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Abstract

This thesis examines the prospects of future long baseline neutrino oscillation exper-
iments. Using computer simulation techniques, we calculate the experimental sen-
sitivities for two experimental configurations in a set of important questions which
are all relevant for modern day neutrino physics. First, we set focus on the determi-
nation of the θ23 octant, where the aim is to find whether the atmospheric neutrino
mixing angle θ23 lies in the high octant, θ23 > 45◦, or in the low octant, θ23 < 45◦.
On the other hand, we study how well the long baseline experiments could test
the limits of the Standard Model by seeking deviations from the oscillation patterns
that follow from the standard three-neutrino paradigm. As an example, we study so
called triplet Higgs bosons, which play a central role in the Type II seesaw mecha-
nism, and calculate their effect on neutrino oscillations in the next generation long
baseline experiment DUNE.

Keywords Neutrino physics, neutrino telescopes
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Chapter 1

Introduction

Neutrinos are elementary particles which have tiny masses, no electric charge, and
interactions only via the weak nuclear force. Neutrinos are some of the most abun-
dant particles in the visible universe, yet they are so elusive that one needs large de-
tectors to find any trace of their existence. Neutrinos can be found in various types
of nuclear reactions, and they play a crucial role in many of the important astro-
physical and cosmogenic phenomena that have shaped the universe into what we
see today. For example, neutrinos are involved in the fusion cycle that powers the
Sun and participate in the complex star explosion mechanisms that drive the evo-
lution of the supernovae. Neutrinos also contributed to the evolution of the young
universe during its first moments after the Big Bang [1].

Neutrinos are born in three flavours (electron, muon and tau) and they are
known to interact only via the exchange of heavy W± and Z0 bosons. Because of this
weak-only-interaction character, neutrinos interact so rarely that a typical neutrino
originating from the Sun can easily pass through the Earth without interacting with
its matter content. At the same time neutrinos are so common that the number of
solar neutrinos reaching the surface of the Earth alone exceeds 60×109 cm−1s−1.

Perhaps the most striking property of neutrinos is their ability to change flavour
(type) in flight. This means that a neutrino that is born in one flavour state (e.g. as
an electron neutrino) can be found in a different flavour state (such as a muon or
tau neutrino) after propagating some distance in space. This quantum mechanical
phenomenon is known as the neutrino oscillation. Its discovery in early 2000s was a
major milestone as its existence indicates that neutrinos have mass [2]. This is in con-
trast with the predictions of the Standard Model, and hence the existence of neutrino
oscillations shows that there must be physics beyond the Standard Model. Neutrino
oscillations were first predicted by Bruno Pontecorvo in 1957 [3] and they were fi-
nally discovered in Super-Kamiokande [4] and Sudbury Neutrino Observatory [5]
in 1998 and 2002, a feat which was later recognized with the 2015 Nobel prize.

The oscillation of neutrinos, their abundance in astrophysical sources and their
ability to travel through space nearly unhindered are the properties that make neu-
trinos very useful for contemporary astronomy, as they can be used to probe the phe-
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nomena that are difficult to access with the conventional methods. Future prospects
in neutrino oscillation physics could provide information about the supernova ex-
plosion mechanisms, illuminate the internal structure of the Earth and the Sun, and
hint us whether neutrinos had a role in the disappearance of the antimatter in the
early moments of the Universe [6, 7]. A careful study of neutrino oscillations could
also give us hints on the mechanism that gives rise to the neutrino masses. But before
neutrinos can be harnessed to their full potential, one must first solve the remaining
open questions in the physics of neutrino oscillations by determining the mixing
between the neutrino flavours and masses at high precision.

Neutrino oscillations are in the three-flavour case described in terms of six
physical parameters: the three mixing angles θ12, θ13 and θ23, two square-mass dif-
ferences ∆m2

21 = m2
2 −m2

1 and ∆m2
31 = m2

3 −m2
1, and a Dirac CP phase δCP. Whereas

the mixing angles describe the entanglement of the three neutrino mass states with
a given flavour state, the square-mass differences define the oscillation frequencies
and the CP phase determines the fundamental difference between neutrino and an-
tineutrino oscillations. Many of these six oscillation parameters have been success-
fully determined in the past and ongoing experiments, which have studied the oscil-
lations of solar, atmospheric, accelerator and reactor neutrinos. The only remaining
questions are the ordering of the three mass eigenstates m1, m2 and m3, the value
of the Dirac CP phase parameter δCP and the octant of the mixing angle θ23, that is,
whether the atmospheric mixing angle θ23 lies in the low octant, θ23 < 45◦, or the
high octant, θ23 > 45◦ [8, 9]. Answers to these questions are sought in the present
and future neutrino oscillation experiments (see e.g. Ref. [10] for a comprehensive
list).

There are currently a number of notable neutrino oscillation experiments set
in place around the world, either in operation or under construction. Whereas the
long baseline experiments T2K [11] and NOνA [12] in Japan and the USA study
the neutrino mixing through the νµ → νe and ν̄µ → ν̄e conversion using acceler-
ator neutrinos, the experiments Double Chooz in France [13], RENO in South Ko-
rea [14] and Daya Bay in China [15] probe the ν̄e → ν̄µ oscillations utilizing neutri-
nos from nuclear reactors, and the giant neutrino telescopes IceCube near the South
Pole [16] and ANTARES at the bottom of the Mediterranean sea [17] look for neu-
trinos of atmospheric and astrophysical origin. In Japan, SuperKamiokande keeps
observing solar and atmospheric neutrino oscillations to this day [18], and Borex-
ino searches for low energy solar and geo-neutrinos in Italy [19]. Currently under
construction are the next generation long baseline experiment DUNE [20], the very
large scale deep-sea telescope KM3NeT [21], and the India-based neutrino observa-
tory INO [22]. Moreover, the next generation reactor neutrino experiment JUNO [23]
is being built in China and the plan to build the HyperKamiokande detector [24] is
under consideration in Japan.

In addition to finding answers to the mass hierarchy, CP violation and θ23 oc-
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tant questions, the next generation of neutrino oscillation experiments are going
to look for hints of physics beyond the Standard Model. There is both experimen-
tal and theoretical motivation to investigate whether there are non-standard physics
influencing the neutrino oscillations. Over the last few decades, there have been sev-
eral reports of anomalies where the experimental data could not be fully explained
with the usual three neutrino oscillations. This includes the so called short base-
line anomaly, an excess of νµ → νe and ν̄µ → ν̄e events, which was first observed
in the LSND experiment [25, 26] and was recently confirmed in the MiniBooNE ex-
periment [27]. On the other hand, the existence of neutrino oscillations indicates
that there must be a mechanism that allows neutrinos to acquire mass, and this
requires elements beyond the Standard Model fields and interactions. A popular
method to explain the smallness of the neutrino masses is to employ the so called
seesaw mechanism [28–30], where the smallness of the neutrino masses is balanced
with very massive new particle fields. In neutrino oscillations, these anomalies and
neutrino mass models could mean various new physics effects, including the non-
unitarity of the neutrino mixing matrix [31], non-standard neutrino interactions [32],
and active–sterile neutrino oscillations [33].

In this thesis the focus is set on the prospects of the future long baseline neu-
trino oscillation experiments. Long baseline neutrino experiments are accelerator-
driven facilities, where intense beams of muon neutrinos and antineutrinos are set
to traverse very long distances underground. As the neutrinos propagate in a dense
medium, the oscillation to the electron flavour state is enhanced by the so called
Mikheyev-Smirnov-Wolfenstein effect [34,35], which arises from the neutrino inter-
actions with the matter. This matter effect allows the search for the experimental
conditions which are optimal for studying neutrino oscillations.

The main question of this thesis is to calculate the expected sensitivities for the
experimental configurations we have simulated in Refs. [36–38] and determine their
prospects in determining the θ23 octant. Resolving the octancy of this mixing angle
will not only significantly improve the precision on θ23 but could also provide valu-
able insight for constructing a model that explains the origin of the neutrino masses
and mixing. Furthermore, we investigate the impact of potential new physics ef-
fects on neutrino oscillations [39, 40], and discuss how the future experiments can
be used to probe the parameters of the new physics that gives rise to the small neu-
trino masses. As an example, we study the effects of the triplet Higgs bosons in the
Type II seesaw model and check their testability in the future neutrino oscillation
experiments.

This thesis is organized as follows: We begin in Chapter 2 by presenting the
theoretical framework for neutrino oscillations and derive the neutrino oscillation
probabilities in the standard three neutrino paradigm. We further discuss the topics
of neutrino oscillations in vacuum and in the presence of matter, and make a brief
detour to the status of the neutrino oscillation parameters and the questions therein.
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In Chapter 3, we consider the typical low energy effects that could arise from the
existence of neutrino masses and discuss their realization in the neutrino oscillation
framework. In this context, the common parametrization methods are presented for
the active-sterile neutrino mixing, non-unitarity of the neutrino mixing matrix and
non-standard neutrino interactions. In Chapter 4, a brief overview is given of the
experimental configurations we simulated in Publications I – IV [36–39], and the
principles of the numerical methods used are disclosed. We discuss the main results
of Publications I – III [36–38] in Chapter 5 and of IV and V [39, 40] in Chapter 6.
Finally, we summarize the findings of this thesis and the future outlook in Chapter 7.

4



Chapter 2

Theory of neutrino oscillations

The concept of neutrino oscillations boils down to the mass of the neutrinos. Neu-
trino oscillations are made possible by the fact that the neutrinos are mixed when
they get their masses, and each neutrino flavour state is in fact a superposition of the
various mass eigenstates. The propagation of the neutrinos is well understood in the
mass eigenstate basis, but since neutrinos can only be studied by their interactions,
which are different for each flavour state, it requires the use of the flavour eigen-
states to properly model the neutrino oscillations between a source and a detector.
In this Chapter, we discuss the theory of neutrino oscillations and derive the neu-
trino oscillation probabilities in both vacuum and matter. We start in Section 2.1 by
discussing the neutrino propagation in vacuum and continue in Section 2.2 by intro-
ducing the concept of matter effects to the oscillation probabilities. In Section 2.3 we
revisit the status of the neutrino oscillation parameters and list the open questions
therein.

2.1 Neutrino mixing and oscillations in vacuum

Each of the neutrino flavour states is a superposition of the neutrino mass eigen-
states. The flavour basis and the mass basis are related through a unitary transfor-
mation [1]:

|νl〉 =
∑

k

Ulk|νk〉, (2.1)

where l stands for the flavour and k for mass eigenstates. In a similar manner, the
relation between the antineutrino flavour and mass states is given by

|ν̄l′〉 =
∑

k

U †l′k|ν̄k〉, (2.2)

where l’ stands for another lepton flavour.
In the case of the three-neutrino oscillations, there are three flavour eigenstates

(νe, νµ, ντ ) and three mass eigenstates (ν1, ν2, ν3), which are related by a unitary 3×3
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matrix: 

|νe〉
|νµ〉
|ντ 〉


 =




Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3





|ν1〉
|ν2〉
|ν3〉


 . (2.3)

The matrix U is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix [41]. It can be parametrized in terms of three mixing angles θ12, θ13 and θ23, and
a phase δCP:

U =




1 0 0

0 c23 s23

0 −s23 c23






c13 0 s13e
−iδCP

0 1 0

−s13e
iδCP 0 c13






c12 s12 0

−s12 c12 0

0 0 1


 , (2.4)

where sij = sin θij and cij = cos θij for i, j = 1, 2, 3. The phase δCP is called the
Dirac CP phase. In a general case, there are two other phases, called the Majorana
phases [42–44], but they are irrelevant for the oscillation phenomena and are not
presented here.

The three mixing angles θ12, θ13 and θ23 are often referred to as the solar, reactor
and atmospheric mixing angles, respectively, named after the origin of neutrinos in
the experiments where their values were first determined. The δCP parameter, on the
other hand, is called the CP violation parameter, as it defines the difference between
the oscillation of neutrinos and antineutrinos. The intriguing violation of CP, the
combined symmetry under the charge conjugation and parity, has been previously
observed among quarks but never among leptons.

The time evolution of the neutrino fields can be determined from the Schödinger
equation of the mass states in vacuum. For example, the mass state |νk〉with energy
Ek (k = 1, 2, 3) evolves as

i
d

d t
|νk〉 = H|νk〉 = Ek|νk〉, (2.5)

where H refers to the Hamiltonian. This equation has the solution

|νk(t)〉 = e−i Ek t|νk〉, (2.6)

which yields, together with equation (2.1), the time evolution of the flavour state
|νl〉:

|νl(t)〉 =
∑

k

Ulk|νk〉 =
∑

k

Ulke
−iEkt|νk〉, (2.7)

where l = e, µ, τ .
In this work we are interested in the neutrino oscillations probed in the long

baseline neutrino experiments. In these experiments, neutrinos traverse the dis-
tances of the order of L ∼ O(1000 km) at energies of the order of E ∼ O(1 GeV).
At such high energies, the neutrinos are relativistic and their masses are negligible
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with respect to their momenta (mk � pk) and they traverse nearly at the speed of
light (implying t ' L). One may therefore use the following approximation for the
energies:

Ek =
√
p2
k +m2

k ' pk +
m2
k

2pk
. (2.8)

Equation (2.8) suggests the following expression for the energy difference between
the two mass states mj and mk:

Ej − Ek '
∆m2

jk

2E
, (2.9)

where Ej , Ek ' E + O
(
∆m2

jk/E
)

and ∆m2
jk = m2

j − m2
k is the aforementioned

square-mass difference.

The probability of a neutrino in the flavour state νl to oscillate into the flavour
state νl′ is obtained from equations (2.7) and (2.9):

Pνl→νl′ = |〈νl′(t)|νl(t)〉|2

= |(
∑

j

U∗l′k〈νk|ei Ekk)(
∑

j

Ulj e
−i Ejt|νj〉)|2

=
∑

j,k

U∗ljUl′jUlkU
∗
l′ke
−iL∆m2

jk/2E.

(2.10)

This expression can be simplified further into the following form:

Pνl→νl′ = δll′ −
∑

j,k;j>k

[
4 sin2 ∆kj ReW jk

ll′ − 2 sin 2∆kj ImW jk
ll′

]
, (2.11)

where W jk
ll′ = U∗ljUl′jUlkU

∗
l′k and ∆kj = ∆m2

kjL/4E.

In a neutrino oscillation experiment, one is usually restricted to studying the
oscillation between two neutrino flavour states. In accelerator-based experiments,
for instance, the measured probabilities are mainly related to the channels νµ → νe
and νµ → νµ , where the first is often called as the conversion or disappearance
probability and the latter as the survival or appearance probability. It is evident from
equation (2.11) that the conversion probability peaks when either sin2 ∆kj or sin 2∆kj

acquires its maximum value, meaning that the sensitivity of a neutrino oscillation
experiment is largely dependent on the value of the ∆kj parameter.

In the special case of two-neutrino oscillations, the analytical form of the os-
cillation probability in equation (2.11) can be simplified into one that depends on
one mixing angle θ and one square-mass difference ∆m2, in addition to the neutrino
energy E and the traversed distance L. In this limit, the conversion probability is
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given as

Pνl→νl′ ' sin2 2θ sin2

(
∆m2 L

4E

)
, (2.12)

where l 6= l′. Conversely, the survival probability Pνl→νl can be obtained as a com-
plement of the conversion probability, i.e. Pνl→νl ' 1− Pνl→νl′ .

2.2 The MSW effect and oscillations in matter

When neutrinos traverse through a dense matter medium, such as the interior of
the Sun, neutrinos interact with the particles in that medium by exchanging W±

and Z0 bosons. The coherent forward scattering of the neutrinos off the protons,
electrons and neutrons of the medium can alter the neutrino oscillation probabilities
substantially and change the propagation of neutrinos in dense environments such
as the Sun, the Earth and the developing supernovae [45–48]. This is the so called
Mikheyev-Smirnov-Wolfenstein effect (the MSW effect) [34, 35].

The matter may influence the neutrino propagation via the charged current
(CC) and neutral current (NC) interactions, as it is illustrated in Figure (2.1). Whereas
the CC interactions can only involve electron neutrinos, the NC interactions affect
all three neutrino flavours the same way. This means that the matter effects have
different contribution to the propagation of electron neutrinos from what they have
on the propagation of muon or tau neutrinos. The MSW effect changes the effective
masses of neutrinos due to the potential energy associated with the interactions of
neutrinos with the particles in the matter.

In a given neutrino oscillation experiment one is mainly interested in the oscil-
lation between two neutrino flavour states, e.g. νµ ↔ νe, which dominates over the
other oscillation channels. In the two-neutrino oscillations, the effective square-mass
difference ∆m2

m, which defines the oscillation frequency in matter, is given by [1]:

∆m2
m =

√
(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2, (2.13)

where A = ±2
√

2GFNeE/∆m
2, GF is the Fermi coupling constant, Ne the electron

number density, E the neutrino energy, and ∆m2 the square-mass difference in vac-
uum. The sign of the parameter A is set to be positive for neutrinos and negative for
antineutrinos.

The matter effects also alter the mixing angle θ:

sin2 2θm =
∆m2

∆m2
m

sin2 2θ, (2.14)

where ∆m2
m is given by equation (2.13), and θm is the effective mixing angle in the

matter.
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νe e−

e− νe

W−

X X

να να

Z0

FIGURE 2.1 The Feynman diagrams of the charged current (left) and neutral current
(right) processes that contribute to the neutrino–matter interactions. Here, να stands
for νe, νµ, ντ , and X for p+, n0, e−.

With the effective mixing angle and square-mass difference taken into account,
the neutrino oscillation probability can be written in the form

Pνµ→νe ' sin2 2θm sin2

(
∆m2

m L

4E

)
, (2.15)

which is analogous to the vacuum probability we defined in equation (2.12).
One notable consequence of the matter effects is so called MSW resonance [35,

49, 50]. The conversion probability in equation (2.15) exhibits resonant behaviour
when the effective square-mass difference ∆m2

m in equation (2.13) approaches zero.
The resonance takes place when A → ∆m2 cos 2θ, which prompts the effective mix-
ing angle θm in equation (2.14) and therefore also the oscillation probability in equa-
tion (2.15) to increase rapidly. The matter effects may therefore significantly enhance
the oscillation probabilities when the neutrino energy E and baseline length L meet
the resonance condition A = ∆m2 cos 2θ.

In the case of the three-neutrino oscillations, the probability becomes more
cumbersome to express in terms of analytical functions. At L ' 1300 km, for in-
stance, the probability for the νµ → νe conversion is given by [51]:

Pνµ→νe ' sin2 θ23 sin2 2θ13
sin2 (∆31 − aL)

(∆31 − aL)2 ∆2
31

+ sin 2θ23 sin 2θ13 sin 2θ12
sin (∆31 − aL)

(∆31 − aL)
∆31

sin (aL)

(aL)
∆21 cos (∆31 + δCP)

+ cos2 θ23 sin2 2θ12
sin2 (aL)

(aL)2 ∆2
21,

(2.16)
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where ∆kj = ∆m2
kjL/4E, a = GFNe/

√
2 and θ13 � 1.

In a more accurate treatment of the three-neutrino oscillations, the oscillation
probabilities are calculated by using the effective Hamiltonian H :

Pνl→νl′ =
∣∣〈νl′|e−iHt|νl〉

∣∣2 . (2.17)

When the neutrinos are subjected to the matter effects, the Hamiltonian acquires the
matter potential term 2EV and is given by:

H =
1

2E


U




0 0 0

0 ∆m2
21 0

0 0 ∆m2
31


U † + 2EV


 , (2.18)

where U is the PMNS matrix, E is the neutrino energy and V is a 3×3 matrix which
contains the matter potential energies VCC and VNC, associated with the CC and NC
interactions, respectively:

V =




VCC + VNC 0 0

0 VNC 0

0 0 VNC


 , (2.19)

where VCC =
√

2GF Ne and VNC = −GF Ne/
√

2.
In the standard three-neutrino oscillation case, the diagonal entries VNC can be

subtracted from equation (2.19) as they will appear as an overall phase in the transi-
tion amplitude and therefore do not affect the oscillation probabilities. Hence, in the
case of the three standard neutrinos the oscillations in matter are only influenced by
the CC potential VCC, whereas the NC potential VNC has no effect. Note, however,
that in the presence of sterile neutrinos, which do not interact with the matter at all,
the NC potential does have an effect as it makes the difference between the active
and sterile flavours.

2.3 Status of the neutrino oscillation parameters

Since the neutrinos were first discovered by C. Cowan and F. Reines in 1956 [52], the
knowledge on neutrino physics has improved significantly as the various neutrino
experiments have studied neutrinos originating in the Sun, the atmosphere, nuclear
reactors and particle accelerators (see e.g. Ref. [53] for a complete review). On the
one hand, the mixing angle θ12 and the square-mass difference ∆m2

21 were success-
fully determined in the various solar neutrino experiments (incl. Homestake [54],
Kamiokande [55], GNO [56] and SAGE [57]), where the flux of the neutrinos born
in the Sun were measured and compared with the predictions of the standard solar
model. In a similar manner, the neutrino oscillation parameters θ23 and ∆m2

32 have
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TABLE 2.1 The experimental best-fit values and standard deviations for the standard
neutrino oscillation parameters. These values are shown for both mass hierarchies and
are taken from a recent global analysis [64]. Note that ∆m2

3l stands for ∆m2
31 in normal

hierarchy (NH) and ∆m2
32 in inverted hierarchy (IH).

Parameter Central value ± error (NH) Central value ± error (IH)

sin2 θ12 0.320+0.020
−0.016 0.320+0.020

−0.016

sin2 θ13 0.02160+0.00083
−0.00069 0.02220+0.00074

−0.00076

sin2 θ23 0.547+0.020
−0.030 0.551+0.018

−0.030

δCP (◦) 237.6+37.8
−27.0 280.8+23.4

−27.0

∆m2
21 (10−5 eV2) 7.55+0.20

−0.16 7.55+0.20
−0.16

∆m2
3l (10−3 eV2) 2.50+0.03

−0.03 -2.42+0.04
−0.03

been determined in the atmospheric neutrino experiments (SuperKamiokande [58],
ANTARES [59] and IceCube [60]), where the muon neutrinos born in the Earth’s
atmosphere from cosmic ray interactions were observed. More recently, the reac-
tor mixing angle θ13 has been measured in the reactor neutrino experiments (Daya
Bay [61], RENO [62] and Double Chooz [63]), where neutrino oscillations have been
studied using the neutrinos from nuclear reactors.

