• Octant of θ23, larger than π/4 or not?  

• Are there more than 3 neutrinos (sterile ν) ?  

• Do neutrinos have some new BSM (Beyond Standard Model) properties 
such as non-standard interactions (NSI), magnetic moment, instability 
(decay),  decoherence, etc? 

44

JUNO/HK/DUNE
Hyper-K/DUNE

Hyper-K/DUNE
JUNO/HK/DUNE

JUNO/HK/DUNE
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So far, in neutrino sector, there is no strong 
evidence of new physics beyond SM (beyond mass 

and mixing), apart from some indication/hint like 
LSND anomaly, or some mild “tension” between 

some experiments 

So we need to look for hint for new physics in future 
experiments, in particular, in the context of new oscillation 

experiments, JUNO, Hyper-Kamiokande and DUNE 



Near Future Long-Baseline  
Neutrino Oscillation Experiments:   

Hyper-Kamiokande and DUNE 
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Please also see talks by

Saul Cuen-Rochin for Hyper-Kamiokande (yesterday)

Ettore Segreto for DUNE (Friday)

Pedro Ochoa Ricoux for Short Baseline Oscillation Experiments (today)



3rd Generation Water Cherenkov Detector in Kamioka3rd generation underground water Cherenkov detector in Kamioka

Kamiokande

Birth of neutrino astrophysics

Super-Kamiokande

Discovery of neutrino oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/LBL)

• All mixing angles and ∆"!#

• Extended search for proton decay
• Precision measurement of neutrino 

oscillation including CPV and MO
• Neutrino astrophysics

4

Kamiokande (1983-1996) 
0.68 kton, Detection of 
Neutrinos from SN1987A

Super-Kamiokande (1996-ongoing):  
22.5 kton, Discovery of Neutrino Oscillation 

in 1998

3rd generation underground water Cherenkov detector in Kamioka

Kamiokande

Birth of neutrino astrophysics

Super-Kamiokande

Discovery of neutrino oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/LBL)

• All mixing angles and ∆"!#

• Extended search for proton decay
• Precision measurement of neutrino 

oscillation including CPV and MO
• Neutrino astrophysics

4

Hyper-Kamiokande (will start in 2027) 
188 kton (~8 times SK) 

Observation of CP violation, Nucleon Decay,  
Supernova, New Physics? 

Hyper-Kamiokande

47
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Hyper-Kamiokande is in the Construction Phase

Cavern now excavated to 37m depth (over halfway)

22

Photograph taken 
June 2024 

Slide shown by Jeanne Wilson @ NOW2024 workshop (September 2024)

Expected to start data taking in 2027
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Experimental Setup of HK’s LBL Oscillation Study by using 
JPARC Neutrino Beam

L = 295 km J-PARC3rd generation underground water Cherenkov detector in Kamioka

Kamiokande

Birth of neutrino astrophysics

Super-Kamiokande

Discovery of neutrino oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and solar 
neutrino “anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation (atm/solar/LBL)

• All mixing angles and ∆"!#

• Extended search for proton decay
• Precision measurement of neutrino 

oscillation including CPV and MO
• Neutrino astrophysics

4Experimental setup of Hyper-Kamiokande

Super-K Hyper-K
Overburden 1000 m 650 m

Number of ID PMT 11,000 40,000
Photo-coverage 40% 40% (×2 sensitivity)

Total/Fiducial vol. 50 / 22.5 kton 260 / 188 kton

× 8.4 fiducial volume (SK → HK)
× 2.6 beam power (J-PARC upgrade)
→More than 20 times statistics

J-PARC upgrade:
500 kW → 1.3MW

!!/!̅!
!"/!̅"

Near detectors
Hyper-K site

6

ND280

IWCDHyper-K

Hyper-K LBL Principles
• Produce a high-power, selectable νμ or νμ dominated neutrino beam at J-PARC.
• Measure neutrino flux and cross-section with detectors close to beam source, before 

oscillation.
• Observe neutrinos 295km from source in Hyper-K, after they have oscillated.

▪ Two observable channels: νμ → νμ and νμ → νe
▪ Use knowledge of flux and interactions from near-detectors to extract oscillation information.

_

3Charlie Naseby 25 Aug 2023Imperial College London
IWCD

near detector

L = 280 m

L = ~1km

near detector

1.3 MW ν beam

often called “T2HK” (Tokai to HK) 
experiment/setup (not an official name )

based on off-axis (2.5o) beam
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Possibility to construct another identical detector in Korea 
with a baseline ~ 1000 km, is under consideration/discussion PTEP 2018, 063C01 K. Abe et al.

Fig. 1. Map showing the baseline and off-axis angle of the J-PARC beam in Japan and Korea [8,9].

this as T2HKK in contrast to one detector in Kamioka with 295 km baseline (T2HK). The second
detector in Korea provides the opportunity for Hyper-K to probe oscillation physics at both the first
and second oscillation maxima.

South Korea covers a range of angles from the axis of the J-PARC neutrino beam from 1◦ to 3◦

(see Fig. 1), which allows for tuning both the baseline and neutrino energy spectrum to maximize the
physics reach of the combined two-baseline experiment. Such a configuration can improve neutrino
oscillation physics sensitivities in Hyper-K in a number of ways: it can break degeneracies related
to the unknown mass ordering, the mixing parameter θ23, and the CP-violating phase δCP; it has
better precision (especially on δCP) in important regions of the parameter space; and it can serve
to mutually reduce the impact of systematic uncertainties (both known and unknown) across all
measurements. It also provides an opportunity to test the preferred oscillation model in a regime not
probed with existing experiments. Constraints on (or evidence of) exotic neutrino models, such as
non-standard interactions with matter, are also expected to be significantly enhanced by the use of a
longer baseline configuration for a second detector.

Although the use of a longer baseline in conjunction with the J-PARC beam is the primary feature
distinguishing the use of a detector in Korea from a second detector at Kamioka, there are several
mountains over 1 km in height that could provide suitable sites. This allows for greater overburden
than the site selected for the first Hyper-K detector and would enhance the program of low-energy
physics that are impacted by cosmic-ray backgrounds. This includes solar neutrinos, supernova relic
neutrinos, dark matter neutrino detection studies, and neutrino geophysics. In the case of supernova
neutrinos there is some benefit from the separation of detector locations.

Further enhancements are possible but not considered in this document. Recent developments in
gadolinium doping of water and water-based liquid scintillators could allow for a program based on
reactor neutrinos if these technologies are deployed in the detector.

There were earlier studies of a large water-Cherenkov detector in Korea using a J-PARC-based
neutrino beam [3,4]. Originally, an idea for a two-baseline experiment with a second detector in
Korea was discussed by several authors, pointing out possible improvements for measurements of
CP violation and mass hierarchy [5–9]. Three international workshops were held in Korea and Japan
in 2005, 2006, and 2007 [10]. At the time, the mixing angle of θ13 was not yet known, and therefore
the required detector size and mass could not be determined. Now, more realistic studies and a
detector design are possible due to the precisely measured value of θ13 [11–15,17–19].

5/65
Downloaded from https://academic.oup.com/ptep/article-abstract/2018/6/063C01/5041972
by Fermilab user
on 06 August 2018

map showing baseline and off-axis angles of the beam from J-PARC

This setup is often called “T2HKK” (Tokai to HK and Korea), not an official name



n+ νµ→ p+ µ-

n+ νe→ p+ e-

 νµ and νe can be distinguished in the Water Cherenkov detector 

Charged Current Interaction
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Water Cherenkov detector

• Cherenkov ring
• Particle identification (>99% efficiency for !/# separation)
•Momentum reconstruction (energy and direction)

• Scalable to larger mass ⇒ rare process (proton decay search and neutrino observation)
•Well established technology → next slide
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DUNE - Neutrino24 - Chris Marshall5

● Wideband (anti)neutrino beamline with >2MW intensity

● Underground, modular LArTPC Far Detector with ≥40 kt fiducial mass

● Movable LArTPC Near Detector with muon spectrometer and 
separate on-axis detector

● Global collaboration of >1400 scientists and engineers

DUNE (Deep Underground Neutrino Experiment) Project

Talk by C. Marshall @ Neutrino 2024See the talk by Ettore Segreto

L = 1285 km
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DUNE - Neutrino24 - Chris Marshall4

Long-baseline oscillations as part of a 
broad physics program

● Large, sensitive underground detectors are 
excellent to:

● Observe supernova burst neutrinos

● Measure solar and atmospheric neutrinos

● Search for new physics (nucleon decays, 
cosmogenic dark matter, etc.)

● Intense beams with capable near detectors 
are excellent to:

● Search for new physics produced in the 
beamline

● Search for new physics in rare interactions 
(i.e. neutrino tridents)

Talk by C. Marshall @ Neutrino 2024

DUNE (Deep Underground Neutrino Experiment) Project
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DUNE - Neutrino24 - Chris Marshall7

LArTPC: flavor & energy reco over a 
broad range of topologies

● 60% of interactions at DUNE energy have final state pions → LArTPC 
enables precise hadron reconstruction

● Excellent e/μ and e/γ separation

DUNE Horizontal Drift
simulated 3.0 GeV ν

μ

DUNE Horizontal Drift
simulated 2.5 GeV ν

e

DUNE detector is based on Liquid Argon Time Projection Chamber

Talk by C. Marshall @ Neutrino 2024



Test of CP Violation by  
Long-Baseline Neutrino 
Oscillation Experiments
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372 H. Nunokawa et al. / Progress in Particle and Nuclear Physics 60 (2008) 338–402

This identity guarantees that the 1P in Eq. (63) is the same in matter as in vacuum for distances
smaller than any of the matter or vacuum oscillation lengths.

6.2. The oscillation probability ⌫µ ! ⌫e

In this review, we mainly focus on the oscillation channel between electron and muon
neutrinos because it is easier to create and detect these neutrinos compared to tau neutrinos.
The drawing below shows schematically the relation among four possible channels.

CP
⌫µ ! ⌫e () ⌫̄µ ! ⌫̄e

T m m T
⌫e ! ⌫µ () ⌫̄e ! ⌫̄µ

CP

.

The horizontal (vertical) processes are related by CP (T ) whereas the processes across the
diagonals are related by CPT. The first row will be explored in very powerful conventional beams,
Superbeams, whereas the second row could be explored in Neutrino Factories or Beta Beams.

6.2.1. Vacuum: ⌫µ ! ⌫e

Let us first consider oscillation in vacuum ignoring matter effect. The transition probability
⌫µ ! ⌫e can be simply written as the square of a sum of three amplitudes, one associated with
each neutrino mass eigenstate, as follows [164],

P(⌫µ ! ⌫e) = |U⇤

µ3e�im2
3 L/2EUe3 + U⇤

µ2e�im2
2 L/2EUe2 + U⇤

µ1e�im2
1 L/2EUe1|

2

= |2U⇤

µ3Ue3 sin �31e�i�32 + 2U⇤

µ2Ue2 sin �21|
2, (69)

where the unitarity of the lepton mixing matrix [1] has been used to eliminate the U⇤

µ1Ue1 term
and � jk is used as a shorthand for the the kinematic phase, 1m2

jk L/4E . It is convenient to
rewrite this expression as follows

P(⌫µ ! ⌫e) ⇡ |
p

Patme�i(�32+�)
+

p
Psol|

2

= Patm + 2
p

Patm
p

Psol cos(�32 + �) + Psol, (70)

where as the notation suggests that the amplitude
p

Patm depends only on 1m2
31 and

p
Psol

depends only on 1m2
21. For propagation in the vacuum, these amplitudes are simply given by

p
Patm ⌘ sin ✓23 sin 2✓13 sin �31

p
Psol ⌘ cos ✓23 cos ✓13 sin 2✓12 sin �21 ⇡ cos ✓23 cos ✓13 sin 2✓12 �21, (71)

where ✓13 and �21 are assumed to be small. In the amplitude
p

Psol, terms proportional to
sin ✓13 sin �21e�i� have been neglected since they are of second order in the small quantities
sin ✓13 and �21.

For anti-neutrinos � ! ��. Thus the phase between
p

Patm and
p

Psol changes from (�32+�)

to (�32 � �). This changes the interference term from

2
p

Patm
p

Psol cos(�32 + �) ! 2
p

Patm
p

Psol cos(�32 � �). (72)

Test of CP (Charge Conjugation) Symmetry

studying oscillation between muon and electron neutrinos is the easiest way

Compare oscillation probabilities of CP conjugate channels
Note: if CP is violated, T (time reversal) is also violated due to CPT invariance

One of the fundamental symmetries in Nature
May shed some light on matter-antimatter asymmetry in the Universe



Probability of                 oscillation in vacuum 
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where

solar term
atmospheric term

interference term

HN, Parke & Valle, arXiv:0710.0554 [hep-ph]

For HK (or DUNE), osc. is driven by 
for

In matter, mixing parameters get modified                                       but the same formula applies

we should consider or



+(-) sign is for cyclic (anti-cyclic) permutation of α, β = e, µ, τ

Observation of CP Violation (CPV) in vacuum

parametrization independent measure of CPV (Jarlskog invariant)

58

all ν masses must be non-degenerate, all                           andCPV 

where

from current data, 

CP asymmetry would be useful
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CP asymmetry

matter effect (predictable)

CP asymmetry can be  
as large as ~30%

CP asymmetry could, in principle, tell us the presence of CPV in the lepton sector even if 
some unknown new physics (NSI, non-unitarity, etc) is the source of CPV! 

Due to matter effect, 
even for
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Appearance Probabilities for T2HK (Tokai to Hyper-K)
A Accelerator based neutrinos 205

0

0.02

0.04

0.06

0.08

0.1

0 1 2
ES (GeV)

P(
S R

q
S e

)

L=295km, sin22V13=0.1

neutrino

ICP = 0°
ICP= 90°
ICP�= 180°
ICP = -90°

0

0.02

0.04

0.06

0.08

0.1

0 1 2
ES (GeV)

ICP = 0°
ICP= 90°
ICP�= 180°
ICP = -90°

P(
S R

q
S e

)

anti-neutrino

L=295km, sin22V13=0.1

FIG. 129. Oscillation probabilities as a function of the neutrino energy for ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e

(right) transitions with L=295 km and sin2 2✓13 = 0.1. Black, red, green, and blue lines correspond to

�CP = 0�, 90�, 180� and �90�, respectively. Solid (dashed) line represents the case for a normal (inverted)

mass hierarchy.
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FIG. 130. Oscillation probabilities of ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e (right) as a function of the neutrino energy

with a baseline of 295 km. sin2 2✓13 = 0.1, �CP = �90�, and normal hierarchy are assumed. Contribution

from each term of the oscillation probability formula is shown separately.

Also shown in Fig. 129 are the case of normal mass hierarchy (�m2
32 > 0) with solid lines and

inverted mass hierarchy (�m2
32 < 0) with dashed lines. There are sets of di↵erent mass hierarchy

and values of �CP which give similar oscillation probabilities, resulting in a potential degeneracy if

the mass hierarchy is unknown. By combining information from experiments currently ongoing [43–

45, 84, 179] and/or planned in the near future [39, 40, 46–48], it is expected that the mass hierarchy

will be determined by the time Hyper-K starts to take data. If not, Hyper-K itself has a sensitivity

to the mass hierarchy by the atmospheric neutrino measurements as described in the next section.

Thus, the mass hierarchy is assumed to be known in this analysis, unless otherwise stated.

Figure 130 shows the contribution from each term of the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation

probability formula, Eq.(8), for L = 295 km, sin2 2✓13 = 0.1, sin2 2✓23 = 1.0, �CP = �90�, and

0.6 0.6

peak of ν beam peak of ν beam
HK Design Report, arXiv:1805.04163v2 [hep-ex]

solid line : normal MO 
dashed line: inverted MO

CP phase affects oscillation amplitudes and also positions of  
the peaks and dips of oscillations
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Appearance Probabilities for DUNE (L ~ 1300 km)

Large differences in probability for neutrino and anti-neutrinos comes mainly  
from the matter effect

978 Page 8 of 34 Eur. Phys. J. C (2020) 80 :978

Fig. 1 The appearance probability at a baseline of 1285 km, as a func-
tion of neutrino energy, for δCP = −π/2 (blue), 0 (red), and π/2 (green),
for neutrinos (top) and antineutrinos (bottom), for normal ordering

sensitivity results are presented in Sect. 9. We present our
conclusions in Sect. 10.

2 Neutrino beam flux and uncertainties

The expected neutrino flux is generated using G4LBNF [5,
22], a Geant4-based [23] simulation of the LBNF neutrino
beam. The simulation uses a detailed description of the LBNF
optimized beam design [5], which includes a target and horns
designed to maximize sensitivity to CPV given the physical
constraints on the beamline design.