The recent years of neutrino oscillation studies have brought the determina-
tion of the oscillation parameters to an era of high precision measurements. The
solar, atmospheric and reactor mixing angles and the solar and atmospheric square-
mass differences have been determined with an unprecedented precision in a host
of neutrino oscillation experiments of various types [9, 64, 65]. The only remaining
questions concerning the neutrino oscillation parameters are the relative order of
the neutrino masses m1, m2 and m3, the value of the CP violation parameter δCP and
the octant of the atmospheric mixing angle θ23. The results of the recent experiments
are summarized in Table 2.1.

2.3.1 The order of neutrino masses

Just as each neutrino flavour is a superposition of the three mass states, it can be said
that each mass state is a mixture of the three flavour states. The first neutrino mass,
m1, is defined by convention as the mass that has the largest electron flavour com-
ponent, and the second neutrino mass m2 is the one that follows it, i.e. m1 < m2. Ac-
cording to the neutrino oscillation experiments, the square-mass differences ∆m2

sol

and ∆m2
atm have the values of the order of 10−5eV2 and 10−3eV2, respectively, which

implies that the third neutrino mass, m3, is either much larger or much smaller than
the other two masses (see Figure 2.2).
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Normal Hierarchy

ν3m2
3

ν2m2
2

ν1m2
1

m2

∆m2
sol

∆m2
atm

Inverted Hierarchy

ν3m2
3

ν2m2
2

ν1m2
1

m2

ντ
νµ
νe

∆m2
sol

∆m2
atm

FIGURE 2.2 An illustrative chart of the ordering and flavour compositions of the
neutrino masses m1, m2 and m3 , arranged according to their hierarchy. In the nor-
mal hierarchy, the masses are ordered as m1 < m2 � m3 , whereas in the inverted
hierarchy the ordering is m3 � m1 < m2. The image is not drawn to the exact scale.

What remains unsolved is whether the correct mass ordering ism1 < m2 � m3

or m3 � m1 < m2. It is said that if m3 is much larger than m1 and m2, that is,
if ∆m2

31 = m2
3 − m2

1 > 0, the neutrino masses follow the normal hierarchy (NH).
Conversely, if m3 is much smaller than m1 and m2, or ∆m2

31 < 0, the masses are said
to follow the inverted hierarchy (IH). At the moment there is no decisive evidence
of whether the hierarchy is normal or inverted, though there is a mild preference
for the hierarchy being NH [64]. This is the so called neutrino mass hierarchy or
ordering problem.

The mass hierarchy can be probed in neutrino oscillation experiments, but it is
made challenging by the fact that the neutrino oscillation probabilities are typically
independent of the sign of the dominating square-mass difference, as is seen e.g.
from equations (2.12) and (2.15). The determination of the mass hierarchy requires
very high precision, and it is the main experimental goal of the next generation
experiment JUNO, for example, which seeks to determine the mass hierarchy by at
least a 3σ confidence level [23].

2.3.2 The search for CP violation

Another important issue to study in neutrino oscillation experiments is whether
the neutrinos and antineutrinos interact with other particles in the same way. Weak
interactions are known to violate the charge conjugation (C) and parity (P) symme-
tries, but it is yet not known whether they violate the CP symmetry. In neutrino
oscillations, the violation of the CP symmetry leads to a difference between the os-
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cillation probabilities of neutrinos and antineutrinos. The presence of the matter
effects may also create an effect that resembles CP violation in neutrino oscillations,
which must be properly taken into account in neutrino oscillation experiments (see
e.g. [66]). In the three-neutrino oscillations, the amount of CP violation is effectively
controlled by the Dirac CP phase parameter δCP, which may be either CP conserving,
sin δCP = 0, or CP violating, sin δCP 6= 0.

The question of CP violation is important, as it is believed that a sufficient CP
violation among neutrinos could explain, through the so called leptogenesis mech-
anism [7], why there is so little antimatter in the universe. The latter is the so called
baryon asymmetry problem [1], which has turned out to be impossible to explain in
terms of the CP violation taking place in the quark sector [67].

Finding the answer to the CP violation question requires experimental data
from both neutrino and antineutrino oscillations. There are experiments that can
probe both oscillation modes, as is the case in the accelerator-based experiments
like T2K and NOνA. So far there is very little knowledge of the true value of the
δCP parameter, though a mild hint of it being δCP ∼ 270◦ (see Table 2.1) has been
provided by T2K [68].

Finding an evidence of CP violation will be one of the main goals of the next
generation long baseline experiment DUNE, which is predicted to attain a 3σ con-
fidence level for the majority of the available δCP values after seven years of run-
ning [51].

2.3.3 The problem of θ23 octant

The third, and often overlooked, open question in the neutrino oscillation physics
pertains to the true value of the atmospheric mixing angle θ23 [8]. At 3σ confidence
level, the measured value of the mixing angle θ23 has a significantly higher uncer-
tainty and dependence on the mass hierarchy than the solar and reactor mixing an-
gles [64]. More importantly, it is unclear whether the true value of θ23 lies in the high
octant, θ23 > 45◦, or the low octant, θ23 < 45◦. It could also be that the atmospheric
mixing angle corresponds to the maximal mixing, i.e. sin2 2θ23 = 1.

The difficulty to pinpoint the true value of the atmospheric mixing angle θ23

accurately derives from the probability of the νµ → νµ oscillations, which plays a
significant role in the measuring of the muon neutrino deficit in atmospheric neu-
trino experiments. In the two-neutrino approximation, the survival probability can
be written as

Pνµ→νµ ' 1− sin2 2θ23 sin2

(
∆m2

32L

4Eν

)
. (2.20)

The leading θ23–dependent term in the survival probability in equation (2.20) is sym-
metric with respect to the maximal mixing value θ23 = 45◦, meaning that the values
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in the both octants can yield similar probabilities:

Pνµ→νµ(90◦ − θ23) = Pνµ→νµ(θ23). (2.21)

The problem of the θ23 deters the precise determination of the θ23 mixing angle,
and exacerbate the challenge of discovering the mass hierarchy and CP violation, as
the three oscillation parameters are often severely entangled. Determination of the
θ23 octant will therefore not only improve the θ23 value estimate significantly, but it
will also likely improve the precision of the other unknown oscillation parameters.
Furthermore, the knowledge of whether θ23 resides in the high or low octant or
corresponds to the maximal mixing could also hint of a potential flavour symmetry
in the neutrino mixing matrix U [69].

The determination of the θ23 octant in the next generation long baseline neu-
trino experiments is the main research question of this thesis, and it is studied in
Publications I–III. The results of these publications are covered in Chapter 5.
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Chapter 3

Low energy effects of the neutrino
mass

The discovery of neutrino oscillations established that neutrinos have mass, which
is in contrast to the Standard Model (SM) premise. Not only that, but the cosmolog-
ical surveys and beta decay experiments have also shown that the neutrino masses
must be tiny in comparison with those of the other particles. The models that ac-
commodate the neutrino masses often introduce new particle fields or symmetries,
with implications on many of the SM observables that can be tested, such as the
masses of the intermediate vector bosons W± and Z0. Some of these models indicate
considerable effects on the neutrino oscillation probabilities, which could make it
possible to study them in the future neutrino oscillation experiments.

In this Chapter, we discuss the potential low energy effects arising from the
existence of the neutrino masses, from active–sterile neutrino oscillations to non-
standard neutrino interactions, and evaluate their impact on the neutrino oscillation
probabilities. We begin in Section 3.1 by describing the role of the neutrinos in the
SM and explain why the neutrinos cannot gain the mass with the SM–Higgs field
the same way as the other known particles do. In Section 3.2, we describe the most
popular mechanism to generate and explain the lightness of the neutrino masses,
the so called seesaw mechanism, and discuss its potential effects on neutrino os-
cillations. We conclude the Chapter in Section 3.3 by presenting some of the most
popular methods to parametrize the implications of these mass models.

3.1 The origin of neutrino mass

The Standard Model of particle physics is a gauge quantum field theory which de-
scribes the properties and interactions of the elementary particles. The SM charac-
terizes the elementary particles in the three generations of quarks (up u and down d,
charm c and strange s, and top t and bottom b), three generations of leptons (electron
e, muon µ, tau τ , and the corresponding neutrinos νe , νµ and ντ ), three types of force
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carriers (photon γ, gluon g, and the weak bosons W± and Z0), and the Higgs boson
H. Whereas the quarks and leptons are spin–1

2
fermions which constitute all of the

known matter, the force carriers γ, g, and W±, Z0 are spin–1 bosons which mediate
the electromagnetic, strong and weak interactions, respectively. The Higgs boson,
on the other hand, is a spin–0 particle, and it enables the quarks, charged leptons
and the weak bosons to have mass.

The SM is based on the gauge symmetry group SU(3)C×SU(2)L×U(1)Y, where
L stands for the left-handedness and Y for the hyper charge. The theory of weak and
electromagnetic interactions is described in the so called electroweak theory, which
is based on the SU(2)L×U(1)Y symmetry group. The SM Higgs mechanism breaks
spontaneously the SU(2)L×U(1)Y symmetry into U(1)EM , separating the weak and
electromagnetic forces and giving rise to the massive weak bosons W± and Z0 and
the massless photon γ. The Higgs mechanism also gives masses to the electrically
charged fermions, which all have both left and right-handed chiral components.

In the SM, neutrinos are electrically chargeless particles that consist of only
left-handed chiral fields and have only weak interactions. Because of the absence of
the right-handed fields, neutrinos cannot gain the mass from the same mechanism as
the other fermions, and hence the SM neutrinos are massless particles in the original
SM theory.

If one introduces also the right-handed neutrino fields, the neutrino mass could
be generated via the SM Higgs mechanism through the Yukawa coupling

Lν = −Yαβ LαL φ̃ νβR + h.c. (3.1)

where Yαβ is the Yukawa coupling constant (α, β = e, µ, τ ), LL is the SU(2)L dou-
blet containing the left-handed neutrino and charged lepton fields, νR is the right-
handed neutrino field, φ̃ = iσ2φ

∗ is the SU(2) conjugate of the SM Higgs doublet φ.
The Lagrangian in equation (3.1) would give rise to the Dirac mass of the neutrino
fields.

The first problem with generating the neutrino masses from the SM Higgs
mechanism and equation (3.1) comes from the observation that the individual neu-
trino masses are very tiny. Neutrino masses have been probed in several cosmolog-
ical surveys and tritium beta decay experiments [70, 71], establishing upper bounds
for the neutrino masses, e.g.

∑
mν . 0.12 eV, which is only a fraction of that of

the lightest elementary particle, the electron. The smallness of the neutrino masses
therefore makes it unlikely that neutrinos could have acquired their masses from
the SM Higgs mechanism as it would require extremely weak Yukawa couplings.
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3.2 The seesaw mechanism

An alternative to the Dirac mass arising from the Yukawa coupling would be the
so called Majorana mass, where the right-handed chiral components of neutrino
fields are conceived from the left-handed fields νL via the charge conjugation (νR =

(νL)C) by making neutrinos their own antiparticles. This type of a particle is called
a Majorana particle. There are multiple ways to construct a theory where neutrinos
are Majorana particles and have at the same time naturally small masses, and many
of them involve the so called seesaw mechanism [28–30].

The seesaw mechanism tackles the problem of the small neutrino masses by
introducing an entirely new particle field, which is not described in the SM, and
entails a mass much larger than the electroweak scale 246 GeV. In the seesaw mech-
anism, the tiny neutrino masses result naturally from the tree-level exchange of the
heavy particle, which may be either a fermion or a scalar boson. Whereas a singlet
fermion gives rise to the so called Type I version of the seesaw mechanism, a scalar
triplet results in the Type II and a fermionic triplet in the Type III realization of the
seesaw mechanism. The tree-level Feynman diagrams of these three versions of the
seesaw mechanism are presented in Figure 3.1.

The phenomenological consequences of the heavy fields of the seesaw mech-
anism can be analyzed at the low energies with the so called effective field the-
ory approach, where the SM Lagrangian LSM is augmented with a chain of non-
renormalizable higher dimension operators [72, 73]:

Leff = LSM + δLd=5 + δLd=6 + . . . , (3.2)

where δLd=5, δLd=6, . . . are operators of dimensions 5, 6 etc. These operators are
invariant under the SM gauge group and consist of the SM fields, weighted by the
inverse of the mass of the new heavy fields.

For the seesaw mechanism, there is only one way to write the dimension d = 5

operator:

δLd=5 =
1

2
cd=5
αβ

(
L

C

αLφ̃
∗
)(

φ̃†LβL

)
+ h.c. (3.3)

where the coefficients cd=5
αβ are inversely proportional to the mass of the heavy fields

NR,∆ or ΣR (see Figure 3.1).
Upon the electroweak symmetry breaking, the neutrinos acquire the Majorana

masses from the following mass matrix:

mν = −v
2

2
cd=5, (3.4)

where v/
√

2 ' 174 GeV is the vacuum expectation value of the SM Higgs field φ.
The neutrino masses, obtained by diagonalizing the matrix in equation (3.4), are
naturally light, as the cd=5

αβ coefficients are inversely proportional to the mass of the
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FIGURE 3.1 The tree-level Feynman diagrams for the mass-generating processes in
the (a) Type I, (b) Type II, and (c) Type III realizations of the seesaw mechanism. Whilst
Type I generates the neutrino masses from a fermionic singletNR, Type II attains them
with a scalar triplet ∆ and Type III with a fermionic triplet ΣR.

heavy particle field, cd=5
αβ ∼ 1

M
.

The seesaw mechanism is involved in a large number of neutrino mass models,
either at the tree-level or as some kind of a derivative, as is the case with the radiative
neutrino mass models [74], where the seesaw mechanism is realized at the loop
level. The seesaw mechanism emerges naturally in the left-right symmetric models,
such as the Pati-Salam theory [75–80] for example, and it is one of the most popular
method to incorporate the small neutrino masses.

In this thesis, we are interested in the low energy effects of the seesaw mecha-
nism and their implications in the neutrino oscillations. We discuss the details of the
Type I models in Section 3.2.1 and of the Type II models in Section 3.2.2, respectively.

3.2.1 Type I: Fermionic singlets

In the Type I version of the seesaw mechanism, the neutrino masses are explained
by the presence of neutral heavy fermions, which are singlets under the electroweak
symmetry group SU(2)L×U(1)Y. This is easily achieved by adding the right-handed
neutrino fields to the SM particle content, as they are already allowed by the SM
symmetry group. This realization of the seesaw mechanism is often called as the
economic or the minimal seesaw model.

The Type I seesaw model is based on the following Lagrangian terms:

L = −Y `
αβLαLφ`βR − Y N

αβLαLφ̃νβR −
1

2
MN

αβναR (νβR)C + h.c. (3.5)

where α, β = e, µ, τ , φ is the Higgs doublet, φ̃ = iσ2φ
∗, LT

α = (να, `α), Y `
αβ and Y N

αβ

are the Majorana mass terms of the right-handed neutrinos. As a result of the spon-
taneous breaking of the SU(2)L×U(1)Y gauge symmetry, this yields the following

18



mass Lagrangian for neutrinos:

Lm = −νL
v Y N

√
2
νR −

1

2
νRM

N(νR)C + h.c. (3.6)

where νT
L = (νeL, νµL, ντL), νT

R = (νeR, νµR, ντR), Y N is the 3×3 Yukawa matrix and
MN is the 3×3 Majorana mass matrix.

The diagonalization of the Lagrangian in equation (3.6) results in three light
Majorana neutrinos (ν1, ν2, ν3) with a mass of the order

mν ∼
v2

M
, (3.7)

where M is the scale of the elements of the Majorana mass matrix MN . The mass M
is assumed to be much larger than the symmetry breaking scale v, which explains
the lightness of the neutrinos compared with the charged leptons and quarks.

In addition to the three light Majorana neutrinos, there exist three heavy Ma-
jorana neutrinos (N1, N2, N3) in this model, with masses of the order of M .

Given that v ∼ O(100 GeV), and assuming the light neutrino masses to be
mν . O(1 eV), the mass scale of the heavy neutrinos is to be M & O(1013 GeV). The
heavy neutrinos will thus play no role in the low energy phenomena.

In neutrino oscillation experiments, the right-handed neutrinos of the Type I
seesaw models are relevant as they may give rise to the non-unitarity of the 3×3
mixing matrix U , which describes the mixing among the light neutrinos. The non-
unitarity arises through the higher dimensional operators in the Lagrangian expan-
sion (3.3), particularly in the dimension–6 operator [73], which could also have no-
table effects on the other electroweak observables, for example on the determination
of the value of the Fermi coupling constant GF through the muon decay rate.

The the non-unitarity of the mixing matrix U and its constraints from the elec-
troweak and neutrino oscillation experiments are studied in e.g. Refs. [81, 82]. The
effect of the non-unitarity in the determination of the θ23 octant is studied in the
long baseline neutrino experiment DUNE in Publication III of this thesis. The main
results of the publication are presented in Chapter 5.

3.2.2 Type II: Scalar triplets

The Type II version of the seesaw mechanism generates the small neutrino masses
by adding a new type of Higgs bosons into the SM particle content. This is done by
including the set of scalar fields ∆ = (∆0,∆+,∆++), which has hypercharge Y = 2
and transforms as a triplet under the SU(2)L gauge group. The neutrinos νe, νµ and
ντ then gain their masses from the vacuum expectation value of the triplet Higgs as
Majorana masses.
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(a) Neutrino-Higgs inter-
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Majorana mass term)
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∆
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(c) Four-lepton NSI
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∆+

(d) SM Higgs self-coupling

FIGURE 3.2 The tree-level Feynman diagrams for the interactions of the scalar triplet
∆ in the Type II seesaw mechanism. The triplet fields interact with the neutrinos ν,
leptons `, and the SM Higgs scalar φ. The diagrams correspond to the processes re-
sponsible for the (a) Majorana mass term, (b) non-standard neutrino interactions in
matter, (c) non-standard four-lepton interactions, and (d) SM Higgs self-coupling.

The interactions of the triplet ∆ = (∆1,∆2,∆3) ∼ (3, 2) are defined by the
Lagrangian [83]

L∆ = Yαβ L
T
αLC iσ2 ∆LβL + λφ φ

T iσ2 ∆†φ+ h.c., (3.8)

where Yαβ (α, β = e, µ, τ ) are the Yukawa coupling constants, λφ is a dimensionful
coupling constant, C is the charge conjugation operator, and the triplet ∆ is pre-
sented in the 2× 2 matrix form as

∆ =
1√
2
σi∆i =




∆+√
2

∆++

∆0 −∆+√
2


 , (3.9)

where σi is the Pauli matrix for i = 1, 2, 3. The tree-level interactions of the leptons
and the scalar triplet ∆ are presented in Figure 3.2. Note that the triplet scalar ∆

does not couple with quarks.

Upon the electroweak symmetry breaking, the neutrino masses are generated
at the tree-level through the coupling presented in Figure 3.2a, which leads to an
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effective dimension–5 operator LLφφ and yields a Majorana mass [73]

(mν)αβ = −2Yαβ v
2 λφ
M2

∆

, (3.10)

where v/
√

2 ' 174 GeV is the vacuum expectation value of the SM Higgs field φ and
M∆ is the mass of the triplet ∆.

In addition to the neutrino masses, the scalar triplet ∆ also influences various
electroweak parameters, some of which can be measured to a great precision. An
example of these parameters is the mass of the weak boson W±, which gets a shift
from the dimension–6 operators as follows [73]:

δM2
W = − M2

W

2M2
W −M2

Z

(
|λφ|2
M4

∆

M2
W

GF

√
2
− M2

W −M2
Z√

2GFM2
∆

YeµY
†
eµ

)
, (3.11)

where MW is the SM prediction for the W± mass, λφ is the dimensionful strength
of the trilinear ∆φφ coupling, Yeµ is the Yukawa coupling constant, and δMW is the
correction to the W± mass induced by the scalar triplet ∆. In this scheme, MZ and
GF are the experimental values of the renormalized Z0 mass and the Fermi coupling
constant. Comparing the SM prediction MW ' (80.47887±0.0515) GeV and the ex-
perimentally measured value, it has been shown that the parameters λφ and M2

∆ can
be constrained to |λφ| /M2

∆ < 8.7×10−2 TeV−1 [73].

The other notable signatures of the scalar triplet are the possibility of the lepton
flavour violating (LFV) processes, e.g. the µ− → e−e+e− decay, and the so called non-
standard neutrino interactions (NSI) that affect neutrino oscillations in matter (see
Figure 3.2).

The effects of the triplet Higgs bosons are investigated in neutrino oscillations
as well as in the LFV processes in Publication V. The main results of the publication
are discussed in Chapter 6.

3.3 Parametrizing new physics at low energies

Many of the new physics signatures that emerge from the various SM extensions
have also implications at the GeV energy scale, where they can affect neutrino os-
cillations. In this Section, we discuss the parametrization methods that can be used
to study these new physics effects in long baseline neutrino experiments. Whereas
Section 3.3.1 concerns the active–sterile neutrino mixing, the non-unitarity of the
neutrino mixing matrix is discussed in Section 3.3.2, and the non-standard neutrino
interactions in Section 3.3.3.
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3.3.1 Active–sterile neutrino mixing

The possibility that the active neutrinos νe, νµ and ντ could mix with the sterile neu-
trinos, resulting in a new neutrino mass state with a mass in themsterile ∼ O(eV) scale
and predominantly sterile in its interactions, has been a subject of active discussion
in neutrino physics already for a long time. Though the eV–scale sterile neutrinos
are too light to be consistent with the Type I seesaw mechanism in its simplest form,
there have been several observations of anomalous neutrino oscillation in the so-
lar, reactor and short baseline neutrino data, where the experimental data could not
be thoroughly explained with the three-neutrino oscillations, but seem to indicate
the existence of a fourth, relatively light neutrino species. A well-known example of
these anomalies is the anomaly seen in the short baseline LSND experiment [25, 26]
(see Figure 3.3), where the 3.8σ CL excess of the electron-like events in ν̄µ → ν̄e
oscillations has been interpreted as a potential signal of active–sterile neutrino oscil-
lations with ∆m2

41 = m2
4−m2

1 ∼ O(eV2), wherem4 is the mass of the new mass eigen-
state arising from the active–sterile mixing (see Figure 3.4). This excess was recently
confirmed in the MiniBooNE experiment [27] with a similar excess in the νµ → νe
channel, building up a combined 6.1 σ CL significance. There have been similar re-
ports of anomalous patterns in the reactor neutrino experiments like Daya Bay and
Double Chooz [84], however, it has been recently disputed whether the observed
excess is indeed a hint of a light, predominantly sterile neutrino (see Ref. [85] for a
detailed review). It will be investigated in the presently running MicroBooNE exper-
iment [86] whether the excess in MiniBooNE is due to the electrons or photons, and
in the upcoming SBND experiment [87] whether it is due to active–sterile oscilla-
tions in the ∆m2

sterile ∼ eV2 regime. The reactor neutrino anomaly, on the other hand,
will be cross-checked in the PROSPECT experiment [88], which recently started tak-
ing data.

If the active–sterile neutrino oscillations are confirmed in the mass regime
where ∆m2

41 ' 0.1.....10 eV2, it could also affect the neutrino oscillations studied
in the long baseline neutrino experiments.

Perhaps the most commonly used method to parametrize the active–sterile
neutrino oscillations is to use the so called Okubo notation [90], which is also used
to construct the CKM matrix for the quark mixing and the PMNS for the three-
neutrino oscillations. For example, in the so called 3+1 model, where a single sterile
neutrino mixes with the three active neutrinos, the full neutrino mixing matrix is a
4×4 unitary matrix that comprises of six discreet rotations:

U = R̃(θ34)R(θ24) R̃(θ14)R(θ23) R̃(θ13)R(θ12), (3.12)

where the rotation matrices R(θ12), R̃(θ13) and R(θ23) are the usual solar, reactor and
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FIGURE 3.3 The observed beam excess in the LSND experiment, indicating the pos-
sible ν̄µ → ν̄e appearance. The black dots corresponds to the measured data points,
whereas the red and green histograms illustrate the experimental background. The
blue histogram presents an example of what a ν̄µ → ν̄e signal could look like in the
case of ∆m2 ' 1 eV2. This image is taken from Ref. [89].

atmospheric matrices of the PMNS matrix, but embedded in 4×4 matrices, e.g.

R(θ12) =




c12 s12 0 0

−s12 c12 0 0

0 0 1 0

0 0 0 1


 . (3.13)

The rotation matrices R̃(θ13) and R(θ23) are defined in a similar manner. The active–
sterile neutrino mixing is brought upon with the three new rotation matrices, of
which R̃(θ14) and R̃(θ34) are complex and R(θ24) is not. For example, R̃(θ14) is given
by:

R̃(θ14) =




c14 0 0 e−iφ14s14

0 1 0 0

0 0 1 0

−eiφ14s14 0 0 c14


 , (3.14)

where c14 = cos θ14 and s14 = sin θ14, and φ14 is a new CP phase parameter. The other
oscillation parameters related to the sterile neutrino are θ24, θ34 and φ34. One can
easily obtain the standard three-neutrino oscillation scheme from equations (3.12)–
(3.14) when the parameters associated with the sterile neutrino are set to zero, i.e.
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FIGURE 3.4 An illustrative chart of the neutrino masses and their compositions in
presence of a sterile neutrino. The mixing between the active neutrinos νe, νµ, ντ and
the sterile neutrino νs is typically small due to the relatively large value of ∆m2

sterile.
The image is not drawn to the exact scale.

when θ14 = θ24 = θ34 = 0.
In the 3+1 model, the probability for the neutrino of flavour l = e, µ, τ oscillat-

ing into a neutrino of flavour l′ = e, µ, τ can be written as [89]

Pνl→νl′ ' 4 |Ul4|2 |Ul′4|2 sin2

(
1.27

∆m2
41L

E

)
, (3.15)

where l 6= l′, L is the baseline length in m, E is the energy of the neutrino in MeV,
and Ul4 and Ul′4 are elements of the mixing matrix U of the equation (3.12). The
active–sterile oscillations that would match the LSND anomaly, where ∆m2

41 ' 1 eV2

can typically be studied in oscillation experiments with a short baseline, where e.g.
νµ → νe oscillations are probed with L ∼ 100 m and E . 1 GeV.

3.3.2 Non-unitarity of the mixing matrix

If the sterile neutrinos are so heavy that the active–sterile neutrino oscillations could
not develop in the neutrino oscillation experiment, the only traceable signature of
the sterile neutrinos would be the non-unitarity of the neutrino mixing matrix. This
is typically the case in the models employing the Type I seesaw mechanism, where
the sterile neutrino mass is typically close to the Grand Unification scale 1014 GeV.

The non-unitarity of the neutrino mixing matrix stems from the fact that in the
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presence of one or more sterile neutrinos, the 3×3 matrix that governs the ordinary
three-neutrino oscillations becomes a sub-matrix of the larger unitary matrix U , that
is,

U =

(
N S

T V

)
, (3.16)

where the oscillations between the three flavour states νe, νµ and ντ is dictated by
the 3×3 sub-matrix N , whereas the oscillations between the active–sterile, sterile–
active, and sterile–sterile states are defined by S, T and V , respectively [31]. The
dimensions of these matrices depend on the number of sterile neutrinos.

As usual, the propagation of the active neutrinos in matter is determined by
the effective Hamiltonian, which is now dependent on the non-unitary matrixN [91]:

H =
1

2E




0 0 0

0 ∆m2
21 0

0 0 ∆m2
31


+N †




VCC + VNC 0 0

0 VNC 0

0 0 VNC


N. (3.17)

Since the mixing matrix N is not unitary, the NC matter potential VNC can no longer
be ignored in the Hamiltonian in equation (3.17), in contrast with the ordinary three-
neutrino case.

There are multiple ways to define the non-unitary mixing matrix N . In this
work, we focus on the method presented in Ref. [92], where the non-unitarity nature
is absorbed into the triangle matrix

NNP =




α11 0 0

α21 α22 0

α31 α32 α33


 , (3.18)

where the diagonal elements α11, α22 and α33 are real and close to unity, and the
off-diagonal elements α21, α31 and α32 are complex and small compared with the
diagonal ones. It has been shown in Ref. [93] that of the off-diagonal parameters α21

has the most significant effect on the νµ ↔ νe oscillation probabilities, whereas the
parameters α31 and α32 are less significant.

The non-unitary mixing matrix controlling the active neutrino oscillations in
equation (3.17) is obtained from the PMNS matrix UPMNS and the non-unitary part
NNP as N = NNPUPMNS.

The non-unitarity part of the mixing matrixN can be defined in different ways.
In this work, we also adopt the notation that is used in Refs. [94–96]:

NNP =




1− αee 0 0

αµe 1− αµµ 0

ατe ατµ 1− αττ


 , (3.19)

where all of the parameters αll′ (l, l′ = e, µ, τ ) are small, αll′ � 1.
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When the non-standard effects related to the production and detection of the
neutrino are taken into account, the probability of the conversion νl → νl′ can be
written as follows:

Pνl→νl′ =

∣∣〈νl′ |e−iHL|νl〉
∣∣2

|〈νl|νl〉|2
=

∣∣〈νl′ |e−iHL|νl〉
∣∣2

((N †N)l l)2
. (3.20)

The denominator 〈νl|νl〉 comes from the fact that in long baseline experiments the
probability is inferred from the comparison of the neutrino rates in the far and near
detectors [94]. In the standard three-neutrino scheme the denominator 〈νl|νl〉 attains
unity, but in the case of non-unitary mixing matrix it can also be different from unity.
However, this effect is typically small and it can be safely neglected in the νl → νl′

conversion when αll � 1 (l = e, µ, τ ), or equivalently 1−αii � 1 (i =1, 2, 3). For
larger values, though, the normalization factor (N †N)l l must be taken into account.

The non-unitarity parametrizations in equations (3.18) and (3.19) can always
be related with the rotation based parametrization we have used in the case of
active–sterile neutrino mixing in Section 3.3.1. For instance, the oscillation param-
eters of the 3+1 mixing case can be related with the matrix containing the non-
unitarity part NNP as follows:

(
NNPUPMNS S

T V

)
= R̃(θ34)R(θ24) R̃(θ14)R(θ23) R̃(θ13)R(θ12), (3.21)

where S, T and V are matrices of dimensions 3×1, 1×3 and 1×1, respectively. When
one chooses the alpha parametrization shown in equation (3.18), the alpha parame-
ters can be expressed in terms of the active–sterile mixing angles θ14, θ24, θ34 and the
CP phases φ14 and φ34 as follows:

α11 = c14 α21 = s14s24e
−iφ14

α22 = c24 α31 = s14s34e
−i(φ14−φ34)

α33 = c34 α32 = s24s34e
−iφ34

(3.22)

Similar relations can be derived for also the 3+2 and 3+3 neutrino models, though
the expressions become rather complicated, and they are not presented here. See
Ref. [92] for the generalized equations.

3.3.3 Non-standard neutrino interactions

The new physics beyond the SM operative in the generation of the neutrino masses
generally contains new neutrino interactions, and it therefore influences the pro-
duction, detection and the neutrino propagation in matter. This kind of neutrino
interactions are known as the non-standard neutrino interactions (NSI) [32, 97, 98].
A good example of a particle that generates NSI effects in the neutrino propagation
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is the triplet Higgs bosons of the Type II seesaw mechanism [83], which we dis-
cussed in Section 3.2.2. These scalars couple to the left-handed neutrino fields and
the right-handed antineutrino fields, but have no couplings with the quarks. The
interactions they mediate are in general much weaker than the ordinary weak inter-
actions mediated by the W± and Z0 bosons, but may still be relevant for the neutrino
oscillations in matter, as well as for some rare processes.

When the new particles are sufficiently heavy with respect to the neutrino en-
ergies, the interaction lengths become so short that interactions can be approximated
as point-like. In such a case, it is convenient to use the effective field theory ap-
proach, where NSI are parametrized by the following CC and NC Lagrangians [99]:

LCC
NSI = −2

√
2GF ε

ff ′,C
αβ (ναLγ

µPLνβ)(fγµPCf
′),

LNC
NSI = −2

√
2GF ε

f,C
αβ (ναLγ

µPLνβ)(fγµPCf),
(3.23)

where PL and PC are the chiral projection operators (C = L, R), GF is the Fermi
coupling constant, f and f ′ stand for charged fermions (f , f ′ = e, µ, τ ), and α, β = e,
µ, τ label the neutrino flavours in the interaction. The NSI parameters εff

′,C
αβ and εf,Cαβ

are dimensionless numbers which parametrize the strength of the NSI couplings.

The CC and NC–like interactions presented in equation (3.23) are assumed to
have the V–A Lorentz structure for neutrinos, but allowing both V–A and V+A cou-
plings for the charged fermions. Whilst the CC Lagrangian LCC

NSI contributes to the
production and detection of the neutrinos, the NC Lagrangian LNC

NSI has importance
in the neutrino propagation. One can obtain one Lagrangian from the other using
the so called Fierz transformation, though, as is done in the case of the triplet inter-
actions below.

The NSI–Lagrangian for the CC interactions alters the neutrino production so
that the neutrinos are no longer produced as pure flavour states, but they also have
small components of other flavours. Similarly, the interaction that is utilized in the
detection is no longer obliged to involve only one neutrino flavour [98]:

|νsα〉 = |να〉+ εsαβ|νβ〉

〈νdβ| = 〈νβ|+ εdαβ〈να|
(3.24)

where εs and εd are the matrices that contain the NSI parameters involved in the
neutrino source and detector, respectively. The NSI parameters associated with the
source and detection are dimensionless and complex, and if the production and de-
tection methods are based on the same interaction, εdαβ = (εsαβ)∗.

The NSI–Lagrangian associated with the NC interactions modifies the neutrino

27



propagation by adding a new term to the matter potential part of the Hamiltonian:

H =
1

2E

[
Udiag(m2

1,m
2
2,m

2
3)U † + diag(Â, 0, 0) + Âεm

]
, (3.25)

where U is the PMNS matrix, Â = 2
√

2EGFNe and εm is the matrix that contains the
so called matter–NSI parameters εmαβ (α, β = e, µ, τ ):

εmαβ =
∑

f,C

εf,Cαβ
Nf

Ne

, (3.26)

where εf,Cαβ are the NSI parameters associated with the low energy NC Lagrangian
shown in equation (3.24), and Nf is the number density of the fermions of flavour f
in the medium which the neutrinos traverse.

The matrix εm that is shown in equation (3.25) is defined as

εm =




εmee εmeµ εmeτ
εm∗eµ εmµµ εmµτ
εm∗eτ εm∗µτ εmττ


 . (3.27)

Whereas the diagonal elements of the NSI matrix must be real, the non-diagonal
elements can be complex.

The probability of a neutrino oscillating from να to νβ can now be written as

Pνα→νβ =
∣∣〈νdβ|e−iHL|νsα〉

∣∣2 , (3.28)

where the initial and final states |νsα〉 and 〈νdβ| are given by equation (3.24), and the
effective Hamiltonian H by equations (3.25)–(3.26), respectively.

The NSI parameters can also be related to the parameters associated with the
active–sterile neutrino oscillations and the non-unitarity of the neutrino mixing ma-
trix, see e.g. equation (3.22). Neglecting the higher order terms of αll′ (l, l′ = e, µ,
τ ), one may write the following correspondence between the non-unitarity and NSI
parameters [94]:

εmee = −αee εmµµ = αµµ εmττ = αττ

εmeµ =
1

2
α∗µe εmeτ =

1

2
α∗τe εmµτ =

1

2
α∗τµ. (3.29)

As it is the case with the non-unitarity, the probability in long baseline neutrino
experiments is often inferred from the ratio of the neutrino rates measured in the far
and near detector, and hence it must be normalized:

Pνα→νβ =

∣∣〈νdβ|e−iHL|νsα〉
∣∣2

|〈νsα|νsα〉|2
, (3.30)
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where the normalization factor |〈νsα|νsα〉|2 arises from the CC–like NSI effects and is
close to unity. This factor can be replaced with unity when

∣∣εsββ
∣∣2 � 1.

One of the possible sources of the NSI effects are the interactions mediated
by the scalar triplet ∆ = (∆0,∆+,∆++) of the Type II seesaw mechanism, which is
described in Section 3.2.2. Beginning from the effective Lagrangian that defines the
triplet interactions (cf. equation (3.8)) relevant for neutrino oscillations, the Yukawa
couplings of ∆’s and leptons are given by the Lagrangian [83]:

LY = Yαβ

[
∆0 νCαR νβL −

1√
2

∆+
(
`CαR νβL + νCαR `βL

)
−∆++ `CαR `βL

]
+ h.c. (3.31)

where Yαβ (α, β = e, µ, τ ) are the coupling constants. In the second order of per-
turbation theory, these interactions lead to the neutrino-matter NSI, the NSI of four
charged leptons, and the Majorana mass term of the active neutrino flavours (see
Figure 3.2 for the tree-level Feynman diagrams).

In the limit where the presupposedly degenerate mass of the scalar triplet,M∆,
is sufficiently large compared with the transferred momenta, the amplitudes of the
triplet interactions that give rise to the Majorana mass term and the neutrino matter
NSI can be described with the following Lagrangians:

Lmν =
Yαβ λφ v

2

M2
∆

(
νCαR νβL

)
= −1

2
(mν)αβ νCαR νβL, (3.32)

LNSI =
Yσβ Y

†
αρ

M2
∆

(ναL γµ νβL)
(
`ρL γ

µ `σL

)
, (3.33)

where mν is the mass matrix of the active neutrinos, defined in the flavour basis.

The NSI parameters describing the triplet interactions can be obtained by com-
paring the effective Lagrangians in equations (3.32) and (3.33) with the effective CC
Lagrangian LCC

NSI from equation (3.23). The result is [83]

ερσαβ = − M2
∆

8
√

2GF v̂4 λ2
φ

(mν)σβ (m†ν)αρ, (3.34)

where we denote v̂ = v/
√

2. The indices β, σ label the lepton flavours in the initial
state, and α, ρ in the final state. The matter–NSI parameters, which alter the neutrino
propagation in matter, are obtained from equation (3.34) as εmαβ ≡ εeeαβ .

The neutrino propagation is not the only observable process which is changed
by the interactions with the scalar triplet. The amplitude for the four-lepton NSI is
described by the effective Lagrangian

L4` =
Yσβ Y

†
αρ

M2
∆

(
`αL γµ `βL

) (
`ρL γ

µ `σL

)
, (3.35)
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which leads to an analogue of equation (3.34) but for processes where the particles
in the initial and final states are all charged leptons. This type of NSI contributes to
the lepton flavour violating processes where the lepton family number is violated.
For instance, the muon decay into an electron and a positronium, µ− → e−e+e−,
gains the following decay width [73, 83]:

Γ(µ− → e−e+e−) =
m5
µ

24π3
GF |εeµee |2 , (3.36)

where mµ is the muon mass and εeµee is obtained from equation (3.34). Similar equa-
tions for the decay widths can be derived for any arbitrary LFV decay `σ → `ρ `α `β .
The non-observation of these processes sets stringent limits on the parameters ερσαβ .
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Chapter 4

Simulation of the long baseline
neutrino experiments

In this thesis, we determine the experimental sensitivities for the determination of
the θ23 octant and the non-standard neutrino interaction parameters εmll′ (l, l′ = e,
µ, τ ) in long baseline neutrino oscillation experiments. An important part of the
methodology of this work is the simulation of long baseline experiments, where
the sensitivities of the experimental configurations are estimated using the General
Long-Baseline Experiment Simulator (GLoBES) [100, 101]. The software discussed
in this work is based on the standard compilation of GLoBES, which is appropri-
ately modified to simulate the new physics effects arising from the SM extensions.
This Chapter provides a general overview to the experimental configurations and
numerical methods featured in the work that is presented in this thesis. The experi-
mental configurations of two setups are described in Section 4.1. Section 4.2 details
the main principles of the numerical methods, and Section 4.3 summarizes the rele-
vant simulation parameters.

4.1 Overview of the simulated experiments

The work presented in this thesis focuses on two particular experimental configu-
rations. On the one hand, we review the the long baseline neutrino oscillation part
of the LAGUNA–LBNO project [102, 103], which was a design study about a long
baseline neutrino experiment featuring the 2300-km-long baseline between CERN,
Switzerland, and Pyhäsalmi, Finland. The experiment proposed in this design study
was named as the Long Baseline Neutrino Observatory (LBNO) [104]. The other ex-
periment that is discussed in this work is the Deep Underground Neutrino Exper-
iment (DUNE) [20], which will provide an analogous experimental configuration
with a 1300-km-long baseline between Fermi National Accelerator Laboratory (Fer-
milab), IL, and Lead, SD, in the United States. The construction for DUNE started in
July 2017, and the experiment is projected to begin operations in 2027. Though the
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FIGURE 4.1 Schematics of the available baselines in the LBNO configuration [106]. In
the plan to build LBNO, it was proposed that a neutrino beam is generated at CERN,
Switzerland, whilst the detector, a large-scale liquid argon time projection chamber,
would have been placed in a mine in Pyhäsalmi, Finland. An option to send a second,
geometrically orthogonal neutrino beam from Protvino, Russia, was also proposed.

LAGUNA–LBNO project never led to the construction of a long baseline neutrino
experiment [105], the detector technology that was developed in the design study
has been adopted in the designing of DUNE.

4.1.1 LBNO

LBNO is the long baseline neutrino experiment project that was proposed after the
LAGUNA and LAGUNA–LBNO design studies. The LBNO configuration features
a 2300-km-long baseline, where the neutrino beam was supposed to be delivered
using the SPS accelerator at CERN, Switzerland, and studied at an underground de-
tector facility in Pyhäsalmi, Finland. The design studies also considered the oppor-
tunity of sending another neutrino beam from Protvino, Russia [106]. An illustration
of the two baseline options is presented in Figure 4.1.

According to the proposal [104], the experiment runs at first with the SPS accel-
erator, which is able to deliver 400 GeV protons at roughly 750 kW and 1020 protons-
on-target (POT) per year. The accelerated proton beam hits a graphite target at the
accelerator facility, creating an intense beam of positive and negative pions. The
generated pions decay subsequently into muon neutrinos and antineutrinos. The
beam can be switched between muon neutrinos and antineutrinos by separating the
positive and negative pions with magnetic horns before the decay. In the second
phase the neutrino beam would be produced with the so called High-Power Proton
Synchrotron (HPPS) instead, increasing the beam power to 2 MW at 50 GeV proton
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FIGURE 4.2 The spectrum of the neutrino fluxes that are generated in SPS for
LBNO [106]. The fluxes are given as function of the neutrino energyEν , binned evenly
into 200 MeV energy bins and assuming an annual yield of 3.75×1020 protons-on-
target (POT). Whereas the left panel shows the flux for the neutrino mode, the right
panel shows the flux for the antineutrino mode. The locations of the first and second
oscillation maximum are indicated with the blue arrows.

energy and 3×1021 POT · year−1. The proposal envisioned the experiment to run five
years in the muon neutrino mode and five years in the muon antineutrino mode.

The fluxes for the neutrino and antineutrino beams are shown in Figure 4.2.
The proposed beam facility configuration would have been able to produce a neu-
trino flux which has a high yield of muon neutrinos and antineutrinos near the first
and second oscillation maxima, where the probabilities for the νµ → νe and ν̄µ → ν̄e
oscillations are at their local maximum. In LBNO, the first and second oscillation
maxima are located between 4...5 GeV and 1...2 GeV, respectively. The large num-
bers of νµ and ν̄µ near the oscillation maximum energies ensures the sufficient oscil-
lation to the νe and ν̄e states. Both of the beams contain impurities (e.g. the νµ beam
has small components of ν̄µ, νe and ν̄e), which are irreducible and contribute to the
background.

The neutrino detector in LBNO was planned to be based on the so called dual
phase liquid argon time projection chamber (LArTPC) technology. The LArTPC
technology is founded on the idea of detecting neutrinos with liquidized argon,
which is subjected to a strong electric field. When an energetic electron or muon
neutrino interacts with an argon nuclei, a charged lepton of the same flavour is cre-
ated. The charged lepton then traverses inside the detector, ionizing the argon atoms
on its way. The ionized electrons are drawn by the electric field towards the plane of
anodes. In the dual phase version, the anode is encased in a layer of gaseous argon at
the top of the detector, which is augmented with a stronger electric field. Once in the
gas, the electrons encounter micro-pattern gas detectors, the so called large electron
multipliers (LEM), which amplify the drifted charges in the electron avalanche ef-
fect before they are collected to the anode wires. The LEM-based amplification used
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in the dual phase method is estimated to enhance the signal to roughly 20-fold with
respect to the conventional LArTPC design, which has the anode plane immersed
in the liquid phase.

Apart from the free electrons, a charged particle crossing the liquid argon pro-
duce scintillation light through by exciting the argon atoms. This ultraviolet light is
picked up in the photomultiplier tubes deployed at the bottom of the detector. The
properties of the event are reconstructed using the information collected from the
drift charges and the light, giving information about the energy and the flavour of
the incident neutrino.

The detector proposal also includes the addition of a small detector that is
based on the magnetized iron calorimeter design, which acts as a tail catcher and
collects an independent sample of neutrinos and antineutrinos. This configuration
is beneficial in the high energy end of the neutrino spectrum, as the more energetic
neutrino events often lead to the longer electron tails.