Neutrino fluxes for neutrino-enhanced, forward horn cur-
rent (FHC), and antineutrino-enhanced, reverse horn current
(RHC), configurations of LBNF are shown in Fig. 2. Uncer-
tainties on the neutrino fluxes arise primarily from uncertain-
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Fig. 2 Neutrino fluxes at the FD for neutrino-enhanced, FHC, beam
running (top) and antineutrino, RHC, beam running (bottom)

ties in hadrons produced off the target and uncertainties in
the design parameters of the beamline, such as horn currents
and horn and target positioning (commonly called “focusing
uncertainties”) [5]. Given current measurements of hadron
production and LBNF estimates of alignment tolerances, flux
uncertainties are approximately 8% at the first oscillation
maximum and 12% at the second. These uncertainties are
highly correlated across energy bins and neutrino flavors.
The unoscillated fluxes at the ND and FD are similar, but
not identical. The relationship is well understood, and flux
uncertainties mostly cancel for the ratio of fluxes between
the two detectors. Uncertainties on the ratio are dominated
by focusing uncertainties and are ∼ 1% or smaller except
at the falling edge of the focusing peak (∼4 GeV), where
they rise to 2%. The rise is due to the presence of many par-
ticles which are not strongly focused by the horns in this
energy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio and
uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties on
the flux prediction are evaluated by reproducing the full
beamline simulation many times with variations of the input
model according to those uncertainties. The resultant uncer-

123

Abi et al, Eur. Phys. J. C80, 978 (2020)
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conclusions in Sect. 10.
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The expected neutrino flux is generated using G4LBNF [5,
22], a Geant4-based [23] simulation of the LBNF neutrino
beam. The simulation uses a detailed description of the LBNF
optimized beam design [5], which includes a target and horns
designed to maximize sensitivity to CPV given the physical
constraints on the beamline design.

Neutrino fluxes for neutrino-enhanced, forward horn cur-
rent (FHC), and antineutrino-enhanced, reverse horn current
(RHC), configurations of LBNF are shown in Fig. 2. Uncer-
tainties on the neutrino fluxes arise primarily from uncertain-
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ties in hadrons produced off the target and uncertainties in
the design parameters of the beamline, such as horn currents
and horn and target positioning (commonly called “focusing
uncertainties”) [5]. Given current measurements of hadron
production and LBNF estimates of alignment tolerances, flux
uncertainties are approximately 8% at the first oscillation
maximum and 12% at the second. These uncertainties are
highly correlated across energy bins and neutrino flavors.
The unoscillated fluxes at the ND and FD are similar, but
not identical. The relationship is well understood, and flux
uncertainties mostly cancel for the ratio of fluxes between
the two detectors. Uncertainties on the ratio are dominated
by focusing uncertainties and are ∼ 1% or smaller except
at the falling edge of the focusing peak (∼4 GeV), where
they rise to 2%. The rise is due to the presence of many par-
ticles which are not strongly focused by the horns in this
energy region, which are particularly sensitive to focusing
and alignment uncertainties. The near-to-far flux ratio and
uncertainties on this ratio are shown in Fig. 3.

Beam-focusing and hadron-production uncertainties on
the flux prediction are evaluated by reproducing the full
beamline simulation many times with variations of the input
model according to those uncertainties. The resultant uncer-
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νe appearance
• Sensitivity to δCP and octant of θ23 comes primarily 

from νμ → νe oscillations.

• δCP changes νe and νe oscillation probability in opposite 
directions.

_

νe-like events, 10 Years, sin2 θ23=0.58, Δm2
32=2.509x10-3eV2, normal ordering

7Charlie Naseby 25 Aug 2023Imperial College London

νe appearance
• Sensitivity to δCP and octant of θ23 comes primarily 

from νμ → νe oscillations.

• δCP changes νe and νe oscillation probability in opposite 
directions.

_

νe-like events, 10 Years, sin2 θ23=0.58, Δm2
32=2.509x10-3eV2, normal ordering

7Charlie Naseby 25 Aug 2023Imperial College London

Expected Event Number Distributions at Hyper-K
Large Asymmetry

Neutrino Anti-Neutrino



DUNE - Neutrino24 - Chris Marshall12

Far Detector energy spectra are 
sensitive to CP violation 

ν
e

ν
e

● If δCP ~ -π/2, DUNE will measure an enhancement in 

electron neutrino appearance, and a reduction in electron 
antineutrino appearance

● If the mass ordering is normal, DUNE will measure a much 
larger enhancement in electron neutrino appearance, and a 
reduction in electron antineutrino appearance

● MO, δCP, and θ23 all affect spectra with different shape → 

additional handle on resolving degeneracies

● If new physics is present, there may be no combination of MO, 
δCP, and θ23 that fits data

12 years

12 years

DUNE - Neutrino24 - Chris Marshall12

Far Detector energy spectra are 
sensitive to CP violation 
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● If δCP ~ -π/2, DUNE will measure an enhancement in 

electron neutrino appearance, and a reduction in electron 
antineutrino appearance

● If the mass ordering is normal, DUNE will measure a much 
larger enhancement in electron neutrino appearance, and a 
reduction in electron antineutrino appearance

● MO, δCP, and θ23 all affect spectra with different shape → 

additional handle on resolving degeneracies

● If new physics is present, there may be no combination of MO, 
δCP, and θ23 that fits data

12 years

12 years
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Expected Event Number Distributions at DUNE
Large Asymmetry

Neutrino Anti-Neutrino
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HK’s ability to exclude the CP conserving case 

J. Wilson @NOW 2024 Workshop

True MO = Normal
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T2K+NOvA may 
reach at most

~3σ for some values 
of CP phase

Significant Improvement

Mass Ordering

• If mass ordering is not known, combinaAon of beam measurements with atmospheric 
neutrino observaAons resolves parameter degeneracy
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Fig. 14 Significance of the DUNE determination of CP-violation
(δCP != [0,±π ]) as a function of the true value of δCP, for seven
(blue) and ten (orange) years of exposure, in both normal (top) and
inverted (bottom) ordering. The width of the transparent bands cover
68% of fits in which random throws are used to simulate statistical varia-
tions and select true values of the oscillation and systematic uncertainty
parameters, constrained by pre-fit uncertainties. The solid lines show
the median sensitivity

Fig. 15, the median sensitivity reaches 0 at CP-conserving
values of δCP (unlike the case with the throws as in Fig. 14),
but in regions far from CP-conserving values, the Asimov
sensitivity and the median sensitivity from the throws agree
well.

Figure 16 shows the result of Asimov studies investigating
the significance with which CPV can be determined in NO
for 75% and 50% of δCP values, and when δCP = −π/2, as
a function of exposure in kt-MW-years, which can be con-
verted to years using the staging scenario described in Sect. 6.
The width of the bands show the impact of applying an exter-

Fig. 15 Asimov sensitivity to CP violation, as a function of the true
value of δCP, for ten years of exposure. Curves are shown for variations
in the true values of θ23 (top), θ13 (middle) and ∆m2

32 (bottom), which
correspond to their 3σ NuFIT range of values, as well as the NuFIT
central value, and maximal mixing
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DUNE’s ability to exclude the CP conserving case 

Abi et al, Eur. Phys. J. C.80, 978 (2020)
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Fig. 16 Significance of the DUNE determination of CP-violation
(δCP != [0,π ]) for the case when δCP =−π/2, and for 50% and 75%
of possible true δCP values, as a function of exposure in kt-MW-years.
Top: The width of the band shows the impact of applying an external
constraint on θ13. Bottom: The width of the band shows the impact of
varying the true value of sin2 θ23 within the NuFIT 90% C.L. region

nal constraint on θ13. CP violation can be observed with 5σ

significance after about seven years (336 kt-MW-years) if
δCP = −π/2 and after about ten years (624 kt-MW-years) for
50% of δCP values. CP violation can be observed with 3σ

significance for 75% of δCP values after about 13 years of
running. In the bottom plot of Fig. 16, the width of the bands
shows the impact of applying an external constraint on θ13,
while in the bottom plot, the width of the bands is the result
of varying the true value of sin2 θ23 within the NuFIT 90%
C.L. allowed region.

Figure 17 shows the significance with which the neutrino
mass ordering can be determined in both NO and IO as a
function of the true value of δCP, for both seven and ten

Fig. 17 Significance of the DUNE determination of the neutrino mass
ordering, as a function of the true value of δCP, for seven (blue) and ten
(orange) years of exposure. The width of the transparent bands cover
68% of fits in which random throws are used to simulate statistical varia-
tions and select true values of the oscillation and systematic uncertainty
parameters, constrained by pre-fit uncertainties. The solid lines show
the median sensitivity

year exposures, including the effect of all other oscillation
and systematic parameters using the toy throwing method
described in Sect. 8. The characteristic shape results from
near degeneracy between matter and CPV effects that occurs
near δCP = π/2 (−δCP = π/2) for true normal (inverted)
ordering. Studies have indicated that special attention must
be paid to the statistical interpretation of neutrino mass order-
ing sensitivities [99–101] because the ∆χ2 metric does not
follow the expected chi-square function for one degree of
freedom, so the interpretation of the

√
∆χ2 as the sensitivity

is complicated. However, it is clear from Fig. 17 that DUNE
is able to distinguish the mass ordering for both true NO and
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near degeneracy between matter and CPV effects that occurs
near δCP = π/2 (−δCP = π/2) for true normal (inverted)
ordering. Studies have indicated that special attention must
be paid to the statistical interpretation of neutrino mass order-
ing sensitivities [99–101] because the ∆χ2 metric does not
follow the expected chi-square function for one degree of
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is complicated. However, it is clear from Fig. 17 that DUNE
is able to distinguish the mass ordering for both true NO and
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HK LBL is not powerful, but DUNE LBL is quite powerful to determine  
MO thanks to the larger matter effect due to longer baseline!

DUNE alone can determine MO at more than 5σ !
Abi et al, Eur. Phys. J. C80, 978 (2020)

L ~ 1300 km
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Test of New Physics by  
Long-Baseline Neutrino 
Oscillation Experiments

68

New Physics = neutrino property beyond the 
standard framework of 3 massive neutrinos 

For some New Physcs effects which can be studied in 
coherent neutrino-nucleus elastic scattering,  

see the talk by Diego Aristizábal (Friday) !
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Effect of New Physics is not expected to be so large

Current Situation: Apart from some experimental data 
(such as LNSD), almost all the data can be explained 
quite well by neutrino oscillations (induced by masses 
and mixing) in the standard 3 flavor framework. 

In general, if there is some new physics effect, such 
effect should not be so large or should be subdominant 

More precision is needed!



Examples of “New Physics” effect which can  
manifest in LBL neutrino oscillations

70

Presense of extra (sterile) neutrino  
NSI (Non-standard Interactions) of neutrinos

Decoherence effect

Violation of unitarity, or non-unitarity

Lorentz Violation, and  so on

Decay of neutrinos due to New Physics
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Presense of extra (sterile) neutrino  
NSI (Non-standard Interactions) of neutrinos

Decoherence effect

Violation of unitarity, or non-unitarity

Lorentz Violation, and  so on

Decay of neutrinos due to New Physics

Examples of “New Physics” effect which can  
manifest in LBL neutrino oscillations



Phenomenological Approache
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In most cases, New Physics (NP) effects can be manifested 
or parameterized by some effective NP parameters, in 
model independent (or less model dependent) way,  
which allows us to take phenomenological approache  
without explicitly considering some specific models 

In this presentation, I will follow this approach, focusing 
on phenomenological aspects/consequences  
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Test for NSI (Non-Standard Interactions) of neutrinos 
with matter in long baseline oscillation experiments
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Non-Standard Interactions (NSI) of Neutrinos

ℒNSI, CC = − 2 2GF ∑
f,f′￼α,β

ε ff′￼,P
αβ (ℓ̄αγμPLνβ)( f̄γμPf′￼) + h.c. : CC NSI

ℒNSI, NC = − 2 2GF ∑
f,P,α,β

ε f,P
αβ (ℓ̄αγμPLνβ)( f̄γμPf ) + h.c.

NSI can be generally described by

: NC NSI

we define the effective NSI parameters as 

where , α, β = e, μ, τ f, f’ = SM charged fermions, ℓ= SM charged leptons

εαβ ≡ ∑
f=e,u,d

ε f
αβ

Nf

Ne
= ∑

f=e,u,d

(ε fL
αβ + ε fR

αβ)
Nf

Ne
≃ εe

αβ + 3εu
αβ + 3εd

αβ for Earth matter

ε f,V
αβ ≡ ε f,L

αβ + ε f,R
αβ , ε f,A

αβ ≡ ε f,L
αβ − ε f,R

αβ (vector and axial NSI coefficients) 

Strongly contained by 

meson/muon decays
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i
d
dx

νe
νμ
ντ

= H
νe
νμ
ντ

H = U

0 0 0

0 Δm2
21

2E 0

0 0
Δm2

31

2E

U† + 2GFNe

1 + εee εeμ εeτ

ε*μe εμμ εμτ

ε*τe ε*τμ εττ

Neutrino Evolution Equation in Matter with NSI effect

GF : Fermi Constant
Ne : Electron number density



76

i
d
dx

νe
νμ
ντ

= H
νe
νμ
ντ

H = U

0 0 0

0 Δm2
21

2E 0

0 0
Δm2

31

2E

U† + 2GFNe

1 + εee εeμ εeτ

ε*μe εμμ εμτ

ε*τe ε*τμ εττ

Neutrino Evolution Equation in Matter with NSI effect

GF : Fermi Constant
Ne : Electron number density

Diagonal elements,  , can induce new 
potential and modify the resonance condition

εαα

Off diagonal elements, , can 
induce additional mixing(-like) effects

Im[ ] is a new source of CP violation

εαβ (α ≠ β)

εαβ
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Some indication (hint) of NSI?
For Normal Ordering, T2K and NOvA results are in some tension 
with each other which could be alleviated if we include NSI effect

5

FIG. 4. Allowed regions by T2K and NOωA for NO in the SM case (left panel) and with NSI of the e→µ type (central panel) and
of the e→ε type (right panel). In the central panel we have taken the NSI parameters at their best fit values of the combination
T2K + NOωA. These correspond to (|ϑeµ| = 0.125,ϖeµ = 1.35ϱ) for the central panel and (|ϑeω | = 0.22,ϖeω = 1.70ϱ) for the
right panel. The contours correspond to the 68% and 90% C.L. for 2 d.o.f.

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

dCPêp

D
c

2

SM

T2K
NOvA

T2K+NOvA

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

dCPêp

D
c

2

SM+NSI H∂emL

T2K
NOvA

T2K+NOvA

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

dCPêp

D
c

2

SM+NSI H∂etL
T2K

NOvA
T2K+NOvA

FIG. 5. Plot of the functions !ς
2

T2K, !ς
2

NOvA and ς̄
2 as a function of φCP for normal ordering. The left panel corresponds to

the SM case (same as Fig. 1), the other two panels represent the two NSI cases of e → µ type (central panel) and e → ε type
(right panel). In the central panel we have taken the NSI parameters at their best fit values of the combination T2K + NOωA
as in Fig. 4.

NOωA and T2K in the SM scenario and its alleviation
in the presence of NSI. The plot is particularly insightful
because in NOωA and T2K, almost all the information
given in the appearance channel data is condensed in
the number of events collected. In fact, due to the low
statistics, the information contained in the shape of the
energy spectrum is still limited. The ellipses displayed
in the figure are plotted using the best fit parameters
of the combination of T2K and NOωA. The relevant pa-
rameters are ε23, ε13 and !m

2
31

for the SM case. For the
SM+NSI framework, one has also |ϑωε | and ϖωε . Both in
the SM and SM+NSI cases, the running parameter along
the ellipses is the CP phase ϱCP in the range [0, 2ς]. The
black ellipses correspond to the SM scenario with the
stars representing the best fit point ϱ

SM

CP
= 1.08ς. Such

a value of ϱCP is a compromise among T2K (which push
towards ϱCP = 1.5ς) and NOωA (which tends to pre-
fer values close to 0.9ς). The colored ellipses correspond
the SM+NSI scenario (the squares deignate the best fit

value ϱ
NSI

CP
→ 1.4ς, which is approximately the same in

both the e ↑ µ and e ↑ φ options). The upper (lower)
panels represent to the e↑ µ (e↑ φ) scenario. From the
plots it is well visible how in the presence of the NSI,
the best fit point of the model gets closer to the experi-
mental data, thus reducing the tension found in the SM
case. For completeness, in the Supplemental Material we
provide the additional figures S1-S5.

Conclusions. In this paper we have reassessed the is-
sue of the tension between the measurements performed
in the appearance channel by T2K and NOωA. The dis-
crepancy first emerged at the Neutrino 2020 conference
persists in the latest data released at Neutrino 2024 con-
ference. We find that the disagreement can be resolved
by non-standard interactions (NSI) of the flavor changing
type involving the e↑µ and e↑ φ flavors. Further exper-
imental information is needed in order to settle the issue.
The next data expected to come from T2K and NOωA
will be crucial in this respect. Also, complementary in-

S. S. Chatterjee and A. Palazzo, arXiv:2409.10599 [hep-ph]

some tension (mismatch) of preferred value of CP phase between T2K and NOvA
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Some indication (hint) of NSI?
For Normal Ordering, T2K and NOvA results are in some tension 
with each other which could be alleviated if we include NSI effect

S. S. Chatterjee and A. Palazzo, arXiv:2409.10599 [hep-ph]

Including NSI, T2K and NOvA data indicate the similar values of CP phase
5

FIG. 4. Allowed regions by T2K and NOωA for NO in the SM case (left panel) and with NSI of the e→µ type (central panel) and
of the e→ε type (right panel). In the central panel we have taken the NSI parameters at their best fit values of the combination
T2K + NOωA. These correspond to (|ϑeµ| = 0.125,ϖeµ = 1.35ϱ) for the central panel and (|ϑeω | = 0.22,ϖeω = 1.70ϱ) for the
right panel. The contours correspond to the 68% and 90% C.L. for 2 d.o.f.
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FIG. 5. Plot of the functions !ς
2

T2K, !ς
2

NOvA and ς̄
2 as a function of φCP for normal ordering. The left panel corresponds to

the SM case (same as Fig. 1), the other two panels represent the two NSI cases of e → µ type (central panel) and e → ε type
(right panel). In the central panel we have taken the NSI parameters at their best fit values of the combination T2K + NOωA
as in Fig. 4.