LArTPC detectors benefit from the relatively high detection efficiency and low
energy thresholds. LBNO primarily was planned to study neutrino events taking
place between 0.1 GeV and 10 GeV, achieving a 90% efficiency in the electron iden-
tification. In the first phase, the far detector of LBNO was planned to contain 20
kton of liquid argon, whereas in the second phase the detector would have been
upgraded into 70 kton of fiducial mass.

According to the design study, LBNO would have been able to determine the
mass hierarchy at 5 σ CL or better for all possible values of δCP, after running 5+5
years in the neutrino and antineutrino modes. Moreover, it was expected to yield
approximately a 3σ CL sensitivity or better for establishing the CP violation for
36.....45% of δCP values, depending on the true value of θ23.

4.1.2 DUNE

DUNE is a next generation long baseline neutrino experiment that is currently be-
ing built in the United States. DUNE comprises of the beam facility at Fermilab
and the far detector site at the Sanford Underground Neutrino Facility (SURF),
which are located approximately 1300 km apart. The physics program and techni-
cal details of DUNE have been described in detail in the Conceptual Design Report
(CDR) [51, 107–109], and the status of the development has been recently reviewed
in the Interim Design Report [110–112]. The schematics of the DUNE configuration
are shown in Figure 4.3.

DUNE bears many similarities with the previously proposed LBNO configu-
ration. On the one hand, the neutrino beam will be generated in DUNE using a 80
GeV and 1.07 MW proton beam, which will be obtained after the PIP-II upgrade at
Fermilab. The desired protons-on-target number will be 1.47×1021 POT · year−1. In
the other end of the baseline, the far detector of DUNE comprises of four LArTPC
modules, each hosting 10 kton of liquid argon in fiducial mass. At least one of the
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FIGURE 4.3 Schematics of the experimental configuration used in the next generation
long baseline neutrino experiment DUNE. The experiment sends an intense neutrino
beam over a 1300 km baseline, along which it goes more than 30 km deep under-
ground. The experiment consists of the proton accelerator, pion decay tunnel, near
detector, and far detector. This image is taken from Ref. [116].

detector modules will be based on the dual phase design, while the rest will employ
the conventional single phase configuration. In the single phase version, the anode
is located on the side of the detector, where it is perpendicular to the neutrino beam
and completely immersed in the liquid argon. Whereas the dual phase version is yet
to be proved in a full-scale experiment, the effectiveness of the single phase method
has already been established in the ICARUS experiment [113].

The performance of both the single and dual phase detector designs will be
demonstrated in the so called ProtoDUNE project, which consists of two 6×6×6 m3

detectors and are currently under construction at CERN. The design of the single
phase demonstrator is described in the respective technical design report [114]. The
dual phase detector was preluded by the smaller 3×1×1 m3 facility, which holds
4 tonnes of liquid argon. The demonstrator was constructed at CERN in 2016 and
operated in 2017 [115].

According to the CDR documents, DUNE is expected to be able to resolve the
mass hierarchy problem at a 5σ CL or better for all possible δCP values, after running
3.5 years in the neutrino mode and 3.5 years in the antineutrino mode. For similar
exposures, DUNE will also be able to establish the CP violation at approximately
3σ CL for 60% of δCP values. With its near detector, DUNE will also be able to study
neutrino oscillations at L/E ∼ 1, which provides a limited sensitivity to the active–
sterile neutrino oscillations in the ∆m2

41 ∼ O(1 eV2) regime.

4.2 Principles of the statistical analysis

GLoBES is a computer software that simulates the process of neutrino production,
propagation, detection and reconstruction, and data analysis in neutrino oscillation
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experiments [100,101]. The software is primarily used for the simulation of the long
baseline neutrino experiments, but it is also fit for the simulation of the experiments
that are based on nuclear reactors, beta beams and neutrino factories. GLoBES calcu-
lates the event rates for the given experimental configuration and determines the χ2

distributions for the chosen oscillation parameter values. The software can be used
to estimate the sensitivities of planned neutrino oscillation experiments, compare
the performance of competing technical solutions, and for many other tasks.

In GLoBES, the χ2 distributions are evaluated by using the following routine.
Using the input data regarding the beam production, flux composition, cross sec-
tions, detector response, and other relevant matters, GLoBES computes the event
rates for each neutrino oscillation channel νl → νl′ (l, l′ = e, µ, τ ) and energy bin
Ei. The software computes the oscillation probabilities from two sets of oscillation
parameter values, one of which is the so called true values (ω0) and the other test
values (ω). The event rates that are computed from these values, Oi(ω0) and Ti(ω),
respectively, define the statistical part of the χ2 function:

χ2(ω, ω0) =
∑

i

2

[
Ti −Oi

(
1− ln

Ti
Oi

)]
, (4.1)

where i runs through the available energy bins.
The χ2 presented in equation (4.1) compares the binned event rates originating

from the test values (T1, T2, ....) to the rates that correspond to the true values (O1,
O2, ....). The true values are typically chosen from the best-fit values that represent
the present experimental data (see Table 2.1 in Chapter 2 for a recent global fit).

The event rate calculated from the true values ω0 is given by:

Oi = N
sg
i (ω0) +N

bg
i (ω0), (4.2)

where N
sg
i stands for the rate of the signal events and N

bg
i the rate of the back-

ground events, both of which are determined from neutrino events collected from
the energy bin Ei.

The event rate that corresponds to the test values ω is also dependent on the
systematical errors, which are intrinsic for the simulated experiment. For example,
the normalization errors are typically accounted as systematics that implements a
tilt on the reconstructed neutrino spectrum. In such case, the event rate in the case
of the test values is given by:

Ti = N
sg
i (ω)[1 + π1ζ1] +N

bg
i (ω)[1 + π2ζ2], (4.3)

where ζ1 and ζ2 are the so called nuisance parameters, which simulate the systematic
errors arising from the normalization of the signal and background, respectively.

GLoBES addresses the systematics with the so called pull method, where the
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χ2 function is minimized over the nuisance parameters ζ1 and ζ2:

χ2
pull(ω, ω0) = min

ζ1,ζ2

[
χ2(ω, ω0) + ζ2

1 + ζ2
2

]
, (4.4)

where χ2 is the statistical part given by equation (4.1), and the event rates corre-
sponding to the true and test values, Oi and Ti, are calculated from equations (4.2)
and (4.3), respectively. The systematics defined in this manner must be mutually
independent, and there can be no correlation between ζ1 and ζ2.

The uncertainties pertaining to the true values ω0 are taken into account as a
priori errors, or priors. In this work, the uncertainties related to the standard oscil-
lation parameters are treated with the prior function

χ2
prior(ω, ω0) =

(
sin2 θ12(ω)− sin2 θ12(ω0)

σ(sin2 θ12)

)2

+

(
sin2 θ13(ω)− sin2 θ13(ω0)

σ(sin2 θ13)

)2

+

(
sin2 θ23(ω)− sin2 θ23(ω0)

σ(sin2 θ23)

)2

+

(
∆m2

21(ω)−∆m2
21(ω0)

σ(∆m2
21)

)2

+

(
∆m2

31(ω)−∆m2
31(ω0)

σ(∆m2
31)

)2

+

(
ρ(ω)− ρ(ω0)

σ(ρ)

)2

, (4.5)

where σ(sin2 θ12), σ(sin2 θ13) and σ(sin2 θ23) are the standard deviations of the param-
eters sin2 θ12, sin2 θ13 and sin2 θ23, σ(∆m2

21) and σ(∆m2
31) are the standard deviations

of the square-mass differences ∆m2
21 and ∆m2

31, and σ(ρ) is the standard deviation of
the matter density parameter ρ. When new physics effects such as the non-unitarity
of the mixing matrix or NSI are present, their respective parameters αll′ and εmαβ (l,
l′, α, β = e, µ, τ ) can be included in the prior function in a similar manner.

The overall χ2 function is obtained from the sum of the pull and prior func-
tions, which is then minimized over the test values, that is, over ω:

χ2
total(ω0) = min

ω

[
χ2

pull(ω, ω0) + χ2
prior(ω, ω0)

]
. (4.6)

The χ2
total function is therefore minimized over all oscillation parameters in ω,

with the pull function χ2
pull controlling the systematics, and the prior function χ2

prior

constraining the value ranges over which χ2
total may converge.

In the work presented in this thesis, the experimental sensitivities are calcu-
lated as follows. In the case of the determination of the θ23 octant, the value that
corresponds to the false octant, 90◦− θ23, can be ruled out at a statistical significance
that is obtained from the relative difference:

∆χ2 = χ2
total(90◦ − θ23)− χ2

total(θ23), (4.7)

where χ2
total(90◦ − θ23) projects the value of the overall χ2 value at the false octant,

and χ2
total(θ23) at the true octant. Similarly, the standard three-neutrino oscillations
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can be ruled out with the significance that is defined by the following function:

∆χ2 = χ2
SI − χ2

NSI (4.8)

where χ2
SI corresponds to the value of χ2

total at which all of the NSI parameters are set
to zero, that is, εsαβ = εdαβ = εmαβ = 0 for α, β = e, µ, τ . Conversely, χ2

NSI corresponds
to the value of χ2

total at which at least one of the NSI parameters is non-zero.
If the subtracted χ2 function values differ only by one degree of freedom (d.o.f.),

e.g. by the value of θ23 or εmαβ , the ∆χ2 distributions in equations (4.7) and (4.8) can be
approximated as χ2 distributions of 1 d.o.f. As such, the 90% CL corresponds to the
∆χ2 = 2.71 contour. In terms of the standard deviations, the statistical significance
is obtained from the square-root of ∆χ2 with 1 d.o.f.

4.3 Simulation details

In the work that is presented in this thesis, the experimental configurations are
defined for GLoBES using the so called Abstract Experiment Definition Language
(AEDL). The AEDL description for the LBNO configuration that is used in this the-
sis is described in Ref. [36], and it is based mainly on Refs. [104, 117, 118]. The rele-
vant experimental parameters that define the LBNO configuration for GLoBES are
presented in Table 4.1. The DUNE configuration, on the other hand, is simulated
with a more sophisticated description, originally used in the DUNE CDR docu-
ments [51, 107–109], and its simulation setup is detailed in Ref. [119].

In the LAGUNA–LBNO design study, the experiment was planned to produce
a continuous muon neutrino beam for 5 years and a muon antineutrino beam for
another 5 years. In the first stage the neutrino beam would have been produced with
1.125×1020 POT/year, whereas the second stage would have increased the number
to 3.0×1021 POT/year. The produced neutrinos were planned to be observed in the
detector facility, which in the first phase would have consisted of a single detector of
20 kton fiducial mass, and it would have been upgraded into a two detector system
of 50 kton total fiducial mass for the second phase.

In our simulation of LBNO, the neutrinos would traverse through 2288.0 km
of matter, along which the matter density ρ is modeled with a 20-step PREM distri-
bution, which is treated with a Gaussian error. The standard deviation of the error
is given by σ(ρ) = 0.02 ×ρ.

The detector facility we have used in our simulations is sensitive to the four
neutrino species, that is, νµ, νe, ν̄µ and ν̄e. The signal consists of the muon and elec-
tron neutrinos that undergo the CC neutrino-nucleon interaction in the detector,
which reconstructs the corresponding events at approximately 90% efficiency. The
detector is assumed to reconstruct the flavour and energy of the neutrinos in the
[0.1 GeV, 10.0 GeV] energy range, which is divided into 80 bins of 0.125 GeV width.
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TABLE 4.1 The experiment parameters that are used to describe the LBNO configu-
ration. The LBNO has been proposed to be realized in two phases, where the first one
runs on the SPS accelerator and 20 kton of fiducial mass, and the second one on HPPS
and 70 kton. This table is taken from Ref. [36].

Parameter Value
Beam power [SPS] (1020 POT/yr) 1.125

Beam power [HPPS] (1021 POT/yr) 3.0
Baseline length (km) 2288
Running times (yr) 5+5

Detection efficiency (%) 90
νµ NC rejection (%) 99.5
νµ CC rejection (%) 99.5

Energy resolution (GeV) 0.15×√Eν
Energy window (GeV) [0.1, 10.0]

Number of bins 80
Bin width (GeV) 0.125

The neutrino energy is assumed to be reconstructed at a resolution that is approxi-
mated with a Gaussian function, where the standard deviation follows the function
σ(Eν) = 0.15 ×√Eν . Regarding the systematics, the reconstruction is treated in our
simulation with the normalization error that is described in Section 4.2. The weight
parameter of the signal events is set to π1 = 0.05.

In our simulation, the background is assumed to be composed mainly of the
impurities in the neutrino beam, which would account approximately 1% of the
neutrinos. The νe, ν̄e and ν̄µ components in the neutrino beam (similarly νe, ν̄e and
νµ in the antineutrino beam) may oscillate into the final states and result in events
that resemble that of the expected signal. In the simulation, the LArTPC detector is
assumed to accept 0.5% of the observed νµ and ν̄µ as νe and ν̄e events, respectively, to
account for the fact that some of the background events are mistaken as the signal.

The other source of the background originates from the ντ and ν̄τ that are pro-
duced in the νµ → ντ and ν̄µ → ν̄τ oscillations. The ντ and ν̄τ created this way would
be energetic enough to create tau leptons in the process, which have a 3.5 GeV pro-
duction threshold. The tau particles created this way would account for about 6% of
all of the produced charged leptons. These particles would decay via the τ → e νe ντ
process at 17.6% branching ratio, contaminating the νe signal with an irreducible
background of approximately 1% of all leptons.

The simulation for the DUNE configuration is in many ways analogous to that
of LBNO. Whereas the LBNO configuration is implemented in the v3.1.11 build of
GLoBES and using the details described above, the DUNE simulation is based on the
more recent version v3.2.16, which provides a more accurate treatment of certain
areas, including the systematics correlation. The AEDL description of DUNE and
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the related input files were provided to us by the DUNE collaboration.
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Chapter 5

Determination of the θ23 octant in long
baseline experiments

In this Chapter, the results from the simulation of the long baseline neutrino experi-
ments in the determination of the θ23 octant are presented. This Chapter presents the
experimental sensitivities that have been calculated for the LBNO and DUNE con-
figurations, and summarizes the main findings of the work that has been presented
in Publications I, II and III. Section 5.1 presents the sensitivities for the determina-
tion of the θ23 octant in LBNO, and Section 5.2 elaborates how the sensitivity can be
optimized by utilizing the matter effects. Finally, in Section 5.3 it is discussed how
the presence of the new physics effects, such as the non-unitarity of the neutrino
mixing matrix and the active–sterile neutrino mixing, may change the sensitivity to
the θ23 octant in DUNE to the worse.

5.1 Determination of the θ23 octant in LBNO

In this Section, we discuss the main results of Publication I, which presents a new,
improved simulation model for LBNO, and describes its sensitivity to the octant
of the atmospheric mixing angle θ23. Whereas the theoretical background of the θ23

octant question is described in Chapter 2, the experimental configuration of LBNO
and the main principles of the simulation method is summarized in Chapter 4.

In Publication I, we calculated the experimental sensitivities to the θ23 octant
for four different configurations. On the one hand, the sensitivities were calculated
for the proposed LBNO configuration in its first and second phases, where the pro-
posed experiment features the SPS accelerator and a 20 kton LArTPC detector, and
the HPPS accelerator and a detector system with a total of 70 kton fiducial mass.
On the other hand, the sensitivities were also provided for the possible intermediate
setups, where SPS is paired with the 70 kton fiducial mass detector, and HPPS with
the 20 kton mass.
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FIGURE 5.1 The octant discovery potential in the LBNO configuration when the
normal mass hierarchy (NH) is assumed. The coloured regions show the values of
θ23 and δCP where the false octant can be ruled out at a 3σ confidence level or less,
whereas the white areas show the values where the θ23 octant can be determined at
a 3σ confidence level or better. The 1σ and 2σ confidence level contours are shown
with the solid and dashed lines, respectively. The MINOS–favoured values θ23 = 40◦

and 50◦ are illustrated with the green lines. The sensitivities are shown for the four
combinations of the SPS and HPPS accelerators, and the 20 and 70 kton detectors. In
the center of the two HPPS panels an enlarged view of a part of the plot is displayed.
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FIGURE 5.2 The octant discovery potential in the LBNO configuration when the nor-
mal mass hierarchy (IH) is assumed. The coloured regions show the values of θ23 and
δCP where the false octant can be ruled out at a 3σ confidence level or less, whereas
the white areas show the values where the θ23 octant can be determined at a 3σ con-
fidence level or better. The 1σ and 2σ confidence level contours are shown with the
solid and dashed lines, respectively. The MINOS–favoured values θ23 = 40◦ and 50◦

are illustrated with the green lines. The sensitivities are shown for the four combina-
tions of the SPS and HPPS accelerators, and the 20 and 70 kton detectors. In the center
of the two HPPS panels an enlarged view of a part of the plot is displayed.
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Using GLoBES, we calculated the ∆χ2 distribution for the determination of
the θ23 octant over a grid of 120×360 points in the (θ23 − 45◦, δCP)—projection plane,
where true values of θ23 and δCP go through the values θ23 = 39◦..... 52◦ and δCP =

–180◦.....+180◦. At each grid point, the χ2 were computed twice: first at the given θ23

and δCP values, defined by the axes, and one more time after the conversion θ23 →
90◦ − θ23, which corresponds to the false octant. Both times, the χ2 function was
minimized over all oscillation parameters except for θ23 and δCP, which were fixed
throughout the calculation. The resulting ∆χ2 distribution can be approximated as
a χ2 distribution of 1 d.o.f., meaning that the null hypothesis 90◦ − θ23 can be ruled
out at 1σ, 2σ and 3σ CL at ∆χ2 = 1, 4 and 9, respectively.

The results of this work are presented for NH in Figure 5.1, and for IH in Fig-
ure 5.2. Both of the figures present the LBNO sensitivities under the four different
configurations, which are labeled as SPS–20 kt, SPS–70 kt, HPPS–20 kt and HPPS–
70 kt.

The figures are to be interpreted as follows: The coloured regions show the
true values of θ23− 45◦ and δCP, for which the wrong octant solution 90◦− θ23 can be
ruled out by less than 3σ CL significance. Conversely, in the white region the correct
octant is known at a 3σ CL or better. For illustration, the corresponding 1σ and 2σ
CL contours are also shown. The sensitivities corresponding to the SPS accelerator
and 20 kton detector is shown in the top-left panel, the SPS–70 kton combination
is represented in the top-right panel, HPPS–20 kton in the bottom-left panel, and
HPPS–70 kton in the bottom-right panel. For comparison, the θ23− 45◦ = ±5◦ con-
tours are shown with the green lines, which approximately correspond to the best-fit
values of θ23 of the MINOS experiment (see e.g. Ref. [64]).

In summary, the octant sensitivities presented in Figures 5.1 and 5.2 show the
LBNO configuration to have an excellent sensitivity for the determination of the θ23

at the 3σ CL significance. Whereas the proposed first phase of the LBNO configu-
ration (20kt–0.75MW) appears to achieve this benchmark for NH when θ23 . 41.2◦

and θ23 & 48.9◦, the 3σ CL is reached for IH when θ23 . 39.9◦ and θ23 & 51.1◦. Cor-
respondingly, in the second phase (70kt – 2MW) the sensitivity can be obtained for
θ23 . 44.5◦ and θ23 & 45.5◦ in NH, and θ23 . 44.4◦ and θ23 & 45.6◦ in IH. The sensitiv-
ity is found to increase when either the accelerator is upgraded from SPS to HPPS,
and when the detector mass is increased from 20 kton to 70 kton, the accelerator
upgrade bringing the higher impact.

5.2 Optimizing the θ23 octant search with matter effects

In this Section, we discuss how the MSW matter effect may be used to enhance the
sensitivity to the determination of the θ23 octant in a long baseline neutrino experi-
ment. The results presented in this Section are the main findings of Publication II.

The connection of the matter effects and the determination of the θ23 octant
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can be understood with the analytical probability formula that has been derived
for the atmospheric neutrino oscillations, and also works in the case of a very-long
baseline neutrino experiment [120–122]. In the leading order, neglecting the terms
proportional to the ratio ∆m2

21/∆m
2
31, the νµ → νµ survival probability is given by

Pm
νµ→νµ ' 1− cos2 θm13 sin2 2θ23 sin2

(
1.27

L

E

(
∆m2

31 + A+ (∆m2
31)m

2

))

− sin2 θm13 sin2 2θ23 sin2

(
1.27

L

E

(
∆m2

31 + A− (∆m2
31)m

2

))

− sin4 θ23 sin2 2θm13 sin2

(
1.27

L

E
(∆m2

31)m

)
,

(5.1)

where A = 2
√

2GFNeE/∆m
2
31 and the δCP parameter is averaged out. The effective

mixing angle θm13 and square-mass difference (∆m2
31)m are given by

(∆m2
31)m =

√
(∆m2

31 cos 2θ13 − A)2 + (∆m2
31 sin 2θ13)2

sin 2θm13 =
∆m2

31

(∆m2
31)m

sin 2θ13.
(5.2)

The octant-sensitive and degenerate terms can now be identified by looking for the
θ23–dependent terms in the probability formula 5.1. Whilst the first three terms in
equation (5.1) are degenerate with respect to the θ23 octant, the fourth term is in fact
sensitive to the θ23 octant. Hence, the survival probability Pm

νµ→νµ can be expected
to contribute to the sensitivity to the θ23 octant to some extent in the long baseline
neutrino experiments.

In the same approximation, the conversion probability for νµ → νe is given by

Pm
νµ→νe ' sin2 θ23 sin2 2θm13 sin2

(
1.27

L

E
(∆m2

31)m

)
, (5.3)

where the sensitivity to the θ23 octant arises in the leading term.

The survival and conversion probabilities for the antineutrino oscillations are
obtained by replacing A→ −A in equation (5.1).

Both the survival and conversion probabilities have terms that are sensitive
to the θ23 octant, and they are both subjects to the MSW resonance, which was in-
troduced in Chapter 2. The fourth term of the survival probability in equation (5.1)
and the only term of the conversion probability in equation (5.3) can be expected
to attain their largest values when the resonance condition, A = ∆m2

31 cos 2θ13, is
fulfilled. The MSW condition requires A and ∆m2

31 to have the same sign, which
indicates that the MSW resonance may boost the sensitivity to the θ23 octant in the
survival probability Pm

νµ→νµ only when the mass hierarchy is normal. Respectively,
the MSW resonance boosts the antineutrino probability Pm

ν̄µ→ν̄µ only when the mass
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hierarchy is inverted. The conversion probabilities Pm
νµ→νe and Pm

ν̄µ→ν̄e are affected by
the same condition.