NOωA and T2K in the SM scenario and its alleviation
in the presence of NSI. The plot is particularly insightful
because in NOωA and T2K, almost all the information
given in the appearance channel data is condensed in
the number of events collected. In fact, due to the low
statistics, the information contained in the shape of the
energy spectrum is still limited. The ellipses displayed
in the figure are plotted using the best fit parameters
of the combination of T2K and NOωA. The relevant pa-
rameters are ε23, ε13 and !m

2
31

for the SM case. For the
SM+NSI framework, one has also |ϑωε | and ϖωε . Both in
the SM and SM+NSI cases, the running parameter along
the ellipses is the CP phase ϱCP in the range [0, 2ς]. The
black ellipses correspond to the SM scenario with the
stars representing the best fit point ϱ

SM

CP
= 1.08ς. Such

a value of ϱCP is a compromise among T2K (which push
towards ϱCP = 1.5ς) and NOωA (which tends to pre-
fer values close to 0.9ς). The colored ellipses correspond
the SM+NSI scenario (the squares deignate the best fit

value ϱ
NSI

CP
→ 1.4ς, which is approximately the same in

both the e ↑ µ and e ↑ φ options). The upper (lower)
panels represent to the e↑ µ (e↑ φ) scenario. From the
plots it is well visible how in the presence of the NSI,
the best fit point of the model gets closer to the experi-
mental data, thus reducing the tension found in the SM
case. For completeness, in the Supplemental Material we
provide the additional figures S1-S5.

Conclusions. In this paper we have reassessed the is-
sue of the tension between the measurements performed
in the appearance channel by T2K and NOωA. The dis-
crepancy first emerged at the Neutrino 2020 conference
persists in the latest data released at Neutrino 2024 con-
ference. We find that the disagreement can be resolved
by non-standard interactions (NSI) of the flavor changing
type involving the e↑µ and e↑ φ flavors. Further exper-
imental information is needed in order to settle the issue.
The next data expected to come from T2K and NOωA
will be crucial in this respect. Also, complementary in-

εeμ ∼ 0.1 εeτ ∼ 0.2

non-zero NSI is favored at ~2σ

See also Denton et al, PRL126, 051801 (2021) [arXiv: 2008.01110 [hep-ph]]
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Figure 6. Constraints on the effective generalized NSI in the Earth matter (relevant for matter
effects in LBL experiments) with arbitrary values of η and ζ. Each panel shows a two-dimensional
projection of the allowed multi-dimensional parameter space after minimization with respect to the
undisplayed parameters. The contours correspond to 1σ and 2σ (2 d.o.f.).

From these results we see that the allowed ranges for the diagonal ε⊕
αα parameters

are composed of two disjoint regions. However let us stress that they both correspond to
the LMA solution since neither of them falls within the LMA-D region (which requires
ε⊕
ee − ε⊕

µµ = −2). In fact, the LMA-D solution is ruled out beyond the CL shown in figure 6
and, as will be discussed in section 3.5 in more detail, the combination of oscillation data
with CEνNS results for different nuclear targets is required to reach this sensitivity.

Conversely, for mediators with masses Mmed ≪ 500 keV, effects on ES and CEνNS
experiments would be suppressed even if NSI involve couplings to both quarks and electrons,
and the only effect of NSI will be the modification of the matter potential in neutrino
oscillations. The same holds for NSI with quarks only (i.e., for ζ = 0) induced by mediators
with masses Mmed ≪ 10MeV. Since in the matter potential the effects for protons or
electrons are indistinguishable, the allowed ranges of the effective ε⊕

αβ are the same in both
scenarios, which are given on the left column in table 5 (and included in figure 5). As
discused in section 2.1, in this case the analysis can only constrain the differences between

– 29 –

Current Bounds on the effective NSI in Earth Matter relevant for LBL experiments

Coloma et al, JHEP08, 032 (2023)  [arXiv:2305.07698 [hep-ph]]
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Current Bounds on the effective NSI in Earth Matter relevant for LBL experiments

Coloma et al, JHEP08, 032 (2023)  [arXiv:2305.07698 [hep-ph]]

JHEP08(2023)032

Allowed ranges at 90%CL(
99%CL

) marginalized

GLOB-OSC w/o NSI in ES GLOB-OSC w NSI in ES + CEνNS

ε⊕
ee − ε⊕

µµ
[−3.1,−2.8] ⊕ [−2.1,−1.88] ⊕ [−0.15,+0.17](

[−4.8,−1.6] ⊕ [−0.40,+2.6]
)

ε⊕
ττ − ε⊕

µµ
[−0.0215,+0.0122](
[−0.075,+0.080]

)

ε⊕
eµ

[−0.11,−0.021] ⊕ [+0.045,+0.135](
[−0.32,+0.40]

)

ε⊕
µτ

[−0.22,+0.088](
[−0.49,+0.45]

)

ε⊕
µτ

[−0.0063,+0.013](
[−0.043,+0.039]

)

ε⊕
ee

[−0.19,+0.20] ⊕ [+0.95,+1.3](
[−0.23,+0.25] ⊕ [+0.81,+1.3]

)

ε⊕
µµ

[−0.43,+0.14] ⊕ [+0.91,+1.3](
[−0.29,+0.20] ⊕ [+0.83,+1.4]

)

ε⊕
ττ

[−0.43,+0.14] ⊕ [+0.91,+1.3](
[−0.29,+0.20] ⊕ [+0.83,+1.4]

)

ε⊕
eµ

[−0.12,+0.011](
[−0.18,+0.08]

)

ε⊕
eτ

[−0.16,+0.083](
[−0.25,+0.33]

)

ε⊕
µτ

[−0.0047,+0.012](
[−0.020,+0.021]

)

Table 5. 90% and 99% CL bounds (1 d.o.f., 2-sided) on the effective NSI parameters relevant for matter effects in LBL experiments with arbitrary
values of η and ζ, obtained after marginalizing over all other NSI and oscillation parameters. The bounds on the left (right) column are applicable to
NSI induced by mediators with masses Mmed ≪ 500 keV (Mmed ! 50MeV).

–
28

–
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PTEP 2018, 063C01 K. Abe et al.

Fig. 45. Ability of T2HKK to constrain the magnitude of the NSI parameters at 3 σ for different true values
of θ23 and δCP with the normal hierarchy.

Fig. 46. Ability of T2HKK to constrain the magnitude of the NSI parameters at 3 σ for different values of the
PMNS parameters with the normal hierarchy. The columns correspond to (from left to right) θ23 = 41◦, 45◦,
and 49◦, and the rows are for (from top to bottom) δCP = 90◦, 180◦, and 270◦.

muon events, and both neutrinos and antineutrinos. The dependence can be seen in Fig. 46. Here,
rows correspond to (from left to right) δCP = 90◦, 180◦, and 270◦. In each row the first, second, and
third panels correspond to θ23 = 41◦, 45◦, and 49◦, respectively. In all cases, we can see that the
limits on the axes (i.e. with one of the two parameters held at zero) are not substantially affected

56/65
Downloaded from https://academic.oup.com/ptep/article-abstract/2018/6/063C01/5041972
by Fermilab user
on 06 August 2018

Expected sensitivity to constrain NSI by Hyper-K + another detector at Korea

Abe et al, PTEP 2018, 063C01  [arXiv:1611.06118 [hep-ex]]
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322 Page 14 of 51 Eur. Phys. J. C (2021) 81 :322

Fig. 7 Allowed regions of the
non-standard oscillation
parameters in which we see
important degeneracies (top)
and the complex non-diagonal
ones (bottom). We conduct the
analysis considering all the NSI
parameters as non-negligible.
The sensitivity regions are for
68% CL [red line (left)], 90%
CL [green dashed line
(middle)], and 95% CL [blue
dotted line (right)]. Current
bounds are taken from [78]

data to be collected by DUNE as long as the new physics
parameters are large enough [55]. Leveraging its very long
baseline and wide-band beam, DUNE is uniquely sensitive
to these probes. NSI may impact the determination of current
unknowns such as CPV [56,57], mass hierarchy [58,59] and
octant of θ23 [60]. If the DUNE data are consistent with the
standard oscillation for three massive neutrinos, off-diagonal
NC NSI effects of order 0.1 GF can be ruled out at the 68
to 95% CL [61,62]. We note that DUNE might improve
current constraints on |εmeτ | and |εmeµ|, the electron flavor-
changing NSI intensity parameters (see Eq. 8), by a factor
2-5 [55,63,64]. New CC interactions can also lead to modifi-
cations in the production, at the beam source, and the detec-
tion of neutrinos. The findings on source and detector NSI
studies at DUNE are presented in [65,66], in which DUNE
does not have sensitivity to discover or to improve bounds on
source/detector NSI. In particular, the simultaneous impact
on the measurement of δCP and θ23 is investigated in detail.
Depending on the assumptions, such as the use of the ND and
whether NSI at production and detection are the same, the
impact of source/detector NSI at DUNE may be relevant. We
focus our attention on the propagation, based on the results
from [65].

NC NSI can be understood as non-standard matter effects
that are visible only in an FD at a sufficiently long baseline.
They can be parameterized as new contributions to the mat-
ter potential in the Mikheyev–Smirnov–Wolfenstein effect
(MSW) [67–72] matrix in the neutrino-propagation Hamil-
tonian:

H = U




0

∆m2
21/2E

∆m2
31/2E



U † + ṼMSW, (7)

with

ṼMSW =
√

2GFNe




1 + εmee εmeµ εmeτ

εm∗
eµ εmµµ εmµτ

εm∗
eτ εm∗

µτ εmττ



 (8)

Here, U is the standard PMNS leptonic mixing matrix, for
which we use the standard parameterization found, e.g., in
[73], and the ε-parameters give the magnitude of the NSI rel-
ative to standard weak interactions. For new physics scales
of a few hundred GeV, a value of |ε| of the order 0.01 or
less is expected [74–76]. The DUNE baseline provides an
advantage in the detection of NSI relative to existing beam-
based experiments with shorter baselines. Only atmospheric-
neutrino experiments have longer baselines, but the sensi-
tivity of these experiments to NSI is limited by systematic
effects [77].

In this analysis, we use GLoBES with the MonteCUBES
C library, a plugin that replaces the deterministic GLoBES
minimizer by a Markov Chain Monte Carlo (MCMC) method
that is able to handle higher dimensional parameter spaces.
In the simulations we use the configuration for the DUNE
TDR [1]. Each point scanned by the MCMC is stored and
a frequentist χ2 analysis is performed with the results. The
analysis assumes an exposure of 300 kt · MW · year.

In an analysis with all the NSI parameters free to vary, we
obtain the sensitivity regions in Fig. 7. We omit the super-
script m that appears in Eq. (8). The credible regions are
shown for different confidence levels. We note, however,
that constraints on εττ − εµµ coming from global fit analy-
sis [55,64,78,79] can remove the left and right solutions of
εττ − εµµ in Fig. 7.

In order to constrain the standard oscillation parameters
when NSI are present, we use the fit for three-neutrino mix-
ing from [78] and implement prior constraints to restrict the
region sampled by the MCMC. The sampling of the param-
eter space is explained in [62] and the priors that we use can
be found in Table 4.

The effects of NSI on the measurements of the standard
oscillation parameters at DUNE are explicit in Fig. 8, where
we superpose the allowed regions with non-negligible NSI
and the standard-only credible regions at 90% CL. In the

123

Abi et al (DUNE Collab.), Eur. Phys. J. C81, 322 (2021) [arXiv:2008.12769 [hep-ex]]

Expected sensitivity to constrain NSI by DUNE



83

To enhance sensitivities to NSI, synergy among 
different experiments, Hyper-K, DUNE, JUNO, 

solar, atmospheric neutrinos, etc, would be important

If the hint for non-zero NSI implied by T2K+NOvA  
results is true, with much larger statistics, Hyper-K and 

DUNE are expected to confirm (or exclude) such a scenario 

Interesting difference between Hyper-K and DUNE 
         Hyper-K:  small matter (NSI) effect (L = 295km) 
         DUNE:  larger matter (NSI) effect (L = 1285 km) 

Some remarks for NSI in LBL experiments
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Test for sterile neutrinos in long baseline  
neutrino oscillation experiments



85

Let us consider so called 3+1 (3 active + 1 sterile neutrinos) model

i
d
dx

νe
νμ
ντ
νs

= (H0 + Vm)

νe
νμ
ντ
νs

U3+1 ≡ R34(θ34)R24(θ24, δ24)R14(θ14, δ14)R23(θ23)R13(θ13, δ13)R12(θ12)

H0 = U3+1

0 0 0 0

0 Δm2
21

2E 0 0

0 0
Δm2

31

2E 0

0 0 0 Δm2
41

2E

U†
3+1

Vm =

Ve + Vn 0 0 0
0 Vn 0
0 0 Vn 0
0 0 0 0

Ve ≡ 2GFne, Vn ≡ −
2

2
GFne,

Neutrino Evolution Equation for 3+1 model



What is the qualitative impact of sterile neutrino?

86

1) Further reduction of (active) neutrinos in the disappearance mode

2) Additional (new) contribution in the appearance mode  through the 
oscillation due to mixing and new mass eigenstate (mass squared 
differences) 

νμ → νμ can occur or be induced through the mixing  θ24

νμ → νe can occur or be induced through the simultaneous 
presence of mixing  and  θ24 θ14

νμ → νs

3) Reduction of NC (neutral current) induced events due to oscillation of 
active neutrinos into sterile ones



Some example of oscillation probabilities in the 3+1 model for L = 295km (T2K/HK)
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II. “3 + 1” STERILE NEUTRINO MIXING

In this study, we focus on a “3þ 1”-like model where a
single sterile neutrino is added and mixed with the three
active states, which is the simplest model with a sterile
neutrino frequently used in neutrino oscillation analysis. In
this model, there is a new flavor state νs and a new mass
state ν4 with mass m4 added to the three flavor framework.
The relation between the flavor and mass states is given by

jναi ¼
X

U#
αkjνki; ð1Þ

where jναi are the flavor states and jνki are the mass states.
The original 3 × 3 Pontecorvo-Maki-Nakagawa-Sakata
mixing matrix is expanded to a 4 × 4 matrix as

U ¼

0

BBB@

Ue1 Ue2 Ue3 Ue4

Uμ1 Uμ2 Uμ3 Uμ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4

1

CCCA: ð2Þ

We choose the parametrization as in [40]:

U ¼ U34U24U14U23U13U12; ð3Þ

where Uij is a unitary rotation matrix of an angle θij in the
ij-plane. There are therefore three new mixing angles θ14,
θ24, θ34 and two new CP-violating phases δ14, δ24. Note
that sin2 θ14 has been constrained to small values by reactor
experiments [41], and T2K has limited sensitivity to θ14
and the new CP phases. Since there is no significant
correlation between them and the other oscillation param-
eters in this study, we set θ14 ¼ δ14 ¼ δ24 ¼ 0 to simplify
the mixing matrix.
At the far detector, the νμ survival probability can be

approximated (omitting δCP terms) as

Pðνμ → νμÞ ≈ 1 − sin22θ23cos4θ24sin2
Δm2

31L
4E

− cos2θ23sin22θ24sin2
Δm2

41L
4E

;

− sin2θ23sin22θ24sin2
Δm2

43L
4E

; ð4Þ

and the νe appearance probability as

Pðνμ → νeÞ ≈ sin22θ13cos2θ24sin2θ23sin2
Δm2

31L
4E

: ð5Þ

Thus the CC channels are sensitive to θ24 and Δm2
41.

Similarly, the active neutrino survival probability, which is
manifested in the NC channel, is sensitive to θ24, Δm2

41,
and θ34:

PNC ¼ 1 − Pðνμ → νsÞ

≈ 1 − sin22θ23

!
A2 −

1

4
B2

"
sin2

Δm2
31L

4E

− BðBcos2θ23 − A sin 2θ23Þsin2
Δm2

41L
4E

− BðBsin2θ23 þ A sin 2θ23Þsin2
Δm2

43L
4E

; ð6Þ

where A ¼ cos θ24 sin θ34 and B ¼ sin 2θ24 cos θ34. The
antineutrino oscillation probabilities follow similarly, but
there are small differences due to the δCP terms which are
not explicitly written here. Figure 1 shows schematically
how the oscillation probabilities are modified with the
mixing of sterile neutrinos.
The addition of a sterile neutrino state which experiences

no matter potential (both CC and NC) complicates the
calculation of oscillation in matter. We estimated the
possible impacts due to matter effects at T2K baseline
and energy with a numerical calculation of oscillation
probabilities using nuCraft [42], and we found at most a

few percent changes for the ν
ð−Þ

e and NC samples. This is
negligible at current precision, so we simply use the
vacuum oscillation probabilities (without approximation)
in this study.

FIG. 1. The muon neutrino survival probability (top), electron
neutrino appearance probability (middle) and active neutrino
survival probability (bottom) as a function of neutrino energy,
with and without a sterile neutrino, assuming Δm2

31 > 0.

K. ABE et al. PHYS. REV. D 99, 071103 (2019)

071103-4

Abe et al (T2K Collab.), PRD99, 071103(R) (2019) [arXiv:1902.06529 [hep-ex]]
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In vacuum, Pðνμ → νeÞ does not depend on θ34; this is
not the case in matter. An easy way to see this is to express
the propagation Hamiltonian in the mass basis. In the
absence of matter effects, the dependency on the mixing
parameters is encoded in the initial and final interaction
eigenstates and since neither νe nor νμ, when expressed as
linear superpositions of the mass eigenstates, depend on
θ34, then neither can Pðνμ → νeÞ. Instead, when the matter
effects are present, the matter potential in the mass basis
depends on θ34. Hence we expect Pðνμ → νeÞ to also
depend on θ34 as long as matter effects are relevant. The
dependency on θ34 can be seen in Fig. 2. As expected, it is
rather small at T2K and larger at NOvA, where matter
effects are relatively more pronounced.
Another nontrivial aspect of four-neutrino oscillations

for T2K and NOvA is the sterile-sterile component of the
matter potential, Ass. As discussed above, for a sterile
neutrino, Ass ¼ −2EνVNC, but a fourth active neutrino
would have Ass ¼ 0, or equivalently, VNC ¼ 0. Figure 3
depicts the ratio of the appearance probabilities in matter
relative to what those would be in vacuum. We show this

comparison for the three-neutrino hypothesis (solid lines)
as well as the four-neutrino one, where we compare the two
hypotheses, VNC ¼ −1=2VCC (a sterile neutrino) and 0 (an
active one). Here, we see that the “sterileness” of the fourth
neutrino has an observable impact on the oscillation
probabilities at both T2K and especially NOvA. We
emphasize however that all of the analyses below make
the more theoretically robust assumption that the fourth
neutrino is sterile and VNC ¼ −1=2VCC.

III. SIMULATING DATA FROM NOvA AND T2K

As discussed earlier, both NOvA and T2K operate
with beams with a flux of predominantly νμ (ν̄μ) when
operating in (anti)neutrino mode. Both experiments’ far
detectors are designed to study the disappearance of νμ
and ν̄μ, as well as the appearance of νe and ν̄e. Using the
most recent publications from NOvA [4] and T2K [2],
and building off the simulations of Refs. [7,23,24], we
perform simulations to determine the expected event
rates in the disappearance and appearance channels of

FIG. 2. Appearance oscillation probabilities at T2K (top, blue) and NOvA (bottom, purple) comparing three-neutrino oscillation
probabilities (solid lines, parameters from Table I, column 2 “3ν IO”) against four-neutrino ones (nonsolid lines, parameters from
Table I, column 4 “4ν IO”). Left panels show probabilities for neutrino oscillation, whereas right ones show antineutrino oscillation. For
the four-neutrino probabilities, three choices of sin2 θ34 are used for illustrative purposes: dashed/dot-dashed/dotted lines correspond to
sin2 θ34 ¼ 0=0.4=0.8.

DE GOUVÊA, SÁNCHEZ, and KELLY PHYS. REV. D 106, 055025 (2022)

055025-4

Some example of oscillation probabilities in the 3+1 model for L = 295/810 km  for T2K/NOvA

Gouvea, Sahches and Kelly, PRD 106, 055025 (2022) [arXiv:2204.09130 [hep-ph]]

For Inverted Mass Ordering

Δm2
41 = − 0.011 eV2

Δm2
31 = − 2.39 × 10−3 eV2
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Some example of oscillation probabilities in the 3+1 model for L = 1285km (DUNE)Eur. Phys. J. C (2021) 81 :322 Page 9 of 51 322

We assume the mixing matrix augmented with one sterile
state is parameterized by U = R34S24S14R23S13R12 [16],
where Ri j is the rotational matrix for the mixing angle θi j ,
and Si j represents a complex rotation by the mixing angle
θi j and the CP-violating phase δi j . At long baselines the
NC disappearance probability to first order for small mixing
angles is then approximated by:

1 − P(νµ → νs) ≈ 1 − cos4 θ14 cos2 θ34 sin2 2θ24 sin2 ∆41

− sin2 θ34 sin2 2θ23 sin2 ∆31

+ 1
2

sin δ24 sin θ24 sin 2θ23 sin ∆31, (1)

where ∆ j i =
∆m2

j i L
4E . The relevant oscillation probability for

νµ CC disappearance is the νµ survival probability, similarly
approximated by:

P(νµ → νµ) ≈ 1 − sin2 2θ23 sin2 ∆31

+ 2 sin2 2θ23 sin2 θ24 sin2 ∆31

− sin2 2θ24 sin2 ∆41. (2)

Finally, the disappearance of
(−)
νe CC is described by:

P(
(−)
νe → (−)

νe) ≈ 1 − sin2 2θ13 sin2 ∆31

− sin2 2θ14 sin2 ∆41. (3)

Figure 1 shows how the standard three-flavor oscillation
probability is distorted at neutrino energies above the stan-
dard oscillation peak when oscillations into sterile neutrinos
are included.

The sterile neutrino effects have been implemented in
GLoBES via the existing plug-in for sterile neutrinos and
non-standard interactions [17]. As described above, the ND
will play a very important role in the sensitivity to sterile neu-
trinos both directly, for rapid oscillations with ∆m2

41 > 1 eV2

where the sterile oscillation matches the ND baseline, and
indirectly, at smaller values of ∆m2

41 where the ND is cru-
cial to reduce the systematic uncertainties affecting the FD to
increase its sensitivity. To include these ND effects in these
studies, the most recent GLoBES DUNE configuration files
describing the FD were modified by adding a ND with corre-
lated systematic errors with the FD. As a first approximation,
the ND is assumed to be an identical scaled-down version of
the TDR FD, with identical efficiencies, backgrounds and
energy reconstruction. The systematic uncertainties origi-
nally defined in the GLoBES DUNE conceptual design report
(CDR) configuration already took into account the effect of
the ND constraint. Thus, since we are now explicitly sim-
ulating the ND, larger uncertainties have been adopted but
partially correlated between the different channels in the ND
and FD, so that their impact is reduced by the combination

Fig. 1 Regions of L/E probed by the DUNE detector compared to
3-flavor and 3+1-flavor neutrino disappearance and appearance proba-
bilities. The gray-shaded areas show the range of true neutrino ener-
gies probed by the ND and FD. The top axis shows true neutrino
energy, increasing from right to left. The top plot shows the probabili-
ties assuming mixing with one sterile neutrino with ∆m2

41 = 0.05 eV2,
corresponding to the slow oscillations regime. The middle plot assumes
mixing with one sterile neutrino with ∆m2

41 = 0.5 eV2, corresponding
to the intermediate oscillations regime. The bottom plot includes mix-
ing with one sterile neutrino with ∆m2

41 = 50 eV2, corresponding to
the rapid oscillations regime. As an example, the slow sterile oscilla-
tions cause visible distortions in the three-flavor νµ survival probability
(blue curve) for neutrino energies ∼ 10 GeV, well above the three-flavor
oscillation minimum
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At the far detector, there are NEUT parameters (present
in ND280 fit but not constrained) that control the final state
interactions inside nuclei and secondary interactions with
water molecules, altering the event topologies of outgoing
particles. For each event topology, the SK selection
efficiency and misidentification rate is separately para-
metrized. The NC γ-deexcitation sample has separate
uncertainties related to primary and secondary γ production
[49]. The uncertainties in these parameters constitute the
SK detector uncertainties.
The effects of systematic uncertainties on the predicted

event rates are summarized in Table II. The NC cross-
section errors are dominant in the NC samples.
Using the flux and cross-section inputs from ND280, the

unoscillated event sample spectra at the far detector are
calculated. Oscillation parameters are varied to obtain the
best agreement between data and predicted event rates.
A joint maximum-likelihood fit to eight far detector
samples constrains the sterile mixing parameters sin2 θ24,
sin2 θ34 and Δm2

41. The log-likelihood is defined as

− lnL ¼
X

i

½μi − ni þ ni lnðni=μiÞ& þ
1

2
Δf⃗TV−1Δf⃗; ð7Þ

where ni is the number of events in the ith data bin, and
μi ¼ μiðθ⃗; f⃗Þ is the expected event rate with oscillation
parameters θ⃗ and systematic parameters f⃗. The last term in
Eq. (7) accounts for the systematic penalty with Δf⃗ being
the difference between the systematic parameters and their
prior values, related by the covariance matrix V. The
oscillation parameters sin2 θ23, jΔm2

32j and δCP are allowed
to vary without constraint; θ12 and Δm2

21 are fixed to their
PDG values [48]; and a penalty term is used to con-
strain sin2 2θ13 ¼ 0.0857' 0.0046.
During the fitting process, at a grid point of

ðsin2 θ24; sin2 θ34;Δm2
41Þ, the function in Eq. (7) is mini-

mized with respect to the other oscillation parameters and
systematic parameters. We use Wilks’s theorem to estimate
the confidence levels (C.L.) [64]. The results are cross-
checked with Gaussian CLs contours [65] to ensure no

significant bias due to the physical limit of sin2 θ24 ≥ 0
and sin2 θ34 ≥ 0.

VI. RESULTS

We consider the parameter space of Δm2
41 > Δm2

21

which is most sensitive in T2K. Two categories of fits
are done for neutrino mass normal hierarchy (NH,
Δm2

31 > 0) and inverted hierarchy (IH, Δm2
31 < 0) respec-

tively. The case of Δm2
41 < 0 is very similar and can be

obtained by flipping the hierarchy. The “3þ 1” best fit
differs from the standard three flavor best fit by Δχ2 ¼ 1.0
(4.7) for NH (IH). From 2500 sets of MC studies with
statistical fluctuations, this level of disagreement is
expected with the standard three flavor hypothesis in
50% (30%) of the studies.
In the ðsin2 θ24;Δm2

41Þ parameter plane, sin2 θ24 is
scanned from 10−3 to 1, and Δm2

41 from 10−4 to
0.3 eV2=c4. For larger values of Δm2

41, oscillations would
also be seen at the near detectors, which is beyond the
scope of this analysis. Figure 3 shows the T2K 90%
exclusion limits together with results from other experi-
ments. We have set the most stringent limit on sin2 θ24 for
Δm2

41 < 3 × 10−3 eV2=c4. In particular, the NC samples
improve the limit by around 20% forΔm2

41 < 10−3 eV2=c4.
The limit is weaker at larger Δm2

41 due to the lack of high
energy events, resulting from the sharply peaked off-axis
neutrino flux. The difference between NH and IH comes
from the Δm2

43 oscillation term. It becomes particularly
important when Δm2

41 ∼ Δm2
31, as this results in very

different values ofΔm2
43 in NH and IH. In partly degenerate

TABLE II. Percentage systematic uncertainty on far detector
event yields.

Sample Flux Cross section SK detector Total

νμ CC-0π 4.1 4.7 3.3 4.8
ν̄μ CC-0π 3.8 4.0 2.9 4.1
νe CC-0π 4.3 5.5 3.8 6.4
ν̄e CC-0π 3.9 5.2 4.3 6.4
νe CC-1πþ 4.3 5.0 17.1 17.7

ν NCπ0 4.2 20.1 8.8 21.3
ν̄ NCπ0 3.8 19.1 8.6 20.4
NC γ-deexcit 4.1 21.1 13.2 23.3

24θ2sin
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T2K NH 90% C.L.

T2K IH 90% C.L.

MINOS/MINOS+ 90% C.L.

IceCube 90% C.L.

SK 90% C.L.

FIG. 3. The T2K 90% exclusion limits on sin2 θ24 as a function
of Δm2

41, with results from other experiments [35,37,38]. The
areas on the right are excluded.
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FIG. 3: NOvA’s Feldman–Cousins corrected 90% confidence limits in (a) !m
2
41 → sin2 ω24 space, (b) !m

2
41 → sin2 ω34

space, and (c) !m
2
41 → sin2 2ωµω space with allowed regions and exclusion contours from other experiments

[21–33, 62]. Regions to the right of open contours are excluded. Closed contours for SciBooNE/MiniBooNE, CCFR,
and CDHS in (a) also denote exclusion regions. For Super-Kamiokande, a single value of each mixing angle is
reported for !m

2
41 ↑ 0.1 eV2 [26]. Arrows in (b) represent a constraint on sin2 ω34 at a single value of !m

2
41

[24, 27, 33]. OPERA NH/IH contours in (c) overlap at !m
2
41 > 10→2 eV2.

comes from muon neutrino disappearance, which is in-
dependent of ω34 (Eq. 2). For high values of !m

2
41 sen-

sitivity is driven by the ND data, meaning di”erences in
the limits come from di”erent handling of the systematic
uncertainties. Sensitivity at low !m

2
41 arises primarily

from FD data, indicating that the di”erences here are
due to di”erent statistical treatments.

Our!m
2
41→sin2 ω34 contours (Fig. 3b) represent world-

leading limits for !m
2
41 < 0.1 eV2. Sensitivity to sin2 ω34

comes from our NC samples. For oscillations at the ster-
ile frequency, oscillation probability ↓ cos2 ω34 sin

2
ω24,

resulting in reduced sensitivity to sterile oscillations in
the ND (Eq. 1). For this space our sensitivity comes
primarily from oscillations at the atmospheric frequency
and therefore FD data, which are statistically limited
and without strong dependence on !m

2
41. In this space,

Analysis 1 excludes slightly more parameter space than
Analysis 2 across the full range considered. The di”er-
ences in the contours in this space are attributed to the
di”erent statistical treatments of the two analyses.

Finally, in Fig. 3c, we present our results in terms of the
e”ective mixing parameter, sin2 2ωµω = 4|Uµ4|2|Uω4|2 =
sin2 ω24 sin

2
ω34, which can be thought of as describing

anomalous sterile-driven εω appearance. Because the
analyses are consistent and the Feldman–Cousins proce-
dure is resource intensive, we choose to present this con-
tour using only Analysis 1. NOvA’s ND is at a higher
L/Eε than other experiments with limits in this space,

meaning that we are able to probe to lower values of
!m

2
41 resulting in the NOvA 90% limit being world-

leading across large areas below !m
2
41 = 3 eV2. Notably,

this limit excludes a new region of phase space around
!m

2
41 = 1 eV2, the preferred region of !m

2
41 for current

anomalies.
In conclusion, an improved search for sterile neutrino

oscillations under the 3+1 oscillation paradigm has been
performed using NOvA data. We use two covariance
matrix-based techniques that allow us to probe a wider
range of !m

2
41 values than previous NOvA analyses

[43, 44]. Di”erences between the limits for the two analy-
ses can be taken as an uncertainty due to analysis choices
such as statistical treatment, systematic treatment, bin-
ning of the !ϑ

2 surface, and fitting technique. We find
that the NOvA data are consistent with 3F oscillations
at 90% confidence. Our limits are the first presented
in some regions of phase space, while excluding new re-
gions of parameter space currently allowed by IceCube
at 90% confidence level. This work additionally sets
the most stringent limits for anomalous εω appearance
for !m

2
41 ↭ 3 eV2, including the strongest limits around

!m
2
41 = 1 eV2.