In the LBNO configuration, the MSW resonance can be expected to occur around
the neutrino energies Eν ' 11 GeV. Though this condition is inaccessible for the
majority of the neutrinos produced in LBNO, the very high energy tail of the flux
spectrum (shown in Figure 4.2 in Chapter 4) will be affected by the MSW resonance.
Moreover, the large statistics of the muon neutrinos and antineutrinos not oscillat-
ing to the other flavour states also gives an advantage over the electron appearance
spectra, which are limited by the relatively small values of the conversion probabil-
ities Pm

νµ→νe and Pm
ν̄µ→ν̄e .

In the work that is presented in Publication II, we studied the influence of the
matter effects on the determination of the θ23 octant by probing the sensitivity as
a function of the baseline length, the ratio that defines the sharing of the beam be-
tween the neutrino and antineutrino run modes, and finally, the weight parameters
that describe the systematics representing the signal normalization errors in the νµ,
νe, ν̄µ and ν̄e events, respectively (for a detailed description of the systematics, see
Chapter 4).

In Figure 5.3, the 5σ CL sensitivity of LBNO to the θ23 octant is presented
as a function of the baseline length L, using the LBNO configuration and its four
different realizations as a reference. We plotted the 5 σ CL contours for the parameter
values δCP = –180◦.....+180◦, creating a continuous band for each configuration. The
width of each band therefore also reflects the correlation between δCP and the θ23

octancy. The sensitivities are shown for the true values θ23 = 45◦..... 57◦, and they
correspond to four different integrated luminosities. Above each contour, the θ23

octant can be determined at a 5σ CL significance or better for an individual δCP

value. Above each band, the θ23 octant can be determined out regardless of the value
of δCP. Conversely, the sensitivity falls below the 5σ CL significance below each
contour or band.

Figure 5.3 reveals how the sensitivity to the θ23 octant behaves as the function
of the baseline length L. In the NH case, the sensitivity generally improves when
the baseline length L is increased for the configurations that represent the integrated
luminosities of the order of 1022 POT · kton. This improvement may result from the
increasing production of the νµ and ν̄µ particles near the resonance condition, but
also from the cross sections, which generally grows proportionately with respect
to the neutrino energy. When the luminosity is increased to the orders of 1023 and
1024, however, there is a shallow minimum around 1800 km baseline length. The IH
case of the figure exhibits similar behaviour, though there is a brief worsening in the
sensitivity when the baseline length L is increases from 1500 km to 2200 km.

Because the neutrino fluxes used in the LBNO configuration (see Figure 4.2)
are optimized for the 2288-km-long baseline length in such a way that the νµ and ν̄µ
production is high near the first and second oscillation maxima, changing the value
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FIGURE 5.3 Sensitivity to the θ23 octant as function of the baseline length L. The
coloured regions show the 5σ CL sensitivity to the octant for δCP = –180◦.....+180◦, rep-
resenting the four different exposures of the experiment. The contours corresponding
to δCP = 0 and δCP = π/2 are shown as the dashed and dot-dashed lines, respectively.
Whereas the left panel shows the sensitivities for the normal hierarchy (NH), the right
panel shows those for the inverted hierarchy (IH).

of the baseline length L also requires that the beam fluxes are adjusted to the new
baseline length. In the sensitivities presented in Figure 5.3, we adjusted the neutrino
and antineutrino fluxes for each baseline length by shifting the the flux histograms
along the E axis, so that the L/E ratio remains unchanged. This ensured that the
oscillation probabilities for the νµ → νe and ν̄µ → ν̄e are the same regardless of the
baseline length L. This essentially means that the average beam energy E increases
at the same rate with the baseline length L, whilst the shape of the produced flux
spectra stays the same.

The dependence between the sensitivity to the θ23 octant and the matter effects
are also tested in the context of the beam sharing. In Figure 5.4, the octant sensitivity
is presented as a function of the ratio that defines the fraction at which the exper-
iment runs in the neutrino mode. In this example, we calculated the sensitivity to
the θ23 octant as a function of the ratio νµ/(νµ + ν̄µ), which defines the fraction of the
10-year total running time dedicated to running in the neutrino mode. For example,
at νµ/(νµ + ν̄µ) = 0 the simulated experiment would run zero years in the neutrino
mode and 10 in the antineutrino mode, whereas at 0.5 the share would be 5 years in
the neutrino mode and 5 years in the antineutrino mode etc. The other parameters
are the same as in the reference configuration.

Varying the beam sharing ratio νµ/(νµ+ν̄µ) illustrates how the sensitivity to the
θ23 octant depends on the mass hierarchy. Figure 5.4 shows that the sensitivity to de-
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FIGURE 5.4 The 5σ confidence level discovery reach of the determination of the
θ23 octant as a function of the beam sharing ratio. Above the curves the θ23 octant is
known at more than 5σ certainty. The band shows the variation of the bound when
δCP varies within the range δCP = –180◦ ..... +180◦ and corresponds to the correlation
between δCP and the θ23 octant. The left panel presents the sensitivities for the normal
mass hierarchy (NH) and the right panel for the inverted mass hierarchy (IH).

termine the θ23 octant increases in the NH case when the beam operates longer times
in the neutrino mode, and conversely decreases when the share of the antineutrino
mode is increased. In the IH case, however, this behaviour is flipped, as the sensi-
tivity bands begin to decrease as the time in the neutrino mode is increased. This is
the clearest sign of the contribution of the MSW effect, which is known to affect only
the neutrino mode in the NH case and the antineutrino mode in the IH case.

In the third example, we examined the impact of the systematic errors that
arise from the normalization of the signal events in the detection and reconstruction
of the νµ, νe, ν̄µ and ν̄e events. In Figures 5.5 and 5.6, the 5σ CL sensitivity for the
determination of the θ23 octant is presented as a function of the weight parameter
π1 that defines the strength of the systematic error that is associated with the signal
normalization. The default value of the weight parameter is π1 = 0.05 for all of the
four neutrino types (νµ, νe, ν̄µ and ν̄e), and in each panel one of the four weight
parameters is varied through the values π1 = 0% ..... 10%. The sensitivities in the
NH case are plotted in Figure 5.5 and those in the IH case in Figure 5.6.

The signal normalization error appears to have very little effect on the octant
sensitivity, as it can be seen from Figures 5.5 and 5.6. When the mass hierarchy is
assumed to be NH, Figure 5.5 indicates that the sensitivity to the octancy is not
affected by the signal normalization error in the case of the ν̄e and ν̄µ detection,
whereas several changes are observable when the systematics are altered in the νe

48



FIGURE 5.5 The 5σ confidence level (CL) discovery reach of θ23 octant as a function of
the signal weight parameter π1 for four different luminosities and detection modes (νe,
νµ, ν̄e, ν̄µ) in the case of normal hierarchy (NH). Above the curves the octant of θ23 will
be determined with more than 5σ CL certainty. The band shows the variation of the
bound when δCP varies in the range –180◦.....+180◦ and corresponds to the correlation
between δCP and the θ23 octant.
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FIGURE 5.6 The 5σ confidence level (CL) discovery reach of θ23 octant as a function of
the signal weight parameter π1 for four different luminosities and detection modes (νe,
νµ, ν̄e, ν̄µ) in the case of inverted hierarchy (IH). Above the curves the octant of θ23 will
be determined with more than 5σ CL certainty. The band shows the variation of the
bound when δCP varies in the range –180◦.....+180◦ and corresponds to the correlation
between δCP and the θ23 octant.
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and νµ detection. When the hierarchy is assumed to be IH, however, this behaviour
is flipped, which again hints of a connection to the MSW effect.

Figures 5.3–5.6 show the values of θ23 for which the low octant solution 90◦−θ23

can be ruled out by at least 5σ CL significance. We also investigated the sensitivities
to rule out the high octant for the true values θ23 = 33◦..... 45◦, and the results sug-
gest either similar or slightly better sensitivities than the ones that are presented in
this Section. In all cases, the sensitivity to the θ23 octant improves as the integrated
luminosity is increased. Increasing the luminosity also improves the θ23 octant – δCP

correlation.
Altogether, we found that the long baseline neutrino oscillation experiments

offer a good sensitivity for the determination of the θ23 octant, and their sensitiv-
ity to the octant question can be further optimized by adjusting the beam sharing
carefully, whereas the systematics from the signal normalization bear only a subtle
effect. The baseline length affects the sensitivity to some extent, and we found the
distances between 1500 km and 2000 km being favourable for the determination.

5.3 The effect of beyond the Standard Model physics
on octant determination

In this Section, we discuss the main results of Publication III. As it was discussed in
Chapter 3, the existence of the neutrino oscillations confirms that neutrinos do in-
deed have mass, which is a sign that there is physics that goes beyond the Standard
Model. Depending on the mechanism that gives rise to the small neutrino masses,
this new physics may manifest itself as the existence of the sterile neutrinos, the non-
unitarity of the neutrino mixing matrix, the non-standard neutrino interactions, or
something else that can affect the neutrino oscillations. In this Section, we investi-
gate how the presence of such new physics can alter the determination to the θ23

octant in long baseline neutrino experiments, using the DUNE configuration as an
adequate example.

In Publication III, we calculated the experimental sensitivities for the determi-
nation of the θ23 octant in the DUNE configuration, using the simulation setup that
was described in Chapter 4. In the first part, the sensitivities to the octant determi-
nation were calculated for the standard three-neutrino oscillations, using the same
numerical methods as we had used to calculate the LBNO sensitivities in Publica-
tion I. The results are presented in Figure 5.7, which shows that DUNE will be able
to determine the θ23 octant by a 3σ CL or better when θ23 . 43.5◦ or θ23 & 46.5◦,
irrespective of the mass hierarchy.

In the second part of Publication III, we investigated how the sensitivity to the
θ23 octant changes when some degree of non-unitarity is introduced to the neutrino
mixing matrix that governs the oscillation between the three active neutrino states
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FIGURE 5.7 Sensitivity to the θ23 octant in DUNE in the standard three-neutrino
paradigm. The coloured regions show the values of θ23 and δCP for which the octant
of θ23 can be determined up to 3σ CL, whereas the 2σ and 1σ CL contours are shown
with the dashed and solid lines, respectively. Conversely, the octant of θ23 can be de-
termined by the minimum of 3σ CL anywhere in the white regions. Whereas the left
panel shows the sensitivity for the normal hierarchy (NH), the right panel shows the
sensitivity for the inverted hierarchy (IH).

νe, νµ and ντ . This kind of non-unitarity may emerge upon the introduction of a
sterile neutrino resulting in the fourth neutrino mass state ν4, such that ∆m2

41 =

m2
4 −m2

1 � 1 eV2.
Some of the new physics models that predict the existence of sterile neutrinos

are subjects of constraints from various high precision tests of the SM parameters,
which should be taken into account when the non-unitarity effects are studied in
the long baseline neutrino experiments. Depending on the specific model that intro-
duces the new physics, the effects of the non-unitarity may be studied in the future
long baseline neutrino experiments with the high precision constraints that have
been derived from the recent precision tests of the SM electroweak parameters (cf.
Chapter 3).

In Publication III, we investigated the effect of the non-unitary mixing by sim-
ulating DUNE with a modified version of GLoBES. The probability calculation of
GLoBES was augmented to include the parameters αij and αll′ (i, j = 1, 2, 3 and l,
l′ = e, µ, τ ) of the non-unitarity defined in Chapter 3, and the prior function χ2

prior

was modified to enable the inclusion of the Gaussian priors also for the parame-
ters αij and αll′ . The normalization factor (N †N)2

ll′ was not taken into account, as its
effect was deemed negligible.

The non-unitarity of the neutrino mixing matrix N = NNPUPMNS can be con-
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TABLE 5.1 Bounds on non-unitary parameters in both αij and αll′ representations,
originally taken from Refs. [82] and [94], respectively. The bounds are given in 90%
and 2σ confidence levels. See Ref. [38] for more details.

Parameter Upper bound (90% CL) Parameter Upper bound (2σ CL)

α11 0.98 αee 1.3× 10−3

α22 0.99 αµµ 2.2× 10−4

α33 0.93 αττ 2.8× 10−3

|α21| 1.0×10−2 |αµe| 6.8×10−4

|α31| 4.2×10−2 |ατe| 2.7×10−3

|α32| 9.8×10−3 |ατµ| 1.2×10−3

strained not only in the neutrino oscillation experiments, but one may also be able to
use the information on the various electroweak parameters, and the W± and Z0 bo-
son masses, whose theoretical expressions can also be affected by the SM extension
which introduces the non-unitarity. In Chapter 3, we discussed the main properties
of the Type I and Type II Seesaw mechanism and presented some examples of their
low energy effects by using the effective field theory approach. In this approach, the
operators of dimension d = 6 and higher can be used to derive model-dependent
bounds on the non-unitarity parameters by utilizing the experimental values of the
electroweak parameters, many of which have been measured in a high precision.
An example of a work, where such approach is used, can be found in Ref. [94],
where the non-unitarity parameters αee, αµµ, αττ , |αµe|, |ατe| and |ατµ| have been
constrained using a combination of the neutrino oscillation and electroweak data.
These constraints will not hold as such, however, if there is any other kind of new
physics present in the low energies other than the non-unitarity of the Type I Seesaw
mechanism.

If the electroweak precision parameters are not applicable, as is the case when
the exact form of the new physics is not known, it is also possible to derive con-
straints for the parameters αij and αll′ by using the existing short baseline oscillation
data. This kind of approach was used in Ref. [82], where the short baseline oscil-
lation data from the CHORUS and NOMAD experiments was used to derive con-
straints on the non-unitarity parameters α11, α22, α33, |α21|, |α31| and |α32|. These con-
straints, as well as the ones based on both the neutrino oscillation and electroweak
data are summarized in Table 5.1.

Implementing the constrains that are available for the parameters αij and αll′ ,
we determined the experimental sensitivities for the determination of the θ23 octant
in DUNE with GLoBES, using the two parametrizations of the non-unitarity given
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FIGURE 5.8 Sensitivity to the θ23 octant in the presence of non-unitary mixing, when
only the neutrino oscillation data is used (see Ref. [38] for the list of constraints). The
white region shows the values of θ23 and δCP at which the θ23 octant can be determined
at 3σ CL or better, the coloured regions showing the values at which the sensitivity
falls below 3σ CL. The 2σ and 1σ CL are shown with the dashed and solid lines,
respectively. The sensitivities are plotted for both normal hierarchy (NH) and inverted
hierarchy (IH).

in equations (3.18) and (3.19) in Chapter 3. We implemented the constraints on the
αij and αll′ parameters in GLoBES as a priori errors, which are approximated as
Gaussian errors. The results from the oscillation-only data are shown in Figure 5.8.

We discovered that both of the parameter sets αij (i, j = 1, 2, 3) and αll′ (l, l′ =

e, µ, τ ), and their associated constraints lead to nearly identical results. Figure 5.8
shows that the change from the sensitivities that have been derived for the three-
neutrino oscillations is tiny, the 3 σ CL boundaries moving less than 0.2◦ to each side.
Moreover, we found that using the combined electroweak and oscillation constraints
from Ref. [94] did little change.

In the third part of Publication III, we examined the effect of the new Majorana
neutrino on the determination of the θ23 octant in DUNE. Although the light sterile
neutrino, corresponding to the square-mass difference ∆m2

41 ' 1 eV2, is motivated
by the LSND and MiniBooNE anomalies, we were also interested in studying the
effects of heavier sterile neutrinos in the sensitivity to the θ23 octancy. These heavier
sterile neutrinos could be much heavier than the ones that are inspired by the short
baseline and solar neutrino anomalies, but in the same time they ought to be light
enough to be kinematically accessible to develop the active–sterile oscillations.

When completed, DUNE will be able to study the active–sterile neutrino oscil-
lations to a limited extent with its near and far detectors, which are located at around
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TABLE 5.2 Bounds on non-unitary parameters in αll′ representation, taken from [94].
In this scenario the constraints would correspond to mixing with a light sterile neu-
trino in two mass scales: ∆m2

41 ∼ 0.1 – 1 eV2 (left column) and ∆m2
41 & 100 eV2 (right

column). The constraints are presented at a 95% confidence level.

Parameter ∆m2
41 ∼ 0.1 – 1 eV2 ∆m2

41 & 100 eV2

αee 1.0×10−2 2.4×10−2

αµµ 1.4×10−2 2.2×10−2

αττ 1.0×10−1 1.0×10−1

|αµe| 1.7×10−2 2.5×10−2

|ατe| 4.5×10−2 6.9×10−2

|ατµ| 5.3×10−2 1.2×10−2

0.5 km and 1300 km distance from the neutrino source, respectively. This permits the
study of active–sterile neutrino oscillations in the square-mass difference regimes of
∆m2

41 ∼ 0.1 – 1 eV2 and ∆m2
41 & 100 eV2, when the data is analysed in the 3+1–

neutrino scheme [94]. The lower square-mass difference regime corresponds to the
active–sterile oscillations that develop before the near detector at L ∼ 0.5 km. On
the other hand, the sensitivity to the higher regime arises from the muon neutrinos
and antineutrinos which oscillate into the sterile neutrino states between the near
and far detectors, that is, their oscillation length should fall between L ∼ 0.5 km
and 1300 km. The heavier sterile neutrino masses prompt the active–sterile oscilla-
tions to yield only an averaged-out effect, whilst the lower masses can be probed
to a greater sensitivity due to the interplay of the near and far detectors. A priori
constraints of the αll′ for the two square-mass difference regimes are compiled in
Table 5.2.

We first examined the effect of the light sterile neutrino from the heavier square-
mass difference range ∆m2

41 & 100 eV2. Using the non-unitarity parametrization we
implemented in GLoBES and the constraints from the left-column of Table 5.2, we
calculated the sensitivity to the θ23 octancy while simulating the DUNE configura-
tion. The results are presented in Figure 5.9. In a similar manner, we also calculated
the sensitivities for the low square-mass difference regime ∆m2

41 ∼ 0.1 – 1 eV2, in
which case the results are shown in Figure 5.10.

The results from the case where the fourth neutrino has mass in a range such
that ∆m2

41 ' 0.1 – 1 eV2 show that the sterile neutrino has relatively small influence
on the determination of the θ23 octant in DUNE. Whereas the heavier light sterile
neutrino with ∆m2

41 & 100 eV2 has a negative effect on the sensitivity by moving the
3σ CL boundary by about 0.5◦ on each side from that of the standard three-neutrino
oscillations, the light sterile neutrino (that is, the one corresponding to ∆m2

41 ' 0.1 –
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FIGURE 5.9 Sensitivity to the θ23 octant in DUNE, but in the presence of a heavy
sterile neutrino which corresponds to the ∆m2

41 & 100 eV2 regime. The white region
shows the values of θ23 and δCP at which the θ23 octant can be determined at 3σ CL
or better, the coloured regions showing the values at which the sensitivity falls below
3σ CL. The 2σ and 1σ CL are shown with the dashed and solid lines, respectively.
The sensitivities are plotted for both normal hierarchy (NH, left panel) and inverted
hierarchy (IH, right panel).

1 eV2) decreases the sensitivity even less. Though the effect of the light sterile neu-
trinos is stronger than that of the non-unitarity, the change is relatively small. The
limited effect on the determination of the θ23 octant is also in line with the findings
of Ref. [94], where it was concluded that the constraints on the non-unitarity pa-
rameters αll′ are strict enough not to allow significant departures from the standard
three-neutrino oscillations.

In the last part of Publication III, we studied the extent of the effect which the
new physics could have on the sensitivity to the determination of the θ23 octant.
Simulating the DUNE configuration, we investigated the effect of the non-unitarity
parameters in the case where no a priori constraints were applied for the parameters
αij , and then as a function of the 1 σ upper bound of the off-diagonal parameter |α21|.
The resulting sensitivities are presented in Figures 5.11 and 5.12, respectively.

The results show that when the non-unitarity parameters are not constrained,
the sensitivity to the θ23 octancy is heavily affected, as it can be seen in Figure 5.11.
In the NH case, the 3 σ CL boundary shifts by more than 2◦ from its value in the
three-neutrino case on both sides of the maximal mixing value θ23 = 45◦, and in the
IH case the shift is at least 1.5◦ to the worse. Moreover, our other Figure 5.12 shows
that as the 1σ CL upper bound on the value of the |α21| parameter gets larger, the
sensitivity to the θ23 octancy decreases, the steepest drop taking place when the 1σ
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FIGURE 5.10 Sensitivity to the θ23 octant in DUNE, but in the presence of a light
sterile neutrino which corresponds to the 0 . ∆m2

41 . 1 eV2 regime. The white region
shows the values of θ23 and δCP at which the θ23 octant can be determined at 3σ CL
or better, the coloured regions showing the values at which the sensitivity falls below
3σ CL. The 2σ and 1σ CL are shown with the dashed and solid lines, respectively.
The sensitivities are plotted for both normal hierarchy (NH, left panel) and inverted
hierarchy (IH, right panel).

FIGURE 5.11 Sensitivity to the θ23 octant in DUNE in the presence of new physics,
when no a priori constraints are applied for the parameters αij , i, j = 1, 2, 3. The
white region shows the values of θ23 and δCP at which the θ23 octant can be determined
at 3σ CL or better, the coloured regions showing the values at which the sensitivity
falls below 3σ CL. The 2σ and 1σ CL are shown with the dashed and solid lines,
respectively. The sensitivities are plotted for both normal hierarchy (NH, left panel)
and inverted hierarchy (IH, right panel).
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FIGURE 5.12 The sensitivity to the θ23 octant in DUNE as a function of the upper
bound on the |α21| parameter. While the constraints on the other non-unitarity pa-
rameters are assumed to be the same as in the non-unitary mixing matrix case [94],
the sensitivities to the octant determination are presented in 3σ, 2σ and 1σ CL limits
with the coloured regions, the dashed and the solid lines, respectively. The sensitivi-
ties are plotted for both normal hierarchy (NH, left panel) and inverted hierarchy (IH,
right panel).

CL upper bound is |α21| & 10−2.
There is one caveat, which must be kept in mind when considering the results

presented in Figures 5.11 and 5.12. In our implementation of the non-unitarity pa-
rameters in GLoBES, the normalization factor ((N †N)ll)

2 is approximated as unity.
Though this approximation is justified for the cases where the non-unitary mixing
matrix or the active–sterile neutrino mixing are considered, that is, when |αµe| � 1,
it may undermine the accuracy of the results where no constraints are applied for
the non-unitarity parameters.

All the results considered, we found that impact of the new physics on the
determination of the θ23 octant remains very limited when the constraints from the
existing neutrino oscillation data are applied in the calculation of the experimental
sensitivities. Hence, DUNE can be expected to have a great sensitivity to the deter-
mination of the θ23 octant, better than it is known at present.
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Chapter 6

Probing non-standard interactions in
long baseline experiments

In this Chapter, we discuss the results of our simulation study concerning the non-
standard neutrino interactions in long baseline experiments. The Chapter is com-
posed of two parts, which summarize the main findings of Publications IV and V. In
Section 6.1, the experimental sensitivities are provided to the discovery of the non-
standard neutrino interactions (NSI) in matter. The matter–NSI εmαβ (α, β = e, µ, τ )
parameters are constrained by simulating the LBNO configuration at different base-
line lengths. In Section 6.2, the upper bounds on the matter–NSI parameters derived
from DUNE are analyzed in the framework of the Type II Seesaw mechanism, where
the properties of the triplet Higgs bosons ∆ = (∆++, ∆+, ∆0) can be probed by using
the neutrino oscillation data.