This document was prepared by the NOvA collabora-
tion using the resources of the Fermi National Accelera-
tor Laboratory (Fermilab), a U.S. Department of Energy,
O#ce of Science, HEP User Facility. Fermilab is man-
aged by Fermi Research Alliance, LLC (FRA), acting
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MINOS=MINOSþ experiment [30] as a faint gray line.9

Finally, we also present in green the preferred region at
1σ=90% C:L:10 (Δχ2 ¼ 2.3, 4.61 assuming Wilks’ theo-
rem for two parameters) by our combined T2K and NOvA
analysis. This result is in tension with that of the
MINOS=MINOSþ result, however, our preferred region
has not been Feldman-Cousins corrected, and the results
would likely agree if a higher confidence level were
assumed. T2K has reported constraints in the sin2 θ24
versus Δm2

41 parameter space in Ref. [28]—we find
comparable results here despite the simplified assump-
tions we have made in our analysis and the slightly larger
dataset considered in this work.
While Fig. 8 compares constraints and preferred regions

in the parameter space sin2 θ24 versus jΔm2
4lj, it is also

important to consider the parameters that have been
marginalized in this construction. For concreteness, we
focus on the preferred region (green) from the combined
T2K=NOvA analysis that we have performed. The best-fit
point, at jΔm2

4lj ¼ 8.5 × 10−3 eV2, corresponds to mixing
angles

fsin2 θ14;sin2 θ24;sin2 θ34g¼ f4.3×10−2;6.0×10−2;0.37g;
ð4:1Þ

or mixing-matrix elements

fjUe4j2; jUμ4j2; jUτ4j2g ¼ f4.3 × 10−2; 5.7 × 10−2; 0.33g:
ð4:2Þ

For these low values of jΔm2
4lj, the strongest constraints

on jUe4j2 come from reactor antineutrino oscillation experi-
ments such as Daya Bay [31] and Bugey-3 [32]. A
combined analysis [33] constrains sin2 θ14 ≲ 4 × 10−3 at
90% C.L., in significant tension with the value found
in Eq. (4.1).
Constraints on jUτ4j2 are more difficult to extract, as they

often arise in tandem with jUμ4j2 and depend strongly on
Δm2

41 [34]. While specific constraints in this region of
jΔm2

4lj have not been explicitly derived, jUτ4j2 ¼ 0.33 is
possibly in tension with existing results from neutrino
experiments. T2K, which analyzed its neutral-current data
in addition to the datasets considered here, has constrained
jUτ4j2 ≲ 0.5 for both Δm2

41 ¼ 3 × 10−3 eV2 and 0.1 eV2 at
90% C.L. [28]. Atmospheric neutrino experiments, includ-
ing Super-Kamiokande [35] and IceCube [36] have con-
strained jUτ4j2 ≲ 0.2 at high confidence, however, these
analyses are restricted toΔm2

41 ≳ 0.1 eV2 where the fourth-
neutrino-driven oscillations are averaged out. A more
thorough investigation of this 10−2 eV2 regime would
prove useful if this hint persists in future NOvA=T2K data.
Lastly, we also note that for such large jUα4j2 and small

m4, this fourth neutrino would thermalize with the SM in
the early universe and remain relativistic and in thermal
equilibrium throughout much of the universe’s evolution.
Such thermalized light species are in tension with cosmo-
logical observations surrounding the cosmic microwave
background and big bang nucleosynthesis—we refer the
reader to Ref. [37] for further discussion on these effects.
Regardless, if such a light sterile neutrino truly is behind
any tension between NOvA and T2K, additional work is
necessary to resolve tension between this terrestrial sol-
ution and cosmological observations.
When discussing Fig. 7, we considered the possibility

of analyzing only the region jΔm2
4lj≲ 10−3 eV2, in part to

avoid concerns regarding energy resolution and bin
widths. We noted that in that region, a solution to the
NOvA=T2K tension persists with a preference of
Δχ2≈4.1. This regime has the added benefit that con-
straints from MINOS=MINOSþ (as seen in Fig. 8), Daya
Bay/Bugey-3/others, and Super-Kamiokande/IceCube are
considerably weaker. Such an extremely light sterile neu-
trino, as we discuss in Appendix B, with jΔm2

4lj ≈ 7 ×
10−4 eV2 should be paid particular attention as more data

FIG. 8. Constraints on sin2 θ24 versus Δm2
4l at 2σ C.L. from

T2K (blue) and NOvA (purple) after marginalizing over all other
parameters (except for jUe2j2 and Δm2

21, which are fixed and a
prior from Daya Bay on jUe3j2—see text), including the signs of
Δm2

31 and Δm2
4l. The green region indicates the preferred region

from a combined analysis at 1σ (dashed) and 90% (solid) C.L.,
and the gray, dashed line shows the 90% C.L. constraint from
MINOS=MINOSþ [30]. All confidence levels presented here are
derived assuming Wilks’ theorem holds.

9This result assumed Δm2
31 and Δm2

41 to both be positive,
however, due to the lack of mass-ordering sensitivity at MINOS,
the result likely does not depend strongly on this choice.

10We choose 90% C.L. for clarity (the 2σ C.L. region
spans the entire range of jΔm2

4lj of the figure and a comparable
region of sin2 θ24) and for a direct comparison against the
MINOS=MINOSþ result.

VERY LIGHT STERILE NEUTRINOS AT NOvA AND T2K PHYS. REV. D 106, 055025 (2022)

055025-11



93

Light Sterile Neutrino favored by NOvA and T2K

Gouvea, Sahches and Kelly, PRD 106, 055025 (2022) [arXiv:2204.09130 [hep-ph]]

all oscillation parameters are fixed according to Table I. In
contrast, the right panel allows δCP to vary for the 3ν curves,
and all three CP-violating phases to vary in the 4ν case.
This allows for a set of ellipses in this bi-event parameter
space instead of a single one. In the right panel, stars
indicate the predicted event rates when the CP-violating
phases are fixed to their values in Table I.

B. T2K

We simulate T2K in much the same spirit as NOvA, with
the goal of matching the results presented in Ref. [2]. In the
case of T2K, the disappearance channels each consist of 30
bins–100 MeV in width from 0 to 2.9 GeV, and one bin

corresponding to neutrino energies above 2.9 GeV. For the
appearance channel, we take advantage of the expected
neutrino-energy spectrum with bins of 125 MeV width
from 0 to 1.25 GeV in each channel.5 This yields 80 data
points in our T2K analysis. Our T2K simulation corre-
sponds to an exposure of 14.94 × 1020 (16.35 × 1020) POT
in (anti)neutrino mode operation.
Similar to Fig. 4, we show in Fig. 5 our expected event

rates in the different T2K channels—the left panel is for νμ

FIG. 4. Expected and observed event rates in NOvA’s νμ disappearance (left), ν̄μ disappearance (center), and νe=ν̄e appearance (right)
channels. We compare the prediction under the 3ν (solid/dashed lines) and 4ν (faint lines/regions) hypotheses, with parameters from
Table I, with the observed data (black). Purple curves correspond to the mostly active neutrinos following the normal mass ordering
(NO), where green ones correspond to the inverted mass ordering (IO). In the right panel, the CP-violating phases are allowed to vary in
the predicted rates. Data points from Ref. [4].

FIG. 5. Expected and observed event rates in T2K’s νμ disappearance (left), ν̄μ disappearance (center), and νe=ν̄e appearance (right)
channels. We compare the prediction under the 3ν (solid/dashed lines) and 4ν (faint lines/regions) hypotheses, with parameters from
Table I, with the observed data (black). Purple curves correspond to the mostly active neutrinos following the normal mass ordering
(NO), where green ones correspond to the inverted mass ordering (IO). In the right panel, the CP-violating phases are allowed to vary in
the predicted rates. Data points are from Ref. [2].

5Refs. [23,24], however, have demonstrated that total-rate
measurements of T2K’s appearance channel result in similar
parameter estimation to the collaboration’s results.
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5Refs. [23,24], however, have demonstrated that total-rate
measurements of T2K’s appearance channel result in similar
parameter estimation to the collaboration’s results.
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Tension between NOvA and T2K can be somewhat (~2σ) alleviated by adding 1 sterile neutrino, or by 3+1 model
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Fig. 2 The top plot shows the DUNE sensitivities to θ14 from the νe CC
samples at the ND and FD, along with a comparison with the combined
reactor result from Daya Bay and Bugey-3. The bottom plot is adapted
from Ref. [18] and displays sensitivities to θ24 using the νµ CC and NC
samples at both detectors, along with a comparison with previous and
existing experiments. In both cases, regions to the right of the contours
are excluded

these limits become |Uµ4|2 < 0.001 (0.068) and |Uτ4|2 <

0.067 (0.186) at the 90% CL, where we conservatively
assume cos2 θ14 = 1 in both cases, and additionally
cos2 θ24 = 1 in the second case.

Finally, sensitivity to the θµe effective mixing angle,
defined as sin2 2θµe ≡ 4|Ue4|2|Uµ4|2 = sin2 2θ14 sin2 θ24,
is shown in Fig. 4, which also displays a comparison with the
allowed regions from the Liquid Scintillator Neutrino Detec-
tor (LSND) and MiniBooNE, as well as with present con-
straints and projected constraints from the Fermilab Short-
Baseline Neutrino (SBN) program.

As an illustration, Fig. 4 also shows DUNE’s discovery
potential for a scenario with one sterile neutrino governed by
the LSND best-fit parameters:(
∆m2

41 = 1.2 eV2; sin2 2θµe = 0.003
)

[19]. A small 90%
CL allowed region is obtained, which can be compared with
the LSND allowed region in the same figure.

Fig. 3 Comparison of the DUNE sensitivity to θ34 using the NC sam-
ples at the ND and FD with previous and existing experiments. Regions
to the right of the contour are excluded

Fig. 4 DUNE sensitivities to θµe from the appearance and disappear-
ance samples at the ND and FD are shown on the top plot, along with a
comparison with previous existing experiments and the sensitivity from
the future SBN program. Regions to the right of the DUNE contours
are excluded. The plot is adapted from Ref. [18]. In the bottom plot, the
ellipse displays the DUNE discovery potential assuming θµe and ∆m2

41
set at the best-fit point determined by LSND [19] (represented by the
star) for the best-case scenario referenced in the text
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neutrino measurements for simplicity. As with Super-K,
we divide up muon neutrino samples into sub-GeV
(Eν < 1.3 GeV) and multi-GeV events, and we divide
up the incoming direction of the neutrinos (the zenith
angle θz) into ten bins of cos θz. Additionally, we smear
the reconstructed low- (high-) energy distribution by 10°
(5°) given the correlation between the incident muon
neutrino and outgoing muon track. Expected event
counts as a function of cos θz after smearing and binning
are shown in Fig. 4. Comparing Figs. 3 and 4, we see that,
for the majority of energies, Pð4νÞ

μμ < Pð3νÞ
μμ , leading to fewer

expected events in Fig. 4. Also, we see that, pre-
dominantly for higher energy neutrinos (Eν ≳ 1 GeV),
PðNSIÞ
μμ > Pð3νÞ

μμ , leading to a higher number of expected
events in the right panel of Fig. 4.

C. Analysis method

Our analysis method is as follows. First, we simulate
expected yields for beam-based and atmospheric neutrino
detection assuming three neutrinos exist, with parameters
shown in Table I. Then, given a test hypothesis with
parameters3 ϑ⃗, we calculate a chi-squared function.

Included in the chi-squared function are Gaussian priors
on the solar mass splitting4Δm2

12 and jUe2j2, where the one-
sigma ranges are given in Table I. We also include
normalization uncertainties in the chi-squared function:
5% signal and background uncertainties for the beam-based
data, and 10% for the atmospheric-based data. While
certain parameters (sin2 ϕ34; η2;3 for the sterile neutrino
hypothesis, and ϵee and ϵμτ for the NSI hypothesis) were set
to zero for the illustrative examples listed in Tables II and
III, none of the parameters (except ϵμμ as discussed above)
are fixed in our analysis. This amounts to 12 free parameters
for the sterile neutrino scenario and 14 for the NSI scenario.
We then use the Markov chain Monte Carlo package

EMCEE to calculate posterior likelihood distributions in the
parameter space of a particular test hypothesis, and from
these, we calculate one- and two-dimensional chi-squared
distributions, marginalized over all other parameters [107].
We define the 95% (99%) C.L. sensitivity reach of
Hyper-K as regions where χ2 − χ2min > 5.99 (9.21) for two-
dimensional figures and χ2 − χ2min > 3.84 (6.63) for one-
dimensional figures. For each new physics hypothesis,
we perform this analysis using only beam-based results,
and using a combination of beam- and atmospheric-based
results.

FIG. 5. Expected sensitivity to a fourth neutrino assuming ten years of only beam-based data at Hyper-Kamiokande at 95% C.L.
(purple) and including atmospheric-based data (teal). Regions above and to the right of these curves will be excluded at 95% C.L. by
Hyper-K if only three neutrinos exist. The left panel displays sensitivity in the sin2 ϕ24—Δm2

14 plane, with contributions predominantly
from the disappearance channels, and the right panel displays sensitivity in the 4jUe4j2jUμ4j2 ¼ 4 sin2 ϕ14 sin2 ϕ24 cos2 ϕ14—Δm2

14

plane, with contributions predominantly from the appearance channels. All unseen parameters are marginalized in each panel. In the left
panel, we display existing bounds from the MINOS [108] (red, 95% C.L.) and IceCube [109] (green, 90% C.L.) experiments. In the right
panel, we display the most competitive existing bound in this parameter space, a combined analysis from the MINOS, Bugey, and Daya
Bay experiments [110] (red, 90% C.L.) and the preferred parameter space of various reactor and short-baseline sterile neutrino hints
from a combined global analysis in Ref. [111] (blue). Gaussian priors are included on the values of jUe2j2 ¼ 0.2994$ 0.0117 and
Δm2

12 ¼ ð7.50$ 0.18Þ × 10−5 eV2. Estimated sensitives are calculated utilizing EMCEE [107].

3For the sterile neutrino hypothesis, we use the parameter space
ϑ⃗¼ (ϕ12, ϕ13, ϕ23, Δm2

12, Δm2
13, η1, sin

2 ϕ24, 4jUe4j2jUμ4j4,
sin2 ϕ34, η2, η3, Δm2

14), where we use 4jUe4j2jUμ4j2 ¼
4sin2ϕ14cos2ϕ14sin2ϕ24 as an independent parameter to compare
against short-baseline sterile neutrino searches.

4The one-sigma range on Δm2
12 in Table I is nearly

symmetric—we approximate the one-sigma range to be
Δm2

12ð7.50$ 0.18Þ × 10−5 eV2 in our analysis.

SEARCHES FOR NEW PHYSICS AT THE HYPER- … PHYSICAL REVIEW D 95, 115009 (2017)

115009-7
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Hyper-K and DUNE, with much larger 
statistics, would improve the current bounds

If the hint for the presence of sterile neutrino implied by T2K+NOvA  
results is true, with much larger statistics, Hyper-K and DUNE are 

expected to confirm (or exclude) such a scenario 

Some remarks for sterile neutrino in LBL experiments
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Invisible Decay
For simplicity, let us consider “invisible” decay mode like 

νi → νs + χ ( i = 1, 2 or 3 )

where one of the mass eigenstates  
decays into sterile neutrino plus some massless particle

which would also be non-detectable

νi (i = 1, 2 or 3)

Then energy eigen value is given by,

Ei =
m2

i

2E
− i

Γi

2

1
Γi

=
E
mi

τi : Lorentz dilated life time
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i
d
dx

νe
νμ
ντ

= H
νe
νμ
ντ

H = U
1

2E

0 0 0
0 Δm2

21 0
0 0 Δm2

31

− i
m3

τ3 [
0 0 0
0 0 0
0 0 1] U† + 2GFne [

1 0 0
0 0 0
0 0 0 ]

Neutrino Evolution Equation in Matter with decay effect

GF : Fermi Constant
ne : Electron number density

assuming that  can decay into sterile state  like ν3 νs ν3 → νs + χ
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Roughly speaking, the large decay effect 
is expected if  is ~  orτ/m L/E

τ
m

=
L
E

∼
103km
1 GeV

∼ 3.3 × 10−12 s
eV

For exemple, if ~  is 1000km/1GeV,L/E
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and 1.63 × 1021 POT in antineutrino mode has been reached
up to now. NOvA, instead, has reached 1.36 × 1021 POT in
neutrino mode [31] and 1.25 × 1021 POT in antineutrino
mode. The analysis for these experiments is performed
using GLoBES [32,33]. We assume Gaussian smearing for
the energy reconstruction in both experiments. In addition
we use bin-to-bin efficiencies, which are adjusted to
reproduce the best-fit spectra reported by the T2K and
NOvA collaborations. Also included are systematic uncer-
tainties to account for uncertainties in the predicted signal
and background spectra, see Refs. [29,30,34]. In the case of
T2K and NOvA the χ2 function is given by

χ2T=Nðp⃗Þ ¼min
δ⃗

X

channels

2
X

i

!
Nexp;iðp⃗; δ⃗Þ−Ndat;i þNdat;i

× ln
"

Ndat;i

Nexp;iðp⃗; δ⃗Þ

#$
þ
X

i

"
δi
σi

#
2

þ χ2pen; ð12Þ

where again Ndat;i and Nexp;i are the data and prediction in
bin i and the first sum is taken over the different oscillation
channels: νμ → νμ, ν̄μ → ν̄μ, νμ → νe and ν̄μ → ν̄e. The
second term contains the penalties σi for the systematic
uncertainties δi, while the last term is equivalent to the one
in the χ2 function for MINOS=MINOSþ.
In addition to the individual analyses of the T2K, NOvA,

and MINOS=MINOSþ experiments, we will also discuss a
combined analysis of all accelerator data. Note that in this
case the penalty term χ2pen is added only once to the overall
χ2 function.