6.1 Constraining the non-standard neutrino interaction
parameters

In this Section, we discuss the main results of Publication IV. As described in Chap-
ter 3, the non-standard neutrino interactions in matter may affect the oscillation
probabilities in long baseline neutrino experiments. The neutrino oscillation data
can therefore be used to probe the strength of the non-standard interactions. This
Section describes how the future long baseline neutrino experiments can be used
to constrain the matter–NSI parameters εmαβ (α, β = e, µ, τ ), and how the individual
matter–NSI parameters correlate with the CP violation parameter δCP.

In Publication IV, we performed simulations for determining the 90% Cl sen-
sitivity limit for the matter–NSI parameters εmαβ using the LBNO configuration as
benchmark. The sensitivities to the individual parameters were obtained as a func-
tion of the baseline length L. In contrast to the procedure we performed in the simi-
lar study for the determination of the θ23 octant in Chapter 5, the fluxes of the LBNO

59



configuration were not adjusted to match each baseline length, which means that
the L/E ratio did not stay fixed in the simulation. The results are presented in Fig-
ure 6.1.

The 90% CL upper bounds in Figure 6.1 show that the standard interactions
hypothesis, where εmαβ = 0 for α, β = e, µ, τ , can be ruled out by more than 90%
CL significance whenever the absolute value of the studied matter-NSI parameter
εmαβ is sufficiently large, that is, whenever the true value of log10

∣∣εmαβ
∣∣ is above the

plotted contours. Respectively, the significance falls below the 90% CL benchmark
under the contours. We plotted the 90% CL contours while the true value of the δCP

parameter was varied over the values δCP ∈ (0, 2π), which caused the contours to
merge into the bands. The thickness of the bands show the correlation between the
matter–NSI parameter εmαβ and the CP phase δCP.

It can be seen in Figure 6.1 that the sensitivity of long baseline oscillation exper-
iments to the matter–NSI parameters εmαβ depends greatly on the baseline length L.
The sensitivity appears to generally improve as the function of the baseline length,
although two of the bands, that is, the sensitivities for the parameters εmeµ and εmµτ
seem to take an upturn after approximately 2000 km and 3000 km, respectively. This
behaviour could be a consequence of the L/E ratio varying as the function of L,
which suppresses the conversion probabilities Pm

νµ→νe and Pm
ν̄µ→ν̄e when the value

of L/E differs significantly from that of the default LBNO configuration. However,
this possibility was ruled out for the parameters εmeµ and εmeτ in another study [123],
where the baseline-dependence of the matter–NSI parameters was examined using
the method we introduced in the octant determination study in Chapter 5. There-
fore, we can conclude that the sensitivity to the individual matter–NSI parameters
generally improves as a function of the baseline length, until it reaches its peak at
about 2000 km and remains approximately constant from there on.

The upper bounds shown in Figure 6.1 were obtained by setting GLoBES to
compute the ∆χ2 distribution over a grid of baseline lengths L = 100 km ..... 5000 km
and parameter values log10

∣∣εmαβ
∣∣ = –2.5 ...... –0.5, while assuming the NSI parameters

associated with the source and detection to be negligible. The χ2 function was esti-
mated two times for each grid point; once for the standard interactions case where
εmαβ = 0 for all α, β = e, µ, τ , and then again for the non-standard interactions case
where εmαβ was set according to the horizontal axis. The χ2 functions were then min-
imized over the standard oscillation parameters except for δCP, while keeping the
NSI parameters fixed. The resulting ∆χ2 distribution is then treated as a 1 d.o.f.
χ2 distribution, whence the 90% CL sensitivity can be obtained as the ∆χ2 = 2.71
contour.

The main results of Figure 6.1 are the baseline-dependence and the εmαβ – δCP

correlation, which can be inferred from the curvature and the thickness of the 90%
CL contours, respectively. The accuracy of the numerical methodology used in this
part is sufficient to make these observations. For more quantitative interpretations,
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FIGURE 6.1 The 90% CL upper limits on the matter–NSI parameters |εmαβ| (α, β = e,
µ, τ ) as the function of the baseline length L in LBNO–like configurations. The CP
violation parameter is varied over the values δCP ∈ (0, 2π), whereas the δCP = 0 and
δCP = π/2 contours are indicated with the dot-dashed and dashed lines, respectively.
The results are presented for the normal hierarchy and the high θ23 octant.
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the numerical results shown in Figure 6.1 could be improved by taking into account
the source and detection–NSI parameters εsαβ and εdαβ (α, β = e, µ, τ ) and the complex
phases arg

[
εmαβ
]

in the minimization of the χ2 function.
Another matter of interest is the correlation between the individual matter-NSI

parameters εmαβ and the CP phase δCP, reflected by the thickness of each sensitivity
band. Figure 6.1 shows that the correlation is very small in all but the bands that
correspond to the parameters εmeµ and εmeτ , which exhibit significant correlation.

In Publication IV, we also studied the correlation between εmαβ and δCP with an
alternative method, where the correlation is estimated by using the vacuum proba-
bilities. When all of the NSI parameters except εmll′ are set to zero, the vacuum prob-
abilities can be expressed in terms on δCP using only simple analytical functions.

In the leading order, the vacuum probabilities Pνl→νl′ can be approximated as

Pνl→νl′ '
∣∣∣∣∣

3∑

j,k=1

L

2Eν
UljHjk

(
U †
)
kl′

∣∣∣∣∣

2

, (6.1)

where l, l′ = e, µ, τ , Eν is the neutrino energy, H is the effective Hamiltonian in
the mass basis, and U is the PMNS matrix. When the mixing angles θ12, θ13 and θ23,
and the square-mass differences ∆m2

21 and ∆m2
21 are fixed to their best-fit values

(see Ref. [39] for the exact details), the dependence between Pνl→νl′ and δCP can be
identified for each value of εmll′ . For instance, the vacuum probability for the νe ↔ νµ
oscillations lead to the following proportionality:

Pνe→νµ ∝ (1.56− 1.22 cos δCP) · 10−7. (6.2)

The correlation between εmll′ and δCP can be obtained from the relative variation
of the oscillation probability, which is defined as follows:

R =
Pmax
νl→νl′ − P

min
νl→νl′

Pmin
νl→νl′

, (6.3)

where Pmin
νl→νl′ and Pmax

νl→νl′ are the minimum and maximum values of the oscillation
probability, when the CP phase is varied in the range (0, 2π).

Identifying the δCP–dependent terms such as the one in equation (6.2) from
the vacuum probabilities (6.1), one may calculate the relative variations for each
parameter εmll′ with equation (6.3). In this work, we calculated the relative variation
R for all of the six matter–NSI parameters as the function of ε2

ll′ . The results are
presented in Figure 6.2.

Figure 6.2 shows that the relative variation for the parameters εmll′ , where l,
l′ = e, µ, τ , produces its largest values for the parameters εmeµ and εmeτ , whereas the
other matter–NSI parameters lead to only small variations. This variation remains
constant for all of the six matter–NSI parameters when εmll′ . 10−2. These observa-
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FIGURE 6.2 The relative variation R = (Pmax
νl→νl′ − Pmin

νl→νl′ )/P
min
νl→νl′ of the vacuum

oscillation probability Pνl→νl′ as a function of the absolute value of the matter–NSI
parameter εmll′ (l, l′ = e, µ, τ ), when the Dirac CP phase δCP is varied over 0 ..... 2π. The
vacuum probabilities are estimated for the LBNO configuration.

tions are in line with the 90% CL contour bands in Figure 6.1.

6.2 The effects of the triplet Higgs bosons in neutrino
oscillations

In this Section, we discuss how the constraints for the NSI parameters ερσαβ (α, β, ρ, σ =

e, µ, τ ) can be used to determine the properties the triplet scalar bosons ∆ = (∆++,
∆+, ∆0). Focusing on the findings of Publication V, this Section describes how the
90% CL bounds on the matter–NSI parameters εmαβ ≡ εeeαβ can be used to constrain
the ratio |λφ/M∆|, where λφ is the dimensionful strength of the ∆φφ couplings and
M∆ is the degenerate mass of the scalars ∆++, ∆+ and ∆0.

In the low energy limit, where the triplet masses are degenerate with respect
to the neutrino interaction energies in matter, the square of the ratio of the triplet
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mass M∆ and the trilinear coupling constant λφ, which is a dimensionful quantity,
can be written as (see equation (3.34) in Chapter 3)

M2
∆

λ2
φ

= −
8
√

2GF v̂
4 εmαβ

(mν)eβ(m†ν)αe
, (6.4)

where mν is the neutrino mass matrix, given in the flavour basis, v̂ ' 174 GeV is
the vacuum expectation value of the SM Higgs doublet φ, GF is the Fermi coupling
constant, and εmαβ is a non-diagonal parameter of the matter–NSI matrix εm, where
α, β = e, µ, τ .

Knowing that the neutrino oscillation experiments are not sensitive to the ab-
solute scale of the diagonal parameters εmee, εmµµ and εmττ , these parameters can only be
analyzed by their relative differences. For example, an analogue to the equation (6.4)
but for εmee − εmµµ is given by

M2
∆

λ2
φ

= − 8
√

2GF v̂
4 (εmee − εmµµ)

(mν)ee(m
†
ν)ee − (mν)eµ(m†ν)µe

. (6.5)

It is clear from equations (6.4) and (6.5) that the upper limits for |εmαβ| and
|εmρρ − εmσσ| translate to the upper limits of M2

∆/λ
2
φ. This means that the stronger the

constraints are for the matter–NSI parameters εmαβ , the stronger the constraints are
also for the ratioM2

∆/λ
2
φ. Conversely, a largeM2

∆/λ
2
φ indicates significant matter–NSI

effects.
In the work presented in Publication V, we analyzed the upper bounds mea-

sured for the matter–NSI parameters
∣∣εmαβ

∣∣ and
∣∣εmρρ − εmσσ

∣∣ in neutrino oscillation ex-
periments [124] and the 90% CL experimental sensitivities achievable in DUNE [125].
These upper bounds are compiled in Table 6.1.

We calculated the elements of the neutrino mass matrix mν in matter from the
equation

(mν)
2 = U




m2
1 0 0

0 m2
2 0

0 0 m2
3


U † + A




1 + εmee − εmµµ εmeµ εmeτ
εm∗eµ 0 εmµτ
εm∗eτ εm∗µτ εmττ − εmµµ


 , (6.6)

where the neutrino masses m1, m2 and m3 are determined from the oscillation pa-
rameters [40] ∆m2

21 ' 7.50×10−5 eV2 and ∆m2
31 ' 2.524×10−3 eV2 in the case of

the normal hierarchy. In the case of the inverted hierarchy, the latter is replaced by
∆m2

32 ' –2.514×10−3 eV2. For example, in the case of NH, the masses m2 and m3 are
given by m2 =

√
m2

1 + ∆m2
21 and m3 =

√
m2

1 + ∆m2
31.

Assuming the normal hierarchy, we calculated the values of the matrix mν

from equation (6.5) as a function of the lowest mass m1, which was run through
the values m1 = 0 ... 0.2 eV, while the standard oscillation parameters were varied
within their 90% CL error limits. Using equations (6.4) and (6.5), we obtained the
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TABLE 6.1 Current experimental upper limits of the matter NSI parameters [124] and
expected upper bounds after the first run with DUNE [125]. All of the limits are given
at the 90 % confidence level significance.

Constraint on Global bound DUNE bound

|εmee − εmµµ| 4.2 0.9

|εmeµ| 0.3 0.074

|εmeτ | 3.0 0.19

|εmµτ | 0.04 0.038

|εmττ − εmµµ| 0.15 0.08

90% CL upper bounds for the ratio M∆/ |λφ| by inserting the 90% CL constraints
on the matter–NSI parameters. The results are presented in Figure 6.3, where the
allowed values for M∆/ |λφ| from the current global constraints and the DUNE sen-
sitivities are depicted with the yellow and green regions, respectively. We also de-
termined the corresponding 90% CL contours for the inverted hierarchy, which are
shown with the dot-dashed and dashed lines.

It is also possible that the scalar triplet ∆ is accompanied by some other new
physics elements in addition to the non-standard neutrino interactions. For exam-
ple, the scalar triplet can be understood as a low energy effective theory of the
left-right symmetric electroweak theory, which is based on the gauge group SU(3)C

×SU(2)L×SU(2)R×U(1)B−L , where R stands for the right-handed chirality, and B

and L for the baryon and lepton numbers, respectively. In a typical left-right sym-
metric model, the particle content of the SM is extended with the right-handed
neutrinos, resulting in three additional Majorana neutrinos with a heavy mass, and
the triplet Higgs bosons. These elements give rise to both the non-unitarity of the
neutrino mixing matrix and the non-standard neutrino interactions, causing depar-
tures from the standard three neutrino oscillation patterns. Furthermore, these new
physics effects are of the kind where one form can mimic the other.

We calculated the portion of the 90% CL allowed values forM∆/ |λφ|, where the
non-unitarity of the light neutrino mixing matrix may mimic the matter–NSI signal
arising from the triplet Higgs interactions. These 90% CL contours were obtained by
converting the experimental bounds on the non-unitarity parameters αll′ (l, l′ = e, µ,
τ ), presented in Table 5.1, by using the conversion relations shown in equation (3.29)
in Chapter 3. In Figure 6.3, the region where the non-unitarity can be misinterpreted
as the matter–NSI signal is shown with the blue colour, when NH is assumed. The
corresponding 90% CL contour for the IH case is shown with the dotted line.

Our results indicate that the presently available neutrino oscillation data can
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FIGURE 6.3 The allowed values of M∆/ |λφ| as a function of the smallest neutrino
mass m1, when the non-standard neutrino interactions in matter are considered. The
white region shows the values ofM∆/|λφ|which can be excluded by a 90% confidence
level (CL) or better by the experimental data that is currently available from the neu-
trino oscillations. Conversely, the yellow and green regions show the allowed values
for the experimental data and the DUNE sensitivities, respectively. The blue region
shows the potential contribution from the non-unitarity of the neutrino mixing matrix.
Whereas the coloured regions are obtained assuming the normal mass hierarchy, the
dashed, dot-dashed and dotted lines show the 90% CL contours for the experimental
data, DUNE sensitivities, and non-unitarity in the inverted hierarchy, respectively.
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TABLE 6.2 The experimental constraints and the expected DUNE sensitivities con-
verted into the lower bounds of the 90 % confidence level for the trilinear coupling
constant λφ, when the mass of the scalar triplet is taken to beM∆ & 750 GeV. Here NH
and IH correspond to normal and inverse neutrino mass hierarchy, respectively.

Global λφ (eV) DUNE λφ (eV)

m1 (eV) NH IH NH IH

0.0 0.031 0.045 0.120 0.178

0.1 0.129 0.133 0.509 0.526

0.2 0.251 0.253 0.997 1.006

exclude the values M∆/|λφ| & 8×1012 at 90% CL, regardless of the value of the light-
est neutrino mass m1. It can be seen in Figure 6.3 that the 90% CL exclusion limit
varies within M∆/|λφ| ' 3....8×1012 when the mass hierarchy is NH, whereas the
higher values of M∆/|λφ| can be excluded at 90% CL or better. When the projected
experimental sensitivities for the DUNE configuration are considered, the 90% CL
contour is brought down to 1.5.....4.5×1012. When the mass hierarchy is IH, though,
the experimental data and the DUNE sensitivities predict the 90% CL contours to
be within 2.5.....4.5×1012 and 1.2.....2.5×1012, respectively. The impact of the non-
unitarity, on the other hand, falls below 0.5×1012 in both NH and IH, and it therefore
has only a small effect compared to the total sensitivity.

We also investigated what the allowed values of the trilinear coupling con-
stant λφ would be if the degenerate mass of the triplet members was assumed to
be M∆ & 750 GeV, which is the 90% CL lower bound for the mass of ∆++ that has
been obtained for a specific scalar triplet model by analysing the proton-proton col-
lision data from the LHC experiment (see Ref. [126] for more details). Using this 90%
CL lower bound of the triplet mass M∆, we were able to obtain the 90% CL upper
bounds for the coupling strength λφ. The numerical values of these upper bounds
are listed for the neutrino massesm1 = 0.0, 0.1 and 0.2 and both the mass hierarchies
in Table 6.2.

As it was discussed in Chapter 3, the presence of the scalar triplet ∆ may also
have observable signatures in some leptonic decay channels. More specifically, the
triplet interactions may give a significant contribution to the decay processes where
the charged lepton flavour is no longer conserved, such as the muon decay into an
electron and a positronium, that is, µ− → e−e+e−. In the SM, the branching ratio
of this process is heavily suppressed, whereas the decay width of the correspond-
ing NSI process is directly proportional to the square of the NSI parameter εeµee .
Analyzing the experimental upper limits for the decay widths of the various LFV
processes, the 90% CL upper bounds can be obtained for the NSI parameters ερσαβ
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TABLE 6.3 The experimental constraints on the parameters ερσαβ (updated from [83]
using [127]) from the ` → ` ` `, one-loop ` → ` γ and µ+e− → µ−e+ processes. All
bounds are given at 90% confidence level.

Decay Constraint on Bound

µ− → e−e+e− |εeµee | 3.5× 10−7

τ− → e−e+e− |εeτee | 1.4× 10−4

τ− → µ−µ+µ− |εµτµµ| 1.2× 10−4

τ− → e−µ+e− |εeτeµ| 1.0× 10−4

τ− → µ−e+µ− |εµτµe | 1.0× 10−4

τ− → e−µ+µ− |εeτµµ| 1.0× 10−4

τ− → e−e+µ− |εeτµe| 9.9× 10−5

µ− → e−γ |∑α ε
eµ
αα| 2.6× 10−5

τ− → e−γ |∑α ε
eτ
αα| 1.8× 10−2

τ− → µ−γ |∑α ε
µτ
αα| 2.0× 10−4

µ+e− → µ−e+ |εµeµe| 3.0× 10−3

(α, β, ρ, σ = e, µ, τ ) by using relations like the one that is shown in equation (3.36).
In the work that is presented in Publication V, we provided the updated values for
the 90% CL from the various LFV processes. The results are presented in Table 6.3.

The NSI effects arising from the LFV interactions such as that of µ− → e−e+e−

can be used to constrain the ratio M∆/ |λφ|. The relation between the ratio M∆/ |λφ|
and the NSI parameter εeµee , for example, is given by

M2
∆

λ2
φ

= −
8
√

2GF v̂
4 εeµαβ

(mν)eβ(m†ν)αµ
. (6.7)

We analyzed the upper bounds for the NSI parameters from the LFV inter-
actions in Table 6.3, and derived the 90% CL upper bound for the ratio M∆/ |λφ|.
The strictest bound is provided on the parameter |εeµee | by the process µ− → e−e+e−,
which constrains the NSI parameter to the order of 10−7. The resulting 90% CL up-
per bound for the ratioM∆/ |λφ| is presented in Figure 6.4 as a function ofm1, where
the allowed values for M∆/ |λφ| and m1 are shown at 90% CL by the red colour. The
white region, on the other hand, shows the values that are excluded by a 90% CL or
greater significance.

The allowed values of the ratio M∆/ |λφ| at 90% CL are shown to fall between
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FIGURE 6.4 The allowed values ofM∆/ |λφ| as a function ofm1, when the four-lepton
non-standard interactions in the lepton flavour violating process µ− → e−e+e− is con-
sidered. Whereas the white region shows the values that are excluded at a 90% confi-
dence level (CL) or better, the red region shows the values which are still allowed by
the experiments. The red colour represents the normal mass hierarchy and the dashed
line contour the inverted hierarchy.

4.....10×109, when the four-lepton NSI from the lepton flavour violating decay µ− →
e−e+e− is considered under the normal mass hierarchy. When the inverted hierarchy
is assumed, the sensitivity improves slightly. The non-observation of the LFV decays
therefore provides much stricter bounds on M∆/ |λφ| than the neutrino oscillation
experiments, where the 90% CL constraints are roughly three orders of magnitude
less stringent.

We have established that the non-standard interactions arising from the scalar
triplet ∆ = (∆++, ∆+, ∆0) can be studied in the neutrino oscillation experiments.
Although the neutrino oscillation data does not constrain the ratioM∆/ |λφ| as much
as the process µ− → e−e+e− does, the two methods could provide independent
measurements on the triplet parameters should the non-standard interaction effects
be sufficiently large.
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Chapter 7

Summary and outlook

In the work that is presented in this thesis, we explored the prospects of the next
generation long baseline neutrino experiments, focusing on two particular experi-
mental configurations. On the one hand, we simulated the configuration of the Long
Baseline Neutrino Observatory (LBNO), which was designed as a pan-European in-
frastructure for studying neutrino oscillations on a long baseline. If realized, LBNO
would have provided an intense beam of muon neutrinos and antineutrinos to tra-
verse 2300 km underground from CERN to the Pyhäsalmi mine in central Finland.
We also simulated the configuration for the Deep Underground Neutrino Experi-
ment (DUNE), which is the next generation long baseline neutrino experiment that
is currently being constructed in the United States. DUNE will feature a similar con-
figuration to that of LBNO, but with a 1300-km-long baseline between Fermilab
and Sanford Underground Research Laboratory. In this thesis, I have described the
similarities and differences of the LBNO and DUNE configurations, and the main
principles of how the two experimental configurations are simulated with General
Long-Baseline Experiment Simulator (GLoBES).

The research that is presented in this thesis can be divided into two distinct
parts. First, we investigated the octancy of the atmospheric mixing angle θ23, where
it is sought whether the true value of the mixing angle θ23 lies in the low octant, θ23 <

45◦, or in the high octant, θ23 > 45◦. Simulating the LBNO and DUNE configurations
with GLoBES, we determined experimental sensitivities for the determination of the
θ23 octant, investigated how the sensitivities depend on the baseline length or in the
event when the beam sharing between neutrinos and antineutrinos is changed in
such an experiment, and showed how the systematic uncertainty arising from the
normalization of the signal events affects the sensitivity to the θ23 octancy. We also
examined how the presence of the new physics, such as the mixing between active
neutrinos and hypothetical sterile neutrinos, the non-unitarity of the neutrino mix-
ing matrix, or the non-standard neutrino interactions could change the sensitivity to
the θ23 octant from that of the standard three-neutrino oscillation paradigm.

We also studied the experimental sensitivity to constrain the non-standard
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neutrino interaction (NSI) parameters εmll′ (l, l′ = e, µ, τ ), which describe the coupling
strengths of the non-standard neutrino interactions that would affect the propaga-
tion of the neutrinos. Using the LBNO configuration, we examined how this con-
straining power would change as a function of the baseline length, assuming that
no evidence of the NSI is found. In a subsequent publication, we analysed the ex-
perimental sensitivities of the DUNE configuration and calculated the experimental
sensitivities for the properties of the triplet Higgs bosons in the case where the NSI
effects arise from the Type II Seesaw mechanism. Using the experimental sensitivi-
ties that had been calculated in Ref. [125], we derived the 90% confidence level (CL)
upper bounds for the ratio M∆/ |λφ|, where M∆ is the degenerate mass of the scalar
triplet ∆ = (∆++, ∆+, ∆0), λφ is the dimensionful strength of the trilinear coupling
φφ∆, and φ = (φ+, φ0) is the SM Higgs doublet.

The main results presented in Publications I–V are summarized as follows:

In Publication I, we described a new, improved simulation for the LBNO con-
figuration and provided the detailed sensitivities to distinguish between the low
and high octants of the mixing angle θ23. We found that the LBNO configuration
could determine the octancy at a 3σ CL or higher significance when θ23 . 41.2◦ or
θ23 & 48.9◦ in the first phase, and θ23 . 41.2◦ or θ23 & 48.9◦ in the second phase of the
experiment, and the mass hierarchy is assumed to be normal. When the mass hier-
archy is inverted, the 3σ CL significance is reached when θ23 . 39.9◦ or θ23 & 51.1◦

in the first phase, and θ23 . 44.4◦ or θ23 & 45.6◦ in the second phase, respectively.

In Publication II, we analyzed the impact of the so called Mikheyev-Smirnov-
Wolfenstein (MSW) matter effect on the probability level, and discussed how the ex-
perimental sensitivity to the determination of the θ23 octant can be optimized in the
LBNO–like long baseline neutrino experiments. Utilizing the simulation, which we
had developed for the LBNO configuration in Publication I, we calculated the exper-
imental sensitivities for the determination of the θ23 octant under different baseline
lengths, beam sharing options and systematics. Our results show that the sensitivity
to the θ23 octancy depends significantly on the baseline length and the beam sharing.
When the mass hierarchy is not known, we found that sharing the beam evenly with
the neutrino and antineutrino modes yields the best result, whereas the knowledge
of the hierarchy would allow to improve the sensitivity by fine-tuning the sharing
between the neutrino and antineutrino modes.

In Publication III, we evaluated the impact of the new physics effects arising
from the active–sterile neutrino mixing and the possible non-unitarity of the neu-
trino mixing matrix in the determination of the θ23 octant in DUNE. Simulating the
configuration developed by the DUNE collaboration, we found that DUNE could
determine the octancy at a 3σ CL or higher significance when θ23 . 43.5◦ or θ23 &
46.5◦ regardless of the mass hierarchy. This sensitivity shifts on each side by approx-
imately 0.2◦ in the case of the non-unitarity, and 0.5◦ in the case of a light sterile
neutrino. Therefore, the presence of the new physics appears to have only limited
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effects on the sensitivity to the θ23 octancy, when the constraints from the existing
electroweak and short baseline oscillation data properly taken into account.

In Publication IV, we simulated the LBNO configuration with baseline lengths
L = 100 km.....5000 km and calculated the 90% CL exclusion contours for the matter–
NSI parameters εmll′ . We also estimated the εmll′ – δCP correlation both analytically and
by simulating the LBNO configuration. We discovered that the correlation is the
strongest with the parameters εmeµ and εmeτ , both methods confirming the result. We
also found that the baseline lengths near 2000 km and beyond provided the best
sensitivity to constrain the matter–NSI parameters.

In PublicationV, we calculated the 90% CL exclusion limits for the ratioM∆/ |λφ|
from the present experimental constraints on the matter–NSI parameters εmll′ , as well
as from the experimental sensitivities that have been estimated for DUNE. We ob-
tained the present 90% CL upper bound to be within 3.....8×1012 and the DUNE
sensitivities to imply 1.5.....4.5×1012, when the mass hierarchy is taken to be nor-
mal. When the hierarchy is inverted, we found the present and DUNE bounds to be
1.2.....2.5×1012 and 2.5.....4.5×1012, respectively. For the lower bound M∆ & 750 GeV,
the DUNE sensitivities correspond to |λφ| & 0.031 eV and 0.045 eV in normal and
inverted hierarchy, respectively.

The credibility of the simulation method that was used in Publications I–IV
is concerned by several challenges, which motivates the development of more ad-
vanced techniques. The main difficulty in the simulation of the experimental con-
figuration at various baseline lengths concerns the eligibility of the neutrino fluxes,
which were initially provided for the LBNO configuration and are therefore op-
timized for the 2300 km baseline length. In Publication II, we resolved this issue
by shifting the beam fluxes along the energy axis, in order to preserve the L/E

value. In Publication IV, we did not adjust the beam fluxes to match each baseline
length, which affected the calculated sensitivities especially at the very long baseline
lengths. There are also other issues, ranging from the minimization of the χ2 func-
tions to the treatment of the a priori errors. Although the accuracy of our simulation
results has clearly improved from Publication I through IV, it is evident that there is
still room for development in the simulation technique.

Altogether, it is found that the next generation of the long baseline neutrino
oscillation experiments will have great potential for the determination of the θ23 oc-
tant, as well as in the probing of the new physics effects, such as the non-standard
neutrino interactions from the triplet Higgs bosons. In this thesis, it has been demon-
strated that the new physics effects originating beyond the SM may be studied in the
long baseline neutrino experiments, and the interplay of the experimental data from
the short baseline and other experiments will have an important role in maintaining
the future experiments’ physics potential in the presence of the new physics.
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1 Introduction

Neutrino oscillations are described in terms of six physical variables: the three mixing angles

θ12, θ23 and θ13, the Dirac CP phase δCP, and the two squared-mass differences ∆m2
21 =

m2
2−m2

1 and ∆m2
31 = m2

3−m2
1. Most of these quantities are experimentally measured with

good accuracy [1–3]. However, one still does not know the sign of ∆m2
31, that is, whether

the masses obey the normal hierarchy (NH) m1,m2 < m3 or the inverted hierarchy (IH)

m1,m2 > m3 , and the value of the CP phase δCP also is undetermined, all values in the

range −180◦ to +180◦ being still allowed. In addition of these two unknowns, which are

expected to be resolved in the future long baseline oscillation experiments, there is a third

intriguing question known as the octant or θ23-degeneracy problem [4–7]. In the leading

order the muon neutrino disappearance in the transition νµ → νµ is not sensitive to the

octancy of θ23, that is, whether this angle lies in the lower octant (LO) θ23 < 45◦ or in the

higher octant (HO) θ23 > 45◦, both alternatives giving the same disappearance probability.

In contrast, the leading term of the probability of the electron neutrino appearance νµ →
νe is octant sensitive [8]. Hence an accurate measurement of the transition probability

P (νµ → νe) in the future long baseline neutrino oscillation experiments might be capable

of resolving the octant degeneracy.

Of course, the octant degeneracy problem would not exist if the angle θ23 mixing were

maximal, i.e. θ23 = 45◦. The recent results of the MINOS oscillation experiment [9] seem to

indicate, however, that this is not the case. Two degenerate solutions were found, one in the

lower octant (LO) with sin2 θ23 ' 0.4 and one in the higher octant (HO) with sin2 θ23 ' 0.6.

This corresponds to a deviation of about 5◦ downwards or upwards, correspondingly, from

the maximal-mixing value θ23 = 45◦. On the other hand the T2K collaboration [10] has

recently reported a θ23 central value lying close to the borderline between both octants,

being unable to exclude any of the two possibilities.

The octant affects the event rates both for the neutrino transition νµ → νe and the

antineutrino transition ν̄µ → ν̄e, the HO corresponding to more events than the LO. This

is true for both the NH and IH mass hierarchies. In addition to the dependence on the

θ23 octant, the event rates are quite strongly affected by the value of the CP phase δCP.

A balanced neutrino and anti-neutrino data is requisite for the separation of LO and HO

(for a recent analysis, see [11]).

– 1 –
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In this paper, we analyze the potential of the planned long baseline neutrino oscillation

experiment LBNO [12] for resolving the θ23 octant degeneracy. In LBNO the aim is to

send neutrino and antineutrino beams, produced at the CERN SPS accelerator, towards

the Pyhäsalmi mine, located in central Finland at the distance 2288 km from CERN,

where they will be measured using a two-phase Liquid Argon Time Projection Chamber

(LArTPC) [13, 14] combined with a magnetized muon detector (MIND) [15, 16]. In the

first phase, the size of the LArTPC detector is planned to have 20 kton fiducial mass. In

this phase a 0.75 MW conventional neutrino beam from the CERN SPS will be used. In

the second phase the total detector mass will be extended to 70 kton, and a powerful 2 MW

HPPS proton driver [17] is foreseen to be in use. We will determine for both phases the

1σ, 2σ and 3σ sensitivity limit of the angle θ23 that LBNO can achieve with 5+5 -years

neutrino and antineutrino run, allowing the CP phase to vary in the range −180◦ to +180◦.

2 Numerical analysis

The sensitivity for determining the θ23 octant has been previously analysed for NOνA [18]

and T2K [10], as well as for the proposed very long baseline experiment of the future,

LBNO [19] and LBNE [8]. According to recent reviews (see e.g. [11]), the LBNO offers

the best potential for determining the octancy of θ23. In this work we present a detailed

numerical analysis for the LBNO. The numerical simulation method we use is in most parts

adopted from [19], however, using for our calculations the GLoBES simulation program [20,

21] instead of Monte Carlo simulations.

GLoBES is a simulator that predicts the propagation of neutrinos from the moment

they are created in the source to the point they reach the detector and interact with

its content. The software evaluates the effect of matter potentials induced by the tra-

versed medium and calculates the resulting event rates that follow from the detection and

reconstruction of neutrino events that take place in the detector. The estimated event

rates are then used to evaluate the likelihood of different oscillation parameter values

with χ2-distributions.

The muon neutrino beam is assumed to be produced in the CERN SPS accelerator with

a power of 750 kW, shared between neutrino and antineutrino modes at a 50%/50% ratio.

(This is the same set-up proposed in [19] for the determination of the mass hierarchy.) This

corresponds to 1.125× 1020 POT per year for each beam, and it builds up a total yield of

1.125 × 1021 over the course of the 5+5 -year running time. We also consider the HPPS

setup by increasing the annual POT number to 3.0× 1021. The key parameters concerning

the LBNO are presented in table 1.

The muon neutrino beam is assumed to be nearly pure, though it is contaminated by

small numbers of electron neutrinos and antineutrinos. The contamination is an irreducible

side product of the muon neutrino creation through meson decays in a hadronic beam and

it cannot be removed. We have obtained the respective neutrino fluxes from dedicated flux

files based on a GEANT4 simulation [22].

In this work we assume the following detecting properties [23, 24]. The LArTPC de-

tector is capable of detecting electron and muon neutrinos by observing secondary electron
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Parameter Value

Beam power [SPS] (1020 POT/yr) 1.125

Beam power [HPPS] (1021 POT/yr) 3.0

Baseline length (km) 2288

Running times (yr) 5+5

Detection efficiency (%) 90

νµ NC rejection (%) 99.5

νµ CC rejection (%) 99.5

Energy resolution (GeV) 0.15×
√
E

Energy window (GeV) [0.1, 10.0]

Number of bins 80

Bin width (GeV) 0.125

Table 1. Experiment parameters.

and muon leptons at approximately constant 90% rate. The LBNO neutrinos are detected

within [0.1 GeV, 10.0 GeV] energy range, which is divided into 80 energy bins, each bin

0.125 GeV wide. The detection and reconstruction process has the following parameters:

whenever a neutrino interacts with the detector substance, the counting system recon-

structs the energy and flavor of the incident neutrino and identifies the event with the

corresponding energy bin. The reconstructed energy is assumed to be normally distributed

with a resolution of 0.15×
√
E, where E is the neutrino energy in GeV. The cross sections

of the charged current (CC) and neutral current (NC) neutrino-nucleon interactions are

given in cross section files simulated for LArTPC with a dedicated GENIE simulation [25].

The simulation is specifically dedicated to LArTPC systems, and it takes the oscillations

to tau neutrinos into account better than any previous simulation.

The LBNO experiment is designed to study the electron appearance probabilities

P (νµ → νe) and P (ν̄µ → ν̄e) by counting the corresponding CC events in the detector.

These CC events constitute the signal, whereas background consists of any type of events

that have similar final state properties. On one hand, the electron appearance channels

gain background from CC and NC events with νe and ν̄e arising from the oscillations of the

impurities in the muon neutrino beam. On the other hand, the detector is also assumed to

have a 0.5% chance to accept νµ and ν̄µ from νµ → νµ and ν̄µ → ν̄µ as νe and ν̄e from both

CC and NC event categories. Lastly, ντ and ν̄τ neutrinos originated from νµ → ντ and

ν̄µ → ν̄τ oscillations also contribute to the background. The number of τ leptons produced

in the detector from these neutrinos accounts for approximately 6% of the total number of

leptons produced [12]. Inserting the branching ratio of the τ subsequent decay into elec-

trons through τ → e νe ντ (∼17.8%) [26] together with the detector efficiency (90%), one

sees that the corresponding νe contamination is 1%, hence of the same order of magnitude

as the intrinsic beam contamination.
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Besides electron appearance, also the muon disappearance probabilities P (νµ → νµ)

and P (ν̄µ → ν̄µ) are studied. In this case the signal composes of the respective CC events

whereas the background consists of νµ → νµ and ν̄µ → ν̄µ NC neutrinos and νe → νµ and

ν̄e → ν̄µ CC neutrinos that are mistakenly accepted as signal neutrinos. We assume in

our analysis the experiment to be able to distinguish between neutrinos and antineutrinos,

reducing the background of νµ → νµ and νµ → νe to only neutrino channels and ν̄µ → ν̄µ
and ν̄µ → ν̄e only to antineutrino channels, respectively. Also, νµ → ντ and ν̄µ → ν̄τ
oscillations contribute to νµ and ν̄µ background through τ → µ νµ ντ decay.

The χ2 values are calculated as follows (see e.g. [20, 21]). The statistical part is

computed with the Poissonian function

χ2(ω, ω0) =

80∑
i=1

2

[
Ti −Oi

(
1− ln

Ti
Oi

)]
, (2.1)

where the number of observed events (Oi) in the ith bin is computed from the so called

true values (ω0) and the number of test events (Ti) from the test values (ω), respectively.

The observed events is the category of events that would result from oscillation pa-

rameter values that one considers to be closest to the truth. They are based on the best-fit

values obtained from the most recent experiments. We denote these values with ω0. Since

all parameter values are not precisely known, such as the sign of ∆m2
31, the χ2 values need

to be computed for all possible scenarios. The number of observed events is taken to be

the sum of events from signal and background components:

Oi = N sg
i (ω0) +Nbg

i (ω0), (2.2)

where N sg
i and Nbg

i stand for the numbers of signal and background events.

The test values on the other hand stand for event numbers that are computed with

whatever oscillation parameter values one wants to test. We denote these values with ω.

We also apply systematic errors to both signal and background events by incorporating

two nuisance parameters [20, 21], ζ1 and ζ2, with error weights π1 and π2:

Ti = N sg
i (ω)[1 + π1ζ1] +Nbg

i (ω)[1 + π2ζ2]. (2.3)

The systematic errors are included by minimizing the χ2 function over nuisance pa-

rameters ζ1 and ζ2:

χ2
pull(ω, ω0) = min

ζ1,ζ2

[
χ2(ω, ω0) + ζ21 + ζ22

]
, (2.4)

where χ2(ω, ω0) is the Poissonian function given by equation (2.1). We assume 5 % sys-

tematical error weights in both signal and background by setting π1, π2 = 0.05. This

corresponds to the normalization error in the LArTPC detectors [11].

We also assume that the values of θ12, θ13, ∆m2
21, ∆m2

31, δCP and ρ are associated

with standard deviations σ(θ12), σ(θ13), σ(∆m2
21), σ(∆m2

31) and σ(ρ). We include these
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Parameter Value Error (1σ)

sin2 θ12 0.304 0.013

sin2 θ13 (NH) 0.0218 0.0010

sin2 θ13 (IH) 0.0219 0.0011

sin2 θ23 varied 0

δCP [◦] varied 0

∆m2
21 [10−5 eV2] 7.50 0.19

∆m2
31 (NH) [10−3 eV2] 2.457 0.047

∆m2
31 (IH) [10−3 eV2] -2.449 0.048

Table 2. Oscillation parameters.

parameter uncertainties via the so called priors [20, 21]. The prior function is given by:

χ2
prior(ω, ω0) =

(
sin2 θ12(ω)− sin2 θ12(ω0)

σ(sin2 θ12)

)2

+

(
sin2 2θ13(ω)− sin2 2θ13(ω0)

σ(sin2 2θ13)

)2

+

(
∆m2

21(ω)−∆m2
21(ω0)

σ(∆m2
21)

)2

+

(
∆m2

31(ω)−∆m2
31(ω0)

σ(∆m2
31)

)2

+

(
ρ(ω)− ρ(ω0)

σ(ρ)

)2

. (2.5)

The overall χ2 value is calculated as the sum of the pull and prior parts from equations (2.4)

and (2.5), which is then minimized over the test values:

χ2
total(ω0) = min

ω

[
χ2
pull(ω, ω0) + χ2

prior(ω, ω0)
]
. (2.6)

The matter density parameter ρ is taken into account as a variable in equation (2.6).

The density distribution of the Earth’s crust between CERN and Pyhäsalmi is known to

a good accuracy [27], but for this study we consider it sufficient to evaluate the matter

density function with a 20-step PREM distribution [28], and assume 2% error value (1σ).

The final χ2 value is calculated by minimizing χ2
total over all oscillation parameters in

the test values, that is, over ω. The prior function constrains the value ranges over which

χ2
total may converge, and the absence of δCP in equation (2.5) indicates that no such con-

straints are assumed for δCP. We also choose to keep θ23 fixed in the minimization process.

We calculate the 1σ, 2σ and 3σ confidence levels for the event that the LBNO exper-

iment will be able to rule out one octant when the other octant is assumed to be correct.

This is done by computing χ2 first for θ23 and then 90◦−θ23, and calculating the difference

between the two χ2 values, both calculated as given in equation (2.6):

∆χ2 = χ2
total(90◦ − θ23)− χ2

total(θ23). (2.7)

We take the true values from [29], which contains a recent compilation on experimentally

determined parameter values. These values are also presented in table 2.

– 5 –



J
H
E
P
0
2
(
2
0
1
5
)
0
4
8

The Gaussian errors shown in table 2 are distributed for parameters sin2 θ12, sin2 2θ13,

∆m2
21 and ∆m2

31, respectively. The errors of δCP and sin2 θ23 are not present in the prior

function χ2
prior and therefore they are both marked with zero. This follows from our choice

that δCP is not assigned with constraints and θ23 is kept fixed in the minimization of χ2.

The minimization of the χ2 function in equation (2.6) is carried out keeping θ23 fixed

and other parameters free. Since θ23 and δCP are not precisely known, we calculate the χ2

values for different possible values of θ23 and δCP, and for both mass hierarchies as well.

3 Results and discussion

We have investigated the ability of the LBNO experiment to determine the octancy of the

neutrino mixing angle θ23 up to a 3σ confidence limit (CL) for all values of the phase

δCP. This was done by computing the ∆χ2 distribution for a range of θ23 and δCP values.

The ∆χ2 distribution was computed with a grid of 120×360 points, interpolating the

intermediate values.

The contour plots were produced for four different setups: SPS beam with 20 kt

LArTPC, SPS beam with 70 kt LArTPC, HPPS beam with 20 kt LArTPC and HPPS

beam with 70 kt LArTPC. Figures 1 and 2 present the resulting 1σ, 2σ and 3σ CL

contours for the normal and inverted hierarchy, respectively. In each figure the white

regions in the plots are the areas for which the values of θ23, δCP can be established with

CL greater than 3σ. So for all θ23, δCP data points in these areas, one can eliminate

with a CL larger than 3σ the possibility for these parameters to lie in the other octant.

Conversely the coloured regions illustrate the cases where no such distinction is possible

with the indicated CL. Some details of these contours are presented numerically in table 3.

We have marked in figures 1 and 2 by green lines the MINOS favoured θ23 values 40◦

and 50◦. It is seen that for all the different setups considered the right θ23 octant can be

asserted in NH with at least 3σ CL. As for IH this limit is reached for the lower octant in

all cases, whereas for the higher octant it fails to be reached in the sole case of the 20 kt

setup with 0.75 MW. All other setup versions yield improved sensitivities so that the 3σ

limit can be reached for all of them regardless of the mass hierarchy and δCP value. The

graphs also show by themselves that increasing beam power (by a factor of 2.7 i.e. from

0.75 MW to 2 MW) with the same detector is a lot more effective than increasing detector

size from 20kt to 70 kt with the same beam power.

We also studied the scenario in which the neutrino and antineutrino beam modes are

divided by a 75%/25% ratio, which has been suggested to optimize the LBNO for the CP

violation search [19]. Our results show decreased sensitivity for determining the θ23 octant.

Furthermore we also found that a 25%/75% share between neutrinos and antineutrinos

improves the sensitivity to θ23 octant determination relative to the 50%/50% share. Hence

the shorter running times with neutrinos combined with the longer running times with

antineutrinos is found to improve the octant sensitivity, whereas the opposite combination

worsens it.

In principle, any increase in the exposure moves the 3σ CL contour closer to the

θ23 = 45◦ value. If one is to expect that the real value of θ23 is to be 5◦ off from 45◦, then
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Figure 1. Octant discovery potential in the LBNO when normal mass hierarchy (NH) is assumed.

The coloured regions show values of θ23 and δCP where the two octant solutions can be distinguished

from each other in the LBNO at less than 3σ confidence level (i.e. the two octants are indistin-

guishable up to this limit). The white areas show the values where the other octant can be rejected

at 3σ or better. The 1σ and 2σ contours are shown with solid and dashed lines, respectively. The

MINOS favoured θ23 − 45◦ = ±5◦ values are marked with green lines.

even the SPS setup with 20 kt detector may be sufficient to reach the 3σ CL for both mass

hierarchies. The sensitivity is worse near 45◦, however, and it would require an upgrade to

reach the 3σ CL benchmark. A future HPPS facility with a 70 kt LArTPC detector, for

instance, could solve this problem as it would set the limit to less than ±0.6◦. Furthermore,

LBNO will most likely be able to measure the mass hierarchy with a 0.75 MW SPS beam

and a 20 kt LArTPC detector, in which case the acquired data could be used to narrow

down the estimate on the θ23 octant. The determination of the θ23 octancy would hence

be a logical follow-up of the mass hierarchy measurement.
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Figure 2. Octant discovery potential in the LBNO when inverted mass hierarchy (IH) is assumed.