Results and discussion. In this section we discuss the results
obtained in this paper. When performing the analyses we
always consider either normal or inverted neutrino mass
ordering. When plotting the results they are always plotted
with respect to the best fit value obtained in each ordering
separately. The main result is presented in Fig. 1. Apart from
long-baseline bounds we also show the bound from an
analysis of Daya Bay data. The analysis procedure is the
same as in Ref. [35], but with the decoherence probability
replaced with the one including neutrino decay. As antici-
pated in the previous section, reactor experiments are
sensitive to smaller (larger) values of τ3=m3 (α3). This
justifies to include the priors of Eq. (9) in our analyses of
accelerator data. The different colors correspond to the
analyses of the individual experiments, while solid (dashed)
lines are obtained using normal (inverted) neutrino mass
ordering. As can be seen, the χ2 profiles are very similar for
both orderings. The only major difference appears in the
analysis of T2K data, where the bound for IO is weaker than
the bound for NO. This happens, because in the case of
inverted neutrino mass ordering T2K data prefer quite small
values of jΔm2

31j, see Ref. [34]. Therefore, there is a tension
between T2K data (in inverted ordering) and the reactor

prior imposed in our analysis. This does not happen in
normal ordering, where there is better agreement. Therefore
the analysis in IO is penalized resulting in a weaker bound.
Note that in the case of NOvAwe find a best fit value with
finite lifetime. As can be seen from the profile, this best fit is
statistically not very significant, and it disappears after
combining with the other experiments.
In Fig. 2 we show the contours in the τ3=m3 − sin2 θ23

plane at 90% confidence level for two degrees of freedom
for the different experiments (colored lines) and for the
combined analysis (shaded region). From this figure we see
that there is a correlation between τ3=m3 and sin2 θ23. Note,
in particular in the contours for MINOS=MINOSþ, that
values of sin2 θ23 away from maximal mixing result in
weaker bounds on τ3=m3. This is the reason why the
combined analysis of all data provides a better bound than
MINOS=MINOSþ data alone. The inclusion of NOvA and
T2K data pushes the allowed region in sin2 θ23 closer to
maximal mixing1 which results in a stronger bound on
τ3=m3. This feature can also be seen by observing how the
best fit point from MINOS=MINOSþ, indicated by the
green arrow in Fig. 2, is outside of the allowed parameter
space from T2K and NOvA. Therefore, upon combining all

FIG. 1. The bounds on τ3=m3 obtained from the analysis of
NOvA (red), T2K (blue), MINOS=MINOSþ (green) data, and
the result from the combined fit (black). The solid (dashed) lines
correspond to the analysis using normal (inverted) neutrino mass
ordering. Also shown is the bound from Daya Bay (orange),
which, as explained in the text, is weaker.

1At this point it should be noted that the results of this paper are
not in tension with the ones in Ref. [1]. The reason why in the
present analysis MINOS=MINOSþ data disfavor maximal mix-
ing, while it is allowed in Ref. [1], is the inclusion of the prior in
Eq. (9). In Refs. [1,28], Δm2

31 is also fitted with the data resulting
in a different behavior. The same argument applies to the analyses
of T2K and NOvA data. We always make sure that our analyses
reproduce the official results when making the same assumptions
as in the original references.

INVISIBLE NEUTRINO DECAY AT LONG-BASELINE … PHYS. REV. D 109, L071701 (2024)

L071701-3

Current bounds by NOvA/T2K/MINOS and Daya Bay   

Ternes & Pagliaroli, PRD109, L071701 (2024) [arXiv: 2401.14316 [hep-ph]]
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Figure 2. The sensitivity χ2 as a function of τ3/m3 for DUNE and T2HKK for different marginal-
ization effects. The left panel is for DUNE and the right panel is for T2HKK. The data have been
generated for the no-decay scenario.
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Figure 3. χ2 as a function of τ3/m3 for standalone and combination of experiments. The left panel
is for no-decay in data and the right panel is for τ3/m3 = 2.2 → 10−11 s/eV in data.

octant (HO), which is 48.44◦. The blue solid lines in figure 3 represent DUNE-NC, the
red dashed lines represent DUNE-CC, the magenta dashed lines represent T2HKK, the
green dashed lines represent DUNE-(CC+NC), and the dashed black lines represent the
combination of DUNE-(CC+NC) and T2HKK. In the left panel, the data is generated with
the value of the oscillation parameters as given in table 1. These plots show how well DUNE,
T2HKK, and their combinations can constrain invisible neutrino decay. In the left panel, we
see that the inclusion of the neutral current with the charged current slightly improves the

– 9 –

Dey & Dutta, JHEP09, 035 (2024) [arXiv: 2402.13235 [hep-ph]]
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Experiment 90% C.L. (3σ) bound on τ3/m3 (s/eV) ref.
on τ3/m3 (s/eV)

SK+MINOS 2.9(0.54) → 10−10 ref. [31]
T2K + NOνA 2.3(1.5) → 10−12 ref. [33]

T2K+NOνA+MINOS 2.4(2.4) → 10−11 ref. [34]
DUNE - CC 4.50(2.38) → 10−11 ref. [37]

DUNE - (CC+NC) (5+5) 5.1(2.7) → 10−11 ref. [38]
T2HKK 8.41 → 10−11(4.39 → 10−11) This work

DUNE - (CC+NC) (5+5) 7.74(4.22) → 10−11 This work
DUNE - (CC+NC) (5+5)+T2HKK 1.12 → 10−10(6.21 → 10−11) This work

ESSnuSB (540 km) 4.22(1.68) → 10−11 ref. [40]
ESSnuB (360 km) 4.95(2.64) → 10−11 ref. [40]

JUNO 9.3(4.7) → 10−11 ref. [42]
INO 1.51(0.566) → 10−10 ref. [54]

KM3NeT-ORCA 2.5(1.4) → 10−10 ref. [16]
T2HK 4.43(2.72) → 10−11 ref. [41]
T2HKK 1.01 → 10−10(4.36 → 10−11) ref. [41]

T2HKK+ESSnuSB 1.064 → 10−10(5.53 → 10−11) ref. [41]
ESSnuSB 3.69(2.43) → 10−11 ref. [41]

T2HK+ESSnuSB 1.01 → 10−10(4.36 → 10−11) ref. [41]

Table 3. Comparision of bound on decay parameter τ3/m3 from various experiments. The bounds
for SK+MINOS, T2K+NOνA and T2K+NOνA+MINOS are based on actual observational data.

DUNE’s ability to constrain τ3/m3. We found that the synergy between DUNE and T2HKK
can provide tight constraints on τ3/m3.

Firstly, we have checked the effect of marginalization on constraining invisible neutrino
decay. It is observed that the marginalization of ∆m2

31 and δCP have a minimal effect while
that of θ13 and θ23 have a significant effect on invisible neutrino decay, especially at DUNE.
Based on this analysis, we have considered the marginalization of θ13, θ23, ∆m2

31 and δCP
while deriving the constraint on invisible neutrino decay. We found that after taking data
for 10 years, DUNE (with both CC and NC measurements) at 3σ C.L. can constrain τ3/m3
at 4.22 → 10−11 s/eV. We have observed that the T2HKK experiment has a better ability to
constrain invisible neutrino decay than DUNE. This constraint on invisible decay improves
further when combined with the DUNE experiment and at 3σ C.L., the bound obtained is
6.21→10−11 s/eV. If nature has invisible neutrino decay in addition to oscillations and the true
value of τ3/m3 = 2.2 → 10−11 s/eV, the synergy between these two experiments can rule out a
stable neutrino scenario up to 5σ C.L. In that case, the combination of DUNE and T2HKK
can measure the decay parameter within the range [6.44→10−11 > τ3/m3 > 1.28→10−11] s/eV.

– 16 –
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Abstract

We investigate neutrino non-radiative two-body decay in vacuum, in relation to SN1987A. In a full 3ω decay framework,
we perform a detailed likelihood analysis of the 24 neutrino events from SN1987A observed by Kamiokande-II, IMB, and
Baksan. We consider both normal and inverted neutrino mass orderings, and the possibility of strongly hierarchical and
quasi-degenerate neutrino mass patterns. The results of the likelihood analysis show that the sensitivity is too low to
derive bounds in the case of normal mass ordering. On the contrary, in the case of inverted mass ordering we obtain the
bound ε/m → 2.4↑ 105 s/eV (1.2↑ 105) s/eV at 68 % (90 %) CL on the lifetime-to-mass ratio of the mass eigenstates
ω2 and ω1.

Keywords: Neutrino non-radiative decay, SN1987A, core-collapse supernova neutrinos, neutrino masses and mixings

1. Introduction

SN1987A was a unique event, observed in all wave-
lengths. It was the first time that neutrinos were observed
from the core collapse of a massive star. On the 23rd of
February 1987 the explosion of blue supergiant Sanduleak-
69→202, in the Large Magellanic Cloud, was observed. The
Kamiokande-II [1], the IMB [2], and the Baksan [3] detec-
tors recorded 11, 8, and 5 neutrino events, respectively.
The Mont Blanc liquid scintillator detector [4] detected 5
events, 5 hours earlier, that remain debated. Since this
pioneering observation, SN1987A has been a marvelous
laboratory for astrophysics and particle physics.

While neutrino vacuum oscillations are well established
[5, 6, 7], how neutrinos change flavor in dense environments
(e.g. core-collapse supernovae and binary neutron star
mergers) requires further investigations (see [8, 9, 10, 11]
for a comprehensive review). The neutrino mixing angles,
relating the flavor to the mass basis, are precisely mea-
sured (although the ϑ23 octant remains unknown) [12].
Moreover, global analysis of oscillation data shows hints
at 2.5ϖ for normal mass ordering and for sin ϱ < 0 at
90% confidence level (CL) for the Dirac CP-violating phase
[13, 14, 15]. As for the absolute neutrino mass, the KA-
TRIN experiment put the upper limit m < 0.8 eV at
90% CL from tritium ς decay [16]. Cosmological observa-
tions have been able to constrain the sum of the neutrino
masses; using Planck2018 temperature and polarization
data:

∑
mω < 0.26 eV (95% CL) [17].

Interesting neutrino properties remain unknown, e.g.
the neutrino magnetic moment (see [18] for a review), or
neutrino decay, which was first evoked by Bahcall, Cabibbo,
and Yahil [19]. In the presence of decay, the flux of neu-
trinos of mass m and energy E at a distance L decreases
as exp (↓L/E ↑m/ε). From this suppression, one can get

limits for the lifetime-to-mass ratio, ε/m. Figure 1 shows
the sensitivity to ε/m for di!erent neutrino sources con-
sidering the di!erent characteristic baselines and neutrino
energies.

Numerous studies yielded lower bounds on non-radiative
two-body decay, by considering that the final states involve
either only invisible particles or an invisible particle and
an active neutrino. For example, assuming normal mass
ordering, Ref. [20] obtained the limit ε3/m3 > 10↑11 s/eV
at 99% CL from the oscillation plus decay analysis of com-
bined atmospheric and accelerator data. Ref. [21] consid-
ered the impact of non-radiative decay on solar neutri-
nos either to sterile species or to active neutrinos and a
light (pseudo)scalar boson, and derived the lower bound

Figure 1: Typical sensitivities to lifetime-to-mass ratios for neutrino
non-radiative decay for di!erent neutrino sources. The bands are ob-
tained by considering typical distances and neutrino energies for the
corresponding experiments and considering either almost full decay
(1% of the initial flux) or practically no decay (99% of the initial
flux). Also the band corresponding to SN1987A is shown, corre-
sponding to Eω → [10, 50] MeV.

Preprint submitted to Elsevier November 6, 2023
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But accelerator would not provide the best bound 

Larger the L/E, in general, provides better sensitivity
Ivanez-Ballestero & Volpe, PLB847, 138252 (2023) [arXiv: 2307.03549 [hep-ph]]

However, solar/supernova neutrinos can not provide good sensitivity to the decay of 𝜈3

typical sensitivities to the lifetime to mass ratio for neutrino from different sources
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Hyper-K and DUNE, with much larger 
statistics, would improve the current 

bounds for some decay modes

Some remarks for neutrino decay in LBL experiments



Test of Unitarity in LBL experiments
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mixing matrix U is unitary if

For 3 flavor of mixed neutrinos

or normalization

or

closure 
of unitarity 

triangle

9 indep. eqs.

(3 eqs.) 

(6R eqs.) 
107

Unitarity Test



Where the Non-Unitarity (NU) effect can manifest?

● Decay Processes

● Neutrino Oscillation

Universality test

W decay
Invisible Z decay

Rare charged lepton decay

Disappearance mode
Appearance mode

See e.g.  Antusch et al, JHEP10, 084 (2006)

In this talk we focus on  
NU effect for oscillation

108

Unitarity Test
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Non-Unitarity implies the presence of extra neutrino state(s)

U(3+n)×(3+n) = [U3×3 W
Z V]

Let us consider n extra sterile sates

U†
(3+n)×(3+n)U(3+n)×(3+n) = U(3+n)×(3+n)U†

(3+n)×(3+n) = 1

then we expect that U†
3×3U3×3 ≠ 1, U3×3U†

3×3 ≠ 1



Non-unitarity can be parametrized as follows 
Miranda et al, PRL117, 061804 (2016)

standard 3x3 unitary matrixnon-unitary if the triangular α matrix is not 𝟙

implies unitarity violation  

normalization (if =1 or not?) 

closure (of the unitarity triangle)

110

(if = 0 or not?)
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Cauchy-Schwartz Inequalities

3

∑
i=1

UαiU*βi

2

≤ (1 −
3

∑
i=1

|Uαi |
2 ) (1 −

3

∑
i=1

|Uβi |
2 )

Remark: some works do not (intentionally) take into 
account this condition 

If U = U3x3 is a part of complete unitary matrix U(3+n)x(3+n) 
elements of U must satisfy the following conditions 

This condition is important to constrain the closure  
relations or off diagonal elements αij (i ≠ j)

closure relations
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Neutrino Evolution Equation in Matter with Non-Unitarity effect

GF : Fermi Constant
Ne(Nn) : Electron (neutron) number density
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Neutrino Evolution Equation in Matter with Non-Unitarity effect

GF : Fermi Constant
Ne(Nn) :

Off diagonal elements, , can 
induce additional mixing(-like) effects

Im[ ] is a new source of CP violation

αij (i ≠ j)

αij

Diagonal elements,  , if different from 1, can 
modify the resonance condition

αii

Electron (neutron) number density
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Figure 1. νµ → νe appearance probability as a function of energy in the presence of off-diagonal
NUNM parameters. Left, middle, and right columns correspond to the baselines of 1300 km
(DUNE), 295 km (JD), and 1100 km (KD), respectively. The four colored curves correspond to
four benchmark values of the phases associated with off-diagonal NUNM parameters: 0◦, 90◦, 180◦,
and −90◦. We consider δCP = 0◦ and sin2 θ23 = 0.5. The values of the other oscillation parameters
are taken from table 2.

cases with four benchmark values of the phases associated with each off-diagonal NUNM
parameters, as reported in the legend. As we can see, the impact of the NUNM parameter
|α21| (top panels) is comparatively larger than the other two off-diagonal NUNM parame-
ters |α31| and |α32| even though the strength of the |α21| is much smaller than the other two.
This feature is more clear for JD in the middle columns. In fact, from the approximated
analytical expression of νµ → νe appearance probability in eqs. (2.6) and (2.8), we see that
only terms containing |α21| survive in vacuum, while the effect of |α31| and |α32| is linked to
∆e and ∆n which are very small at the considered baseline. This is not the case for DUNE
(L ≃ 1300 km) where, given the largest baseline under consideration, ∆e and ∆n are no
longer negligible and the impact of |α31| and |α32| on Pµe is of the same order as |α21|.

– 7 –

Some example of oscillation probabilities with Non-Unitarity effects  for LBL experiments 
L = 1300 km L = 295 km L = 1100 km

Agarwalla et al, JHEP07, 121(2022) [arXiv:2111.00329 [hep-ex]]



respectively), with jUe1j taking the majority of the dis-
crepancy in the νe sector, with an increase of allowed range
of 68%, primarily due to the weaker bounds from
KamLAND compared to the SBL reactors. The entire ντ
sector, however, may contain substantial discrepancies
from unitarity with shifts in allowed regions of 37%,
46% and 104% respectively.
We must stress that even if the 3σ ranges of the UPMNS

elements agree closely with the unitarity case, this does
not equate to the neutrino mixing matrix being unitary. In
the unitary case the correlations are much stronger and
choosing an exact value for any one the mixing elements
drastically reduces the uncertainty on the remaining ele-
ments. One can address this issue by looking at the row and
column unitarity triangle closures and the row and column
normalizations to better understand the level at which we
know unitarity is violated or not.
For the case of the six neutrino unitarity triangles, we

present, for the first time, the allowed ranges for their
closures in Fig. 2. For the three row unitarity triangles the
bounds originate from a combination of the corresponding
Cauchy-Schwartz inequalities along with appearance data
in the respective channel. The column unitarity triangles,
being bound primarily by the geometric constraints and not
direct measurement, are less known. Only one unitarity
triangle does not contain a ντ element, the νeνμ unitarity
triangle, and hence it is the only unitarity triangle in which
it is constrained to be closed by ≤0.03 at the 3σ CL,
compared to ≤0.1–0.2 at the 3σ CL for the remaining
unitarity triangles. This hierarchical situation will not
improve unless precise measurements can be made in

the ντ sector. We also plot the resultant ranges for the
normalizations in Fig 3. We see that the νe and νμ normali-
zation deviations from unity are relatively well constrained
(≤0.06 and 0.07 at 3σ CL respectively), primarily by reactor
fluxes and a combination of precision measurements of the
rate and spectra of upward-going muonlike events observed
at Super-Kamiokande [27]. We note the νμ normalization
deviation from unity is constrained slightly (≈1%) better
than the νe normalization. This is due to the large theoretical
error, 5%, on total flux from reactors assumed [28]. The
remaining normalization deviations from unity are all con-
strained to be ≲0.2–0.4 at 3σ CL.
If one wishes to proceed with measurements of unitarity,

without the assumption of an extended UPMNS matrix and
its subsequent Cauchy-Schwartz constraints, then prospects
for improvement are essentially limited to measuring the νe
normalization. Improvement of all νe elements is possible,
especially if the new generation reactor experiments, JUNO
[29] and RENO50 [30], proceed as planned; see [10].
Improvements due to indirect sterile neutrino searches

are promising; the Fermilab Short Baseline Neutrino [31]
program, consisting of the SBND, MicroBooNE and
ICARUS experiments on the Booster beam, will be capable
of probing a wide range of parameter space for 3þ N
models, increasing both the appearance and disappearance
bounds. Subsequently, the long baseline program DUNE
[32] will also be able to significantly extend the constrained
region of νμ → νe appearance to lower mass differences,
leading to increased constraints on the νeνμ unitarity
triangle in this regime. An understanding of the neutrino
flux and cross-sectional uncertainties are crucial for
unitarity measurements. However, no one experiment
can probe all scales and complementarity is vital to
definitively make a statement about unitarity from new low-
energy physics. Perhaps crucially for ντ measurements,

FIG. 2. 1-DΔχ2 for the absolute value of the closure of the three
row (solid) and three column (dashed) unitarity triangles when
considering new physics that enters above jΔm2j ≥ 10−2 eV2.
There is one unique unitarity triangle, the νeνμ row unitarity
triangle, in that it does not contain any ντ elements and hence is
constrained to be unitary at a level half an order of magnitude better
than the others. By comparison to Fig. 3 one can clearly see that the
Cauchy-Schwartz constraints are satisfied.

FIG. 3. 1-D Δχ2 for deviation of both UPMNS row (solid) and
column (dashed) normalizations, when considering new physics
that enters above jΔm2j ≥ 10−2 eV2.

STEPHEN PARKE and MARK ROSS-LONERGAN PHYSICAL REVIEW D 93, 113009 (2016)

113009-4

 Current (around ~2016) limits on Non-Unitarity

Parke and Ross-Lonergan, PRD93, 113009 (2016)

respectively), with jUe1j taking the majority of the dis-
crepancy in the νe sector, with an increase of allowed range
of 68%, primarily due to the weaker bounds from
KamLAND compared to the SBL reactors. The entire ντ
sector, however, may contain substantial discrepancies
from unitarity with shifts in allowed regions of 37%,
46% and 104% respectively.
We must stress that even if the 3σ ranges of the UPMNS

elements agree closely with the unitarity case, this does
not equate to the neutrino mixing matrix being unitary. In
the unitary case the correlations are much stronger and
choosing an exact value for any one the mixing elements
drastically reduces the uncertainty on the remaining ele-
ments. One can address this issue by looking at the row and
column unitarity triangle closures and the row and column
normalizations to better understand the level at which we
know unitarity is violated or not.
For the case of the six neutrino unitarity triangles, we

present, for the first time, the allowed ranges for their
closures in Fig. 2. For the three row unitarity triangles the
bounds originate from a combination of the corresponding
Cauchy-Schwartz inequalities along with appearance data
in the respective channel. The column unitarity triangles,
being bound primarily by the geometric constraints and not
direct measurement, are less known. Only one unitarity
triangle does not contain a ντ element, the νeνμ unitarity
triangle, and hence it is the only unitarity triangle in which
it is constrained to be closed by ≤0.03 at the 3σ CL,
compared to ≤0.1–0.2 at the 3σ CL for the remaining
unitarity triangles. This hierarchical situation will not
improve unless precise measurements can be made in

the ντ sector. We also plot the resultant ranges for the
normalizations in Fig 3. We see that the νe and νμ normali-
zation deviations from unity are relatively well constrained
(≤0.06 and 0.07 at 3σ CL respectively), primarily by reactor
fluxes and a combination of precision measurements of the
rate and spectra of upward-going muonlike events observed
at Super-Kamiokande [27]. We note the νμ normalization
deviation from unity is constrained slightly (≈1%) better
than the νe normalization. This is due to the large theoretical
error, 5%, on total flux from reactors assumed [28]. The
remaining normalization deviations from unity are all con-
strained to be ≲0.2–0.4 at 3σ CL.
If one wishes to proceed with measurements of unitarity,

without the assumption of an extended UPMNS matrix and
its subsequent Cauchy-Schwartz constraints, then prospects
for improvement are essentially limited to measuring the νe
normalization. Improvement of all νe elements is possible,
especially if the new generation reactor experiments, JUNO
[29] and RENO50 [30], proceed as planned; see [10].
Improvements due to indirect sterile neutrino searches

are promising; the Fermilab Short Baseline Neutrino [31]
program, consisting of the SBND, MicroBooNE and
ICARUS experiments on the Booster beam, will be capable
of probing a wide range of parameter space for 3þ N
models, increasing both the appearance and disappearance
bounds. Subsequently, the long baseline program DUNE
[32] will also be able to significantly extend the constrained
region of νμ → νe appearance to lower mass differences,
leading to increased constraints on the νeνμ unitarity
triangle in this regime. An understanding of the neutrino
flux and cross-sectional uncertainties are crucial for
unitarity measurements. However, no one experiment
can probe all scales and complementarity is vital to
definitively make a statement about unitarity from new low-
energy physics. Perhaps crucially for ντ measurements,

FIG. 2. 1-DΔχ2 for the absolute value of the closure of the three
row (solid) and three column (dashed) unitarity triangles when
considering new physics that enters above jΔm2j ≥ 10−2 eV2.
There is one unique unitarity triangle, the νeνμ row unitarity
triangle, in that it does not contain any ντ elements and hence is
constrained to be unitary at a level half an order of magnitude better
than the others. By comparison to Fig. 3 one can clearly see that the
Cauchy-Schwartz constraints are satisfied.

FIG. 3. 1-D Δχ2 for deviation of both UPMNS row (solid) and
column (dashed) normalizations, when considering new physics
that enters above jΔm2j ≥ 10−2 eV2.

STEPHEN PARKE and MARK ROSS-LONERGAN PHYSICAL REVIEW D 93, 113009 (2016)

113009-4

normalization bounds are limited by flux uncertainty

a few % ~ 1%

115

CS inequalities considered



116

J
H
E
P
1
2
(
2
0
2
0
)
0
6
8

0.9 0.95 1 1.05 1.1

Ne

0

0.5

1

1.5

2

N
τ

0.9

0.95

1

1.05

1.1

N
µ

Row Normalizations
95% and 99% CR

Nα =
3∑

k=1

|Uαk|2

Current
Future

0.9 0.95 1 1.05 1.1

Nµ

0.5 0.75 1 1.25 1.5

N1

0.5

0.75

1

1.25

1.5

N
3

0.5

0.75

1

1.25

1.5

N
2

Column Normalizations
95% and 99% CR

Nk =
∑

α=e,µ,τ

|Uαk|2

Current
Future

0.5 0.75 1 1.25 1.5

N2

Figure 10. Left: constraints (and projected constraints) on the row normalizations Ne, Nµ, and Nτ

at 95% (dark) and 99% (faint colors) credibility. Right: constraints on the column normalizations
N1, N2, and N3 at 95% (dark) and 99% (faint colors) credibility. All results here are obtained
under the agnostic assumption.

Best-fit (current) 3σ (current) 3σ (future)

Ne 1.00 [0.94, 1.05] [0.97, 1.03]

Nµ 0.99 [0.96, 1.04] [0.96, 1.03]

Nτ 1.12. [0.32, 1.82] [0.79, 1.23]

N1 1.01 [0.84, 1.22] [0.89, 1.12]

N2 1.05 [0.75, 1.27] [0.92, 1.10]

N3 1.05 [0.67, 1.40] [0.90, 1.10]

Table 3. Summary of current and expected future constraints on the row (Nα) and column (Nk)
normalizations, under the agnostic assumption.

to the fact that these constraints are limited by the measurement of the tau-row elements,

|Uτk|2. Future data will improve the constraint on each column normalization by a factor

of roughly 3.

Table 3 summarizes the current and expected future measurements of the row and col-

umn normalizations of the LMM. Here, we give the current best-fit (maximum likelihood

point) value of each normalization, as well as the extents of its current 3σ CR. We also

show the projected future 3σ CR, assuming a true value of NX = 1, demonstrating the im-

provement attributable to future data. Our projected constraint on Ne is 1.1%, consistent

with the official JUNO analysis, which reports a 1.2% constraint on Ne.

Figure 11 presents the results on the closures of different triangles tαβ and tkl. Each

panel in this figure presents constraints on the real and imaginary part of tαβ (top row)

– 33 –

 Current and Future bounds on Non-Unitarity for Normalizations

Ellis et al., JHEP12.068 (2020) [arXiv:2008.01088 [hep-ph]]

CS inequalities not considered

Nα ≡ |Uα1 |2 + |Uα2 |2 + |Uα3 |2 (α = e, μ, τ) Nk ≡ |Uek |2 + |Uμk |2 + |Uτk |2 (k = 1,2,3)

Future case includes JUNO, HK, DUNE and IceCube (upgrade) 
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 Current and Future bounds on Non-Unitarity for Closures

Ellis et al., JHEP12.068 (2020) [arXiv:2008.01088 [hep-ph]]
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Figure 11. Constraints (and projected constraints) on the real (x-axes) and imaginary (y-axes)
parts of the closures of the six unitarity triangles. Dashed circles indicate contours corresponding
to fixed |txy|2, with the outer one in each panel as labeled. The inner dashed circles are an order of
magnitude smaller |txy|2 than the outer ones. Here we analyze data under the agnostic assumption.

or tkl (bottom row) at 95% credibility (dark) and 99% credibility (faint). We draw circles

corresponding to constant values of the magnitude of |tαβ |2 and |tkl|2 as labeled, where each
successive inward circle is an order of magnitude smaller. When constraining teτ and tµτ ,

the expected future constraints are nearly degenerate with the current ones — constraints

here are dominated by the sterile neutrino searches discussed in section 3, specifically the

NOMAD and CHORUS results discussed in table 2. Constraints on tµe will improve mod-

estly once information from DUNE and JUNO are incorporated. In contrast, measurements

of the closures of the different pairs of columns will improve significantly with future data.

Currently, each of these can be constrained |tkl|2 ! 10−1 at 95% credibility. With future

data, this will improve to roughly |tkl| ! 10−2 for each of the three triangles. We summarize

the current and future 3σ credibility upper limits on the triangle closures in table 4.

The analysis yielding figures 10 and 11 was conducted assuming the agnostic case of

section 2.2, whereby the matrix of which the LMM is a sub-matrix need not be unitary.

The sub-matrix approach was taken in ref. [14], where it was pointed out that assuming

unitarity of the larger matrix leads to strong constraints from Cauchy-Schwarz inequalities.

By remaining agnostic about the larger matrix, the improved measurement capability of

future data is more apparent. An analysis assuming the larger matrix is unitary is contained

in section 6.2.
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CS inequalities not considered

tαβ ≡ U*α1Uβ1 + U*α2Uβ2 + U*α3Uβ3 (α, β = e, μ, τ, α ≠ β)

tij ≡ U*eiUej + U*μiUμj + U*τiUτj (i, j = 1,2,3,i ≠ j)

Future case includes JUNO, HK, DUNE and IceCube (upgrade) 
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Figure 6. Expected limits on the NUNM parameters from DUNE (red curves), JD (green curves),
KD (magenta curves), and JD+KD (blue curves). The upper (lower) panels are for the diagonal
(off-diagonal) NUNM parameters one at a time. True values of θ23 and δCP are 45◦ and −90◦,
respectively. For the diagonal NUNM parameters, we marginalize over θ23 in the range [40◦, 50◦]
and δCP in the range [−180◦, 180◦] in the fit. For the off-diagonal NUNM parameters, apart from
θ23 and δCP, we also marginalize over the associated NUNM phases in the range of −180◦ to 180◦.

We derive bounds on αij following the simulation method as discussed in section 4. The
statistical significance with which we can constrain the NUNM parameters (αij) in a given
experiment is defined as

∆χ2 = min
(θ23, δCP,φij ,λ1,λ2)

[
χ2(αij ̸= 0) − χ2(αij = 0)

]
, (5.1)

where, χ2(αij ̸= 0) and χ2(αij = 0) are calculated by fitting the prospective data assuming
NUNM (αij ̸= 0) and UNM (αij = 0). Note that χ2(αij = 0) ≈ 0 because the statistical
fluctuations are suppressed to obtain the median sensitivity of a given experiment in the
frequentist approach [80]. While estimating the constraints, we marginalize over the most
uncertain oscillation parameters (θ23, δCP) and the phases associated with the off-diagonal
NUNM parameters (φij) in the fit. We also minimize over the systematic pulls on signal
(λ1) and background (λ2).

In figure 6, we plot the ∆χ2 function for the six NUNM parameters analyzed in our
paper considering only the far detectors in a given setup. Upper (Lower) panels show the

– 17 –

Agarwalla et al, JHEP07, 121(2022) [arXiv:2111.00329 [hep-ex]]

 Future bounds on Non-Unitarity by DUNE, T2HK, T2HKK

JD = T2HK (295 km)
KD = HK detector in 
Korea only (1100km)

CS inequalities not considered
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Hyper-K and DUNE (JUNO), with much larger 
statistics, would improve the current bounds

Some remarks for Unitarity test in LBL experiments

But, in my opinion, to improve more bounds on Non-
Unitarity, the most important/crucial systematics are 

uncertainties on flux and the detection cross sections as 
they affect directly the normalization relations (and also 

closure relations through CS inequalities), therefore,  
they must be improved! 

See C.S. Fong, HN, Minakata, JHEP02, 114(2017) [arXiv:1609.08623 [hep-ph]]



Summary
• 1. In last ~25 years, neutrino oscillation is very well established and we are 

now in the era of precision neutrino physics where long-baseline (LBL) 
oscillation experiments are playing important roles 

• 2. But there are still several fundamental open questions which can be 
studied by the future LBL experiments 

• 3. Near future LBL experiments like Hyper-K and DUNE can address the 
questions related to CP phase, θ23 and             (related to MO)              

• 4. LBL experiments will be study further new physics effects coming from 
NSI, sterile neutrino, decay, decoherence, etc 

• 5. We are looking forward to have very interesting and important progress 
in the coming decade! 
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• During ~15 years of 1998 - 2012 
- discovery phase in neutrino physics-

• ~2013 - present: Steady progress (precision 
era) but no big new discovery (not yet) related 
to neutrino

• 2025 - future: Operation of new generation 
experiments, JUNO, Hyper-K, DUNE, etc,

Concluding Remarks

New Discovery, some surprise?



Thank you very much for your attention!  

122

¡Muchas gracias por su atención!
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Current allowed range of mixing parameters from Global Fit

NuFit6.0, Esteban et la,  
arXiv: 2410.05380

Roughly, 1σ uncertainties of is ~3 - 4 %

is ~3 % is ~1% is ~30-40o
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Neutrino Physics is in a Precision Era !
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Normal Ordering (!ω2 = 0.6) Inverted Ordering (best fit)

bfp ±1ε 3ε range bfp ±1ε 3ε range

sin2 ϑ12 0.307+0.012
→0.011 0.275 → 0.345 0.308+0.012

→0.011 0.275 → 0.345

ϑ12/
↑ 33.68+0.73

→0.70 31.63 → 35.95 33.68+0.73
→0.70 31.63 → 35.95

sin2 ϑ23 0.561+0.012
→0.015 0.430 → 0.596 0.562+0.012

→0.015 0.437 → 0.597

ϑ23/
↑ 48.5+0.7

→0.9 41.0 → 50.5 48.6+0.7
→0.9 41.4 → 50.6

sin2 ϑ13 0.02195+0.00054
→0.00058 0.02023 → 0.02376 0.02224+0.00056

→0.00057 0.02053 → 0.02397

ϑ13/
↑ 8.52+0.11

→0.11 8.18 → 8.87 8.58+0.11
→0.11 8.24 → 8.91

ϖCP/
↑ 177+19

→20 96 → 422 285+25
→28 201 → 348

!m2
21

10→5 eV
2 7.49+0.19

→0.19 6.92 → 8.05 7.49+0.19
→0.19 6.92 → 8.05

!m2
3ω

10→3 eV
2 +2.534+0.025

→0.023 +2.463 → +2.606 ↑2.510+0.024
→0.025 ↑2.584 → ↑2.438
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Normal Ordering (best fit) Inverted Ordering (!ω2 = 6.1)

bfp ±1ε 3ε range bfp ±1ε 3ε range

sin2 ϑ12 0.308+0.012
→0.011 0.275 → 0.345 0.308+0.012

→0.011 0.275 → 0.345

ϑ12/
↑ 33.68+0.73

→0.70 31.63 → 35.95 33.68+0.73
→0.70 31.63 → 35.95

sin2 ϑ23 0.470+0.017
→0.013 0.435 → 0.585 0.550+0.012

→0.015 0.440 → 0.584

ϑ23/
↑ 43.3+1.0

→0.8 41.3 → 49.9 47.9+0.7
→0.9 41.5 → 49.8

sin2 ϑ13 0.02215+0.00056
→0.00058 0.02030 → 0.02388 0.02231+0.00056

→0.00056 0.02060 → 0.02409

ϑ13/
↑ 8.56+0.11

→0.11 8.19 → 8.89 8.59+0.11
→0.11 8.25 → 8.93

ϖCP/
↑ 212+26

→41 124 → 364 274+22
→25 201 → 335

!m2
21

10→5 eV
2 7.49+0.19

→0.19 6.92 → 8.05 7.49+0.19
→0.19 6.92 → 8.05

!m2
3ω

10→3 eV
2 +2.513+0.021

→0.019 +2.451 → +2.578 ↑2.484+0.020
→0.020 ↑2.547 → ↑2.421

Table 1. Three-flavor oscillation parameters from our fit to global data for the two variants of
the analysis described in the text. The numbers in the 1st (2nd) column are obtained assuming
NO (IO), i.e., relative to the respective local minimum. Note that !m2

3ω → !m2
31 > 0 for NO and

!m2
3ω → !m2

32 < 0 for IO.

– 6 –
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360 H. Nunokawa et al. / Progress in Particle and Nuclear Physics 60 (2008) 338–402

5. Neutrino oscillations

5.1. The formalism

We start with a very general discussion aimed at fixing the notation used in this review. As we
have already seen in Section 4.3, in general models of neutrino mass the lepton mixing matrix
K contain both Dirac- and Majorana-type CP phases and is in general rectangular as it couples
the charged leptons also to the heavy (mainly isosinglet) neutrinos postulated, e.g. in type-I
seesaw models, in order to produce neutrino masses [7]. Such states are too heavy to participate
in neutrino oscillations which are effectively described by a non-unitary mixing matrix. Such
deviations from unitarity are the origin of gauge-induced neutrino non-standard interactions and
may, in some cases, be sizeable, see Section 9. In the discussion of neutrino oscillations that
we give in Sections 5–7 we will tacitly assume that K is strictly unitary, so that the three active
neutrinos are mixed as follows,

⌫↵L =

3X

i=1

U↵i⌫i L , (↵ = e, µ, ⌧ ), (50)

where we have now denoted K by U , to highlight that U ÑU = UU Ñ = 1. Here ⌫↵L (↵ = e, µ, ⌧ )

describe the left-handed neutrino fields with definite flavour whereas ⌫i L (i = 1, 2, 3) describe
the fields with definite masses. Here, the matrix U is the leptonic analogue of the quark mixing
matrix [1]. In this review, whenever it is necessary to use the explicit parametrization, we use the
following standard parametrization [93],

U =

2

4
1 0 0
0 c23 s23
0 �s23 c23

3

5

2

4
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

3

5

2

4
c12 s12 0

�s12 c12 0
0 0 1

3

5 (51)

=

2

4
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei�
�c12s23 � s12c23s13ei� c23c13

3

5 , (52)

where ci j ⌘ cos ✓i j , si j ⌘ sin ✓i j and � is the CP violating phase. This form is the same as
Eq. (45) [7], taking �12 = 0 = �23 in the “invariant” combination � ⌘ �12 + �23 � �13 that
corresponds to the “Dirac phase” relevant for neutrino oscillations.

Eq. (50) implies that in terms of state vectors |⌫↵i (↵ = e, µ, ⌧ ) for flavour and |⌫i i (i =

1, 2, 3) for mass eigenstates, they are related by U⇤ instead of U as (see e.g.[106]),

|⌫↵i =

3X

i=1

U⇤
↵i |⌫i i, (↵ = e, µ, ⌧ ), (53)

where for simplicity, we omitted the indices L which indicates the left-handed chirality. Then
it is straightforward to compute the ⌫↵ ! ⌫� oscillation probability, which is given, for ultra-
relativistic neutrinos, by,

P(⌫↵ ! ⌫�) =

�����
X

j

U⇤
↵ j U� j e�i

m2
j

2E L

�����

2
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FIG. 6. Bievents plots for the T2K (left panels) and NOωA setup (right panels) for the NO case. The upper (lower) panels
represent the case of εeµ(εeω ). Along all the ellipses the running parameter is the standard CP phase ϑCP in the range
[0, 2ϖ]. The black ellipses correspond to the SM case with best fit represented by stars. The colored ellipses correspond to
the SM+NSI case with best fit indicated by squares. The ellipses and the best fit points located on them are determined by
fitting the combination of T2K and NOωA. The points with the error bars display the experimental data with their statistical
uncertainties.

formation may be extracted from ANTARES, IceCube
and KM3NeT/ORCA experiments which are sensitive to
the relevant NSI couplings.

Our results indicate the presence of e!ective NSI cou-
plings of the order of ten percent. Considering Eq. (4),
these may translate into couplings of a few per cent for
the fundamental particles (u and d quarks and electrons).
Still, these are quite large couplings from a theoretical
standpoint. In fact, if NSI are induced by mediators
heavier than the electroweak scale, one naturally finds
that the charged leptons are sensitive to new physics, on
which there are strong limits. One possible way to avoid
this issue is to augment the complexity of the model
by considering dimension-8 operators [72], invoking ra-
diative neutrino mass models (see for example the re-
cent studies [73–75]), or calling in to play vector lepto-
quarks [55]. A radically di!erent and fascinating option
is to consider NSI induced by light or ultra-light me-
diators, which are gaining increasing attention (see for

example [16, 17]). We hope that our study may trigger
investigations both at the experimental level, deepening
the understanding of systematic uncertainties, and on the
theoretical side, seeking new models able to predict the
preferred NSI couplings.
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Test of Sterile Neutrino by Hyper-K234 III.1 NEUTRINO OSCILLATION
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FIG. 154. Hyper-K’s expected 90% C.L. upper limits on |Uµ4|
2 appear as red lines in the left figure. The

right figure shows 90% (solid) and 99% (dashed) C.L. limits on |Uµ4|
2 vs |U⌫4|

2 for a 5.6 Mton·year exposure

(red) in comparison with recent limits from Super-K (black) [32]. Limits at 90% C.L. from a joint analysis

of MiniBooNE and SciBooNE data [206] and light blue filled areas show the allowed regions from a joint fit

to global ✓e appearance and disappearance data from [207]. A yellow dashed line shows the limit from [207].

sterile neutrinos. Nonetheless, non-zero mixing of the active and sterile neutrinos is expected to

produce spectral distortions of the atmospheric neutrino flux or suppress it. Sterile neutrinos lack

NC interactions, which makes them subject to an additional e↵ective potential, Vs = ±(GF /
!

2)Nn

when traveling through matter. Here, Nn is the local neutron density and GF the Fermi constant.

Due to the complications of simultaneously describing sterile matter e↵ects and oscillations that

include ✓e for atmospheric neutrinos two searches for sterile neutrinos are performed following the

formalism of [208]. For the first analysis both ⇡13 and ⇡12 are set to zero, decoupling ✓e oscillations

from the other active neutrinos. In so doing, atmospheric neutrinos are sensitive to the e↵ects of

|Uµ4|, which is expected to decrease the overall ✓µ survival probability, and |U↵4|, which causes

an energy dependent distortion of the ✓µ flux through the sterile matter potential. However, this

comes at the expense of a slight bias in the measurement of |Uµ4|. Constraints on |U↵4| are possible

via its e↵ect on the partially contained (PC) and upward-going µ (Up µ)samples, both of which

are enriched in ✓µ interactions. In the second analysis, sterile matter e↵ects are assumed to be

negligible and ✓e oscillations are reintroduced. This approximation allows for an unbiased measure

of |Uµ4|. The results of these analyses are shown in comparison to limits from Super-K are shown in

Figure 154. It should be noted that the relatively modest improvement in Hyper-K’s measurement

Abe et al (HK Collab.), Design Report [arXiv:1805.04163v2 [hep-ex]]
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Figure 2. Constraints on the coefficients for vector NSI with electrons from the global analysis of
oscillation data without including the effect of NSI in the detection cross section. Each panel shows
a two-dimensional projection of the allowed multi-dimensional parameter space after minimization
with respect to the undisplayed parameters. The regions correspond to 1σ and 2σ (2 d.o.f.).

Allowed ranges at 90% CL (marginalized)
GLOB-OSC w/o NSI in ES

LMA LMA ⊕ LMA-D
εe,Vee − εe,Vµµ [−0.21,+1.0] [−3.0,−1.8] ⊕ [−0.21,+1.0]
εe,Vττ − εe,Vµµ [−0.015,+0.048] [−0.040,+0.047]
εe,Veµ [−0.15,+0.035] [−0.15,+0.14]
εe,Veτ [−0.21,+0.31] [−0.29,+0.31]
εe,Vµτ [−0.020,+0.012] [−0.020,+0.017]

Table 1. 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of NSI operators with electrons after
marginalizing over all other NSI and oscillation parameters. The bounds are derived from the global
analysis of oscillation data without including the effect of NSI in the ES cross section (NSI induced
by mediators with mass Mmed ≪ 500 keV, see section 3.1). The ranges in the first column (labeled
«LMA») correspond to an analysis in which we restrict θ12 < 45◦. In the second column (labeled
«LMA ⊕ LMA-D»), both θ12 < 45◦ and θ12 > 45◦ are allowed. The same bounds hold for vector
NSI with protons.
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Figure 3. Constraints on the coefficients for vector NSI with electrons from the global analysis
of oscillation data including the effect of NSI in the ES cross section. Each panel shows a two-
dimensional projection of the allowed multi-dimensional parameter space after minimization with
respect to the undisplayed parameters. The contours correspond to 1σ and 2σ (2 d.o.f.). The
closed red regions correspond to the global oscillation analysis which involves the six NSI plus five
oscillation parameters. For the sake of comparison we also show as green regions the constraints
obtained from the analysis of full Borexino Phase-II spectrum in ref. [54].

COHERENT both on CsI [46, 48] and Ar targets [49, 55], together with the recent results
from CEνNS searches using reactor neutrinos at Dresden-II reactor experiment [52, 56].

Let us start discussing the complementary sensitivity to vector-NSI from the combined
CEνNS results with that from present oscillation data, for general models leading to NSI
with quarks. With this aim we have first performed an analysis including only the effect
of vector NSI on the matter potential in the neutrino oscillation experiments. The results
of such analysis are given in the left column of table 5 in terms of the allowed ranges of
the effective NSI couplings to the Earth matter, ε⊕

αβ, defined in eq. (2.18) (see section 3.4
for details). Comparison with the constraints from all available CEνNS data is illustrated
in figure 5 where we plot the allowed regions in the plane (ε⊕

ee, ε⊕
µµ). The figure shows the

allowed regions obtained by the analysis of each of the two sets of data independently, after

– 23 –

Coloma et al, JHEP08, 032 (2023)  [arXiv:2305.07698 [hep-ph]]

Current Bounds on NSI with electrons (by Global Analysis)



129

J
H
E
P
0
8
(
2
0
2
3
)
0
3
2

Allowed ranges at 90% CL (marginalized)
Vector (X = V ) Axial-vector (X = A)

Borexino GLOB-OSC w NSI in ES Borexino GLOB-OSC w NSI in ES
εe,Xee [−1.1,+0.17] [−0.13,+0.10] [−0.38,+0.24] [−0.13,+0.11]
εe,Xµµ [−2.4,+1.5] [−0.20,+0.10] [−1.5,+2.4] [−0.70,+1.2]
εe,Xττ [−2.8,+2.1] [−0.17,+0.093] [−1.8,+2.8] [−0.53,+1.0]
εe,Xeµ [−0.83,+0.84] [−0.097,+0.011] [−0.79,+0.76] [−0.41,+0.40]
εe,Xeτ [−0.90,+0.85] [−0.18,+0.080] [−0.81,+0.78] [−0.36,+0.36]
εe,Xµτ [−2.1,+2.1] [−0.0063,+0.016] [−1.9,+1.9] [−0.79,+0.81]

Table 2. 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of vector NSI operators with electrons
after marginalizing over all other NSI and oscillation parameters. The bounds are derived from
the global analysis of oscillation data including the effect of NSI in the ES cross section. For
comparison, the results obtained from the analysis of Borexino Phase-II data in ref. [54] are also
shown for comparison. Note that these bounds apply to interactions induced by mediators with
masses Mmed ! 10MeV, see section 3.1.

standard (close-to-elliptical) shapes. For the sake of comparison we show for this scenario
the corresponding bounds derived from the analysis of Borexino spectra in ref. [54]. The
comparison shows that for vector NSI with electrons the global analysis of the oscillation
data reduces the allowed ranges of the NSI coefficients by factors ∼ 4–200 with respect to
those derived with Borexino spectrum only. In other words, the NSI contribution to ES
is important to break the LMA-D degeneracy and to impose independent bounds on the
three flavour-diagonal NSI coefficients, but within the LMA solution the effect of the vector
NSI on the matter potential also leads to stronger constraints. This is further illustrated by
the results obtained for the analysis with axial-vector NSI which are shown in figure 4 and
right columns in table 2. Axial-vector NSI do not contribute to the matter potential and
therefore the difference between the results of the global oscillation and the Borexino-only
analysis in this case arises solely from the effect of the axial-vector NSI on the ES cross
section in SNO and SK. Comparing the red and green regions in figure 4 and the two
left columns in table 2 we see that for axial-vector NSI the improvement over the bounds
derived with Borexino-only analysis is just a factor ∼ 2–3.

3.3 Updated constraints on NSI with quarks

Next we briefly summarize the results of the analysis for the scenarios of NSI with either
up or down quarks (more general combinations of couplings to quarks and electrons will be
presented in the next section). For vector NSI this updates and complements the results
presented in refs. [29, 47] by accounting for the effects of increased statistics in the oscillation
experiments, including the addition of new data from Borexino Phase-II. Notice also that
in the present analysis, as mentioned above, the treatment of the SNO data is different than
in refs. [29, 47]. Furthermore when combining with CEνNS we include here the results from
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Allowed ranges at 90% CL (marginalized) Allowed ranges at 90% CL (marginalized)
GLOB-OSC GLOB-OSC+CEνNS

LMA LMA ⊕ LMA-D LMA = LMA ⊕ LMA-D

εu,Vee − εu,Vµµ

εu,Vττ − εu,Vµµ

[−0.063,+0.36]
[−0.0053,+0.017]

[−1.1,−0.79] ⊕ [−0.063,+0.36]
[−0.021,+0.018]

εu,Vee

εu,Vµµ

εu,Vττ

[−0.038,+0.034] ⊕ [+0.34,+0.42]
[−0.046,+0.031] ⊕ [+0.35,+0.42]
[−0.046,+0.033] ⊕ [+0.35,+0.42]

εu,Veµ [−0.057,+0.013] [−0.057,+0.061] εu,Veµ [−0.044,+0.0049]
εu,Veτ [−0.076,+0.11] [−0.12,+0.11] εd,Veτ [−0.079,+0.11]
εu,Vµτ [−0.0077,+0.0042] [−0.0077,+0.0083] εu,Vµτ [−0.0064, 0.0053]

εd,Vee − εd,Vµµ

εd,Vττ − εd,Vµµ

[−0.069,+0.38]
[−0.0058,+0.018]

[−1.3,−0.91] ⊕ [−0.072,+0.38]
[−0.029,+0.019]

εd,Vee

εd,Vµµ

εd,Vττ

[−0.036,+0.031] ⊕ [+0.30,+0.39]
[−0.040,+0.038] ⊕ [+0.31,+0.39]
[−0.041,+0.043] ⊕ [+0.31,+0.39]

εd,Veµ [−0.058,+0.014] [−0.058,+0.098] εd,Veµ [−0.054,+0.0045]
εd,Veτ [−0.079,+0.11] [−0.16,+0.11] εd,Veτ [−0.051,+0.11]
εd,Vµτ [−0.0087,+0.0051] [−0.0087,+0.015] εd,Vµτ [−0.0075,+0.0046]

Table 3. 90% allowed ranges for the vector NSI couplings εu,Vαβ and εd,Vαβ as obtained from the global analysis of oscillation data (left columns,
applicable to NSI induced by mediators with Mmed ≪ 5MeV) and also including data from CEνNS experiments (right columns, applicable to NSI
induced by mediators with Mmed ! 50MeV). The results are obtained after marginalizing over oscillation and the other matter potential parameters
either within the LMA only (θ12 < 45◦) and within both LMA (θ12 < 45◦) and LMA-D (θ12 > 45◦) subspaces respectively (this second case is
denoted as LMA ⊕ LMA-D). Notice that once CEνNS data is included the two columns become identical, since for NSI couplings with f = u, d the
LMA-D solution is only allowed well above 90% CL.
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How many free parameters (for oscillation) we  
have for U if Unitarity is not assumed? 

18 - 3 - 2 = 13 free parameters

 or 4 + 9 = 13 free parameters

3 phase can be removed by redefinition of charged lepton fields
2 Majorana phases

Non-Unitarity U can be parametrised, e.g., as, 

How to parametrize the Non-Unitary mixing matrix? 

by relaxing normalisation (3) and closure (6) conditions
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Phenomenological “equivalence” between NSI and Non-unitarity

Blennow et al, JHEP04, 153(2017) [arXiv:1609.08637 [hep-ph]]

production and detection NSI can be mapped NU effect as

εs*
βα = εd

αβ = αij (α, β = e, μ, τ → i, j = 1,2,3)

propagation NSI can be mapped NU effect as

εee = − (1 − α11), εμμ = − (1 − α22), εττ = − (1 − α33),
εeμ = α*21/2, εeτ = α*31/2, εμτ = α*32/2