The coloured regions show values of θ23 and δCP where the two octant solutions can be distinguished

from each other in the LBNO at less than 3σ confidence level (i.e. the two octants are indistin-

guishable up to this limit). The white areas show the values where the other octant can be rejected

at 3σ or better. The 1σ and 2σ contours are shown with solid and dashed lines, respectively. The

MINOS favoured θ23 − 45◦ = ±5◦ values are marked with green lines.
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I. INTRODUCTION

The past few decades have witnessed amazing progress in neutrino physics. The existence

of neutrino masses was �rmly established by the observation of the oscillation of atmospheric

neutrinos by the Super-Kamiokande experiment [1, 2], the �ux measurements of the solar

neutrinos by the SNO experiment [3] and the earlier solar neutrino experiments [4]. A

great variety of the atmospheric, solar, accelerator and reactor neutrino experiments have

determined the parameters related to neutrino masses and the mixing of neutrino �avours

to a high precision (see e.g. Refs. [5�9]). A global �t to the data gives the parameter

values presented in Table I. Nevertheless, some crucial information is still lacking. In fact,

not only the question of the absolute value of the neutrino masses is an open one, but also

their hierarchy is still unknown. To this end two possibilities are open: the normal hierarchy

(NH), whereby there exist two light neutrinos and a heavier one and the inverse hierarchy

(IH) with two comparatively heavy and a lighter one. Furthermore, the issue of the possible

CP violation in the leptonic sector has not been resolved yet.

In this paper we will address another still open question, the so-called octant problem

of the neutrino mixing angle θ23 [10]. It is known from experiments that the value of θ23 is

close to 45◦ but it is not known whether it lies in the higher octant (HO, θ23 > 45◦) or in

the lower one (LO, θ23 < 45◦), as the present experiments are not sensitive enough to trace

the di�erence on a reliable level. In our previous work [11] we studied the prospects of the

long baseline neutrino oscillation experiments (see e.g. [12�16]) to resolve this ambiguity.

The question has been investigated in several other publications recently, e.g. in [17�30].

Running θ23 around 45o, we investigated in our study [11] the parameter range outside

which the �rst and second octant solutions can be distinguished as a function of a given

con�dence limit. Of course, the sensitivity and hence the corresponding maximal vicinity of

45◦ depends on the neutrino mass hierarchy and on the speci�cations of the experiment at

hand. These include the intensity of the neutrino beam, the systematic error estimate and

the share of the total run time between the neutrino and antineutrino modes.

The most precise determination of the mixing angle θ23 is the one by the T2K experi-

ment [9]. When combining their results with the existing reactor neutrino data they obtain

sin2 θ23 = 0.528+0.055
−0.038 [31]. The recent results of the MINOS oscillation experiment [32]

show two degenerate solutions, one in the lower octant (LO) with sin2 θ23 ' 0.43 and one

2



in the higher octant (HO) with sin2 θ23 ' 0.60. This corresponds to a deviation of about

5◦ downwards or upwards, correspondingly, from the maximal value θ23 = 45◦. The Super

Kamiokande has found in its atmospheric neutrino study the best-�t at sin2 θ23 ' 0.575 for

both mass hierarchies with a preference for the higher octant [33]. The preliminary results

of the NOνA experiment, based on still quite limited exposure, show a best-�t close to the

maximal mixing (sin2 θ23 = 0.51± 0.10 [34]).

Using the numerical simulations based on the GLoBES software [35, 36], we analyze in

this paper the dependence of the θ23 octant sensitivity on the baseline length, the neutrino-

antineutrino beam share and the systematic errors. We �nd for normal mass hierarchy a

sensitivity that improves with the neutrino component in the beam, maximal sensitivity

being reached when this component reaches 100%. For the inverse mass hierarchy, we �nd

the opposite result, namely a maximal sensitivity for 100% of the antineutrino component.

Furthermore, the sensitivity to the systematic errors is �at for all neutrino and antineutrino

channels, with the exception of the muon neutrino one in NH and the muon antineutrino in

IH which both become poorer as the error increases. The analysis is done for δCP ∈ [−π, π].

The plan of the paper is as follows. In Section II we will describe the octant problem

and review the present situation of the determination of the value of θ23. In Section III we

describe the numerical method we use in our analysis, and in Section IV we present our

results. A summary and conclusions are presented in Section V.

II. THE OCTANT DEGENERACY

The oscillations of three neutrinos can be described in terms of six parameters, the three

mixing angles θ12, θ23 and θ13, the CP phase δ and two mass-squared di�erences ∆m2
21

and ∆m2
31. Also, the probabilities of the ν` ↔ ν`′ transitions, P

m
``′ (`, `

′ = e, µ, τ) depend

on these parameters, the neutrino energy E and the baseline L, as well as on the density

pro�le of the medium neutrinos traverse on their way from a source to a detector. The

values of the oscillation parameters can be determined by comparing the measured event

rates with their theoretical expectations which follow from the probability expressions and

the speci�cations of the experiment at hand. However, the determination is hampered by

parameter degeneracies, i.e. by situations where two or more choices of the parameter value

sets are consistent with the same probability and thus the same data. As was discussed

3



in [17, 37, 38] there can be eightfold degeneracies in the oscillation probabilities caused by

the θ13 � δ degeneracy, the mass hierarchy � δ degeneracy, and the octant degeneracy. The

precise determinations of the mixing angle θ13 [39, 40] have made the θ13 � δ degeneracy

less serious than it was before. Indeed the mass hierarchy � δ degeneracy will be resolved

once the value of one or both of these quantities is accurately determined in the future

long baseline oscillation or in other neutrino experiments. On the other hand, the octant

degeneracy refers to situations where the parameter interchange θ23 ↔ π/2−θ23 leads to the
same calculated value of an experimentally measured quantity. The possibility of removing

such an ambiguity in very long baseline neutrino experiments has been �rst discussed some

time ago, see e.g. [17, 41, 42]. For more recent discussions, see e.g. [18, 19].

In long baseline experiments one is interested mainly in the oscillation channels νµ → νµ

(disappearance channel) and νµ → νe (appearance channel). In leading order, whereby

omitting terms proportional to the small quantity ∆m2
21/∆m

2
31, the survival probability

takes the following form [43�45]:

Pm
µµ =1− cos2 θm13 sin2 2θ23 sin2

(
1.27

L

E

(
∆m2

31 + A+ (∆m2
31)m

2

))

− sin2 θm13 sin2 2θ23 sin2

(
1.27

L

E

(
∆m2

31 + A− (∆m2
31)m

2

))

− sin4 θ23 sin2 2θm13 sin2

(
1.27

L

E
(∆m2

31)m

)
(1)

where terms have been shown up to the �rst θ23 octant non-degenerate term. The matter

enhanced parameters (∆m2
31)m, cos2 θm13 and sin2 θm13 are de�ned by

(∆m2
31)m =

√
(∆m2

31 cos 2θ13 − A)2 + (∆m2
31 sin 2θ13)2

sin 2θm13 =
∆m2

31

(∆m2
31)m

sin 2θ13

cos 2θm13 =
∆m2

31

(∆m2
31)m

(cos 2θ13 − A).

(2)

Here A is due to the e�ects of matter on the neutrinos propagating through Earth's crust,

A ≡ 2EV , with V =
√

2GFne and ne is the electron number density. The corresponding

formula for antineutrinos is obtained by replacing V → −V .
The �rst three terms of the oscillation probability Pµµ are insensitive to the θ23 octancy,

as their dependence comes through sin2 2θ23. Therefore, neglecting the last term, one would

have

Pµµ(θ23) = Pµµ(π/2− θ23). (3)
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However, owing to the octant sensitivity exhibited by the fourth term in Eq. (1), Pµµ may still

contribute to the determination of the θ23 octant provided a suitable choice of parameters

A, L and E is made.

The oscillation probability Pm
µe of the appearance channel νµ → νe is given in the leading

order by

Pm
µe = sin2 θ23 sin2 2θm13 sin2

(
1.27

L

E
(∆m2

31)m

)
. (4)

This probability does not have an intrinsic degeneracy like (3) but it su�ers from a combined

ambiguity involving the parameters θ13, ∆m31, and θ23. Nevertheless, the sensitivity for the

θ23 octant comes mainly from this oscillation channel.

As can be seen from Eqs. (1) and (4), a comparatively large sin2 2θm13 term magni�es

the θ23 octant sensitivity in both νµ → νe and νµ → νµ modes. This is provided by a

comparatively small (∆m2
31)m parameter which requires the quantities ∆m2

31 and A to have

the same sign (see Eq. (2)). Hence, as will be seen in section IV, octant sensitivity becomes

maximal for a normal hierarchy with neutrinos and inverse hierarchy with antineutrinos.

Since νµ → νe and νµ → νµ modes contribute, an analysis using combined data from the two

gives a better capability to ascertain the octancy of θ23 than one using just a single mode.

III. SIMULATION METHOD

In this work we use the GLoBES software [35, 36] to calculate the sensitivities for the θ23

octant determination. As per our previous work [11], the analysis is done by calculating χ2

values with the same approach. The octant discovery potential is obtained from the ∆χ2

distribution de�ned as:

∆χ2 = χ2(π/2− θ23)− χ2(θ23), (5)

where χ2(θ23) represents the χ2 value for any given θ23 value and χ2(π/2 − θ23) its value

in the opposite octant. The 5σ con�dence level is then obtained as the ∆χ2 = 25 contour

along this distribution. In each calculation of ∆χ2 we keep θ23 and δ �xed to their assigned

values.

We analyse the octant sensitivity by calculating the ∆χ2 distribution for various θ23 angles

with Eq. (5). We take the other intrinsic oscillation parameter values from the current best-

�ts as given by recent experimental data. These best-�t values are presented in Table I.
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Parameter Value ± Error (NH) Value ± Error (IH)

sin2 θ12 0.321± 0.018

sin2 θ13 0.02155± 0.00090 0.02140± 0.00085

sin2 θ23 varied

δCP varied

∆m2
21 (7.56± 0.19)× 10−5 eV2

∆m2
31 (2.55± 0.04)× 10−3 eV2 (−2.49± 0.04)× 10−3 eV2

TABLE I. The best �t values and standard deviations of the neutrino oscillation parameters used

in our numerical calculations [47]. For the CP phase δCP we allow any value from 0 to 2π.

We conduct the simulations using the experimental setup considered in the LBNO Design

Study [12] as our model of reference. This design assumes a 2288 km baseline and a double

phase liquid argon time projection chamber (LArTPC) detector concept. Because of its

similarity with other proposed long baseline experiments, e.g., the DUNE [46], we consider

LBNO as our benchmark with its four beam intensity and detector size setups. In the

following work, we parametrize the LBNO as de�ned in Table II. We consider the SPS and

HPPS setups (1.125 × 1020 POT/year and 3.0 × 1021 POT/year, respectively) both with

the 20kt and 70kt double phase LArTPC detectors and present the results from these four

di�erent exposures. We stress that while the speci�cations are for the LBNO setup, the

results obtained to give a correct generic picture.

IV. RESULTS

A. Octant and baseline

In this subsection, we investigate the impact of matter e�ects on the octant sensitivity of

θ23 at 5σ con�dence level in long baseline experiments. We use the GLoBES software with

LBNO as our benchmark setup and analyse the e�ect of changing the baseline length. All

other experiment parameters are �xed to their default values.

We compute the octant sensitivity for four di�erent exposures. The results are presented

for higher octant in both NH and IH in Fig. 1. As a measure of exposure, we use the
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Runtime (ν + ν years) 5+5

LAr detector mass (kt) 20 & 70

Neutrino beam power (MW) 0.75 & 2.4

POT per year 1.125× 1020 & 3.0× 1021

Baseline length (km) 2288

Energy resolution function 0.15
√
E

Energy window (GeV) 0 � 10

Bin width (GeV) 0.125

Bins 80

TABLE II. The benchmark values of various experimental parameters used in the numerical calcu-

lations. In the energy resolution function, E is in units of GeV.

integrated luminosity, which is de�ned as the product of the beam's annual protons-on-

target (POT) number, the �ducial mass of the detector and the total running time of the

experiment.

We also investigate the θ23 octant � δ correlation by plotting the 5σ contours for δ

values in the interval [−π, π]. This generates the appearance of bands, which are plot-

ted in Fig. 1 for the NH and IH cases. In our calculation, for each baseline L the factor

sin2[1.27L/E (∆m2
31)m] is maximized in order to maximize the sensitivity of both proba-

bilities (1) and (4) to the θ23 octancy. Therefore, neutrino beam energy is shifted along

bin by bin in direct proportionality with L, so that L/E is kept constant throughout the

simulation. Longer baselines thus correspond to greater matter e�ects. For illustration, we

also show the δCP = 0 and δCP = π/2 contours in the plots.

Two important features are clearly seen from Fig. 1: the θ23 octant � δCP correlation

becomes less signi�cant and the octant sensitivity becomes less dependent on the baseline

length as the statistics is increased from 2.3 × 1022 POT×kton to 210 × 1022 POT×kton.
Moreover, the CP-conserving contour δCP = 0 appears to yield in general a better sensitivity

than the maximally CP violating contour δCP = π/2 in NH, but this behaviour is �ipped in

the case of IH.

Finally, from Fig. 1, the sensitivity contours seem to have a shallow minimum, corre-

sponding to maximum sensitivity, which ranges from 1700km to more than 3000km.
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FIG. 1. The 5σ discovery reach of θ23 octant as a function of baseline length for di�erent lumi-

nosities. Above the curves, the octant of θ23 will be determined with more than 5σ certainty. The

band shows the variation of the bound when δCP varies in the range (−π, π) and corresponds to

the correlation between δCP and the θ23 octant. The left panel is for the normal mass hierarchy

(NH) and the right panel for the inverted hierarchy (IH).

We also studied the sensitivities in the case where θ23 lies in the lower octant. However,

we found the sensitivities to be approximately symmetric in the lower octant, hence they

are not shown.

B. Octant and beam sharing

In this subsection, we study the e�ect of sharing between neutrino and antineutrino run

modes in the experiment's ability to determine the θ23 octant.

We plot the octant sensitivity as a function of the running time in the neutrino mode in

both NH and IH. The sensitivities are shown for higher octant at 5σ CL in Fig. 2 and the

sensitivities concerning the lower octant have not shown because they are approximately

symmetric in shape.

The νµ/(νµ + ν̄µ) ratio in Fig. 2 is de�ned as the fraction at which the experiment runs

in neutrino mode. The sum of the two running times is �xed at 10 years. For example,
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FIG. 2. The 5σ discovery reach of θ23 octant as a function of the beam sharing ratio. Above the

curves, the octant of θ23 will be determined with more than 5σ certainty. The band shows the

variation of the bound when δCP varies in the range (−π, π) and corresponds to the correlation

between δCP and the θ23 octant. The left panel is for the normal mass hierarchy (NH) and the right

panel for the inverted hierarchy (IH).

the experiment operates all 10 years in antineutrino mode when νµ/(νµ + ν̄µ) = 0 and in

neutrino mode when νµ/(νµ + ν̄µ) = 1. Conversely, the fraction of the antineutrino mode is

given by 1− νµ/(νµ + ν̄µ).

The immediate result of Fig. 2 is that the sensitivity to the θ23 octant improves

monotonously in the case of NH and declines in the case of IH as the running time in

neutrino mode is increased. Thus the best octant sensitivity is achieved in the NH case by

maximizing the νµ runtime and in the IH case by maximizing the ν̄µ runtime.

The impact of the δCP parameter also seems to be inverted when one moves from NH to

IH. This can be seen from the δCP = 0, π/2 contours in Fig. 2.

C. Octant and systematic errors

In this subsection, we investigate the impact of systematic errors on the experiment's

ability to determine the θ23 octant. We parametrize the systematic errors related to the
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neutrino detection and event reconstruction phase with a single normalization error in each

channel (cf. [11] for a more detailed description). The strength of the systematic errors is

parametrized for each channel by two weight factors, π1 and π2, the �rst referring to the

signal and the second to the background component.

In this work, we concentrate on the signal error parameter π1. We test the impact of

each neutrino detection channel by varying the corresponding signal error π1 in the interval

[0, 10%] in one neutrino channel and keep the others �xed at their default values. We repeat

the calculation for all four neutrino types (νe, νµ, ν̄e, ν̄µ) and present the resulting octant

sensitivities in Fig. 3 and 4. In these �gures, the sensitivities are shown for higher octant

for all four exposures, as well as for both mass hierarchies. The sensitivities concerning the

lower octant are again found to be approximately symmetric in shape and are not shown.

Fig. 3 shows that the sensitivities obtained with GLoBES are �at for almost all exposures

and neutrino types in NH, the only non-�at curves being νµ, which shows a clear slope

for the lowest exposure, and νe, which has slopes in the higher exposures, exhibiting an

unexpected negative slope. However for an inverse hierarchy (see Fig. 4) the pattern of

sensitivities is the same as for a normal hierarchy with the interchange of neutrinos and

antineutrinos: signi�cant slopes in the sensitivities appear for ν̄e and (the highest exposures)

and ν̄µ (the lowest exposures), the remaining curves being �at. The νµ and ν̄µ panels show a

similar pattern here as in the beam sharing case expound in Subsection IVB: for improving

systematics, the detector sensitivity to the θ23 octant appears to be enhanced for neutrino

events in NH (Fig. 3, upper right panel) and for antineutrino events in IH (Fig. 4, lower

right panel). In other words, we �nd that if the mass hierarchy turns out to be normal,

the improvement of the systematics can only lead to an improvement in the sensitivity to

θ23 determination in the case of the νµ events in the detector. Conversely, for IH, it is an

improved systematics in ν̄µ event reconstruction that appears to lead to a better sensitivity

to θ23 octancy. For νe events in NH (Fig. 3, upper left panel) and ν̄e events in IH (Fig. 4,

lower left panel), not only no such an enhanced sensitivity e�ect appears, but improving the

systematics may be counterproductive.

The possible explanation of the downturn observed in νe and ν̄e is the relatively high

precision of the currently known value of sin2 θ13 (see Table I) which may be unfavourable

for the determination of the octant of θ23, in comparison with less accurate values of sin2 θ13,

in the simulation code we utilize. This e�ect is smeared not only for larger systematic errors,
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FIG. 3. The 5σ discovery reach of θ23 octant as a function of the signal weight parameter π1 for

di�erent luminosities and detection modes (νe, νµ, ν̄e, ν̄µ) in the case of normal hierarchy (NH).

Above the curves the octant of θ23 will be determined with more than 5σ certainty. The band

shows the variation of the bound when δCP varies in the range (−π, π) and corresponds to the

correlation between δCP and the θ23 octant.
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FIG. 4. The 5σ discovery reach of θ23 octant as a function of the signal weight parameter π1

for di�erent luminosities and detection modes (νe, νµ, ν̄e, ν̄µ) in the case of inverted hierarchy (IH).

Above the curves the octant of θ23 will be determined with more than 5σ certainty. The band shows

the variation of the bound when δCP varies in the range (0, 2π) and corresponds to the correlation

between δCP and the θ23 octant.
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as can be seen in Figs. 3 and 4, but also for larger sin2 θ13 error.

V. SUMMARY

We have analysed the prospects for the θ23 octant determination in long baseline neutrino

oscillation experiments at the 5σ con�dence level. Using the GLoBES [35, 36] software and

the methods of our previous work [11], we simulated the performance of these experiments

with the LBNO design one as our benchmark setup.

We investigated the octant sensitivity from three di�erent points of view: the baseline

length, the beam sharing between neutrino and antineutrino run modes, and the system-

atic errors concerning the event reconstruction. We found that the sensitivity to the θ23

octant improves in the normal hierarchy as the νµ time share of the beam is increased. On

the contrary, in the case of an inverted hierarchy, the increase in the ν̄µ share leads to an

improvement in the sensitivity. We also found that an enhancement in the sensitivity is

obtained in the normal hierarchy for νµ events or in the inverted hierarchy for ν̄µ events

upon improvement in the systematic errors. On the other hand, for νe events in the normal

hierarchy or ν̄e events in the inverted hierarchy, not only such behaviour is absent, but the

sensitivity to the θ23 octant appears to be deteriorated if systematic errors are improved,

especially for higher exposures. We discovered that this unexpected negative e�ect is con-

nected to the precision of sin2 θ13. Our main conclusion is therefore that a νµ beam in the

normal hierarchy or a ν̄µ in an inverted hierarchy provide the best prospects for θ23 octant

determination.

We also found that the correlation between the δCP and octant sensitivity decreases

as the number of events is increased: this is readily seen in all �gures 1�4, as the bands

become thinner for higher exposures. Therefore, not only we get better sensitivity but also

its uncertainty connected to the δCP uncertainty decreases. This means less ambiguity in

sensitivity determination.

The preference for the asymmetric run-time, which depends on the mass hierarchy, has

been observed indirectly in [19] for the case of θ23 octant determination. The origin of

this behaviour can be traced to the leading terms of Pm
µe and, to a lesser extent, to the

subleading term of Pm
µµ. These are octant sensitive and subject to matter resonant e�ects.

In our simulation, we �xed the L/E ratio that a�ects these terms so as maximizing octant
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sensitivity. The resulting proportionality between neutrino beam energy and baseline length

implies the matter e�ects to become stronger as the baseline length is increased. The

weakness of short baselines was previously pointed out in Ref. [48].

Altogether our results show that long baseline neutrino oscillation experiments o�er a

strong improvement in the still large current ambiguity as to which octant does the θ23

mixing angle belong.
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The recent data indicate that the neutrino mixing angle θ23 deviates from the maximal-mixing value of
45°, showing two nearly degenerate solutions, one in the lower octant (LO) (θ23 < 45°) and one in the
higher octant (HO) (θ23 > 45°). We investigate, using numerical simulations, the prospects for determining
the octant of θ23 in the future long baseline oscillation experiments. We present our results as contour plots
on the (θ23 − 45°, δ)–plane, where δ is the CP phase, showing the true values of θ23 for which the octant can
be experimentally determined at 3σ, 2σ and 1σ confidence level. In particular, we study the impact of the
possible nonunitarity of neutrino mixing on the experimental determination of θ23 in those experiments.
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I. INTRODUCTION

Many solar, atmospheric, reactor, and accelerator neu-
trino experiments have firmly established the existence of
neutrino oscillations. Neutrino oscillations can be para-
metrized in terms of six physical variables, namely by three
mixing angles θ12, θ23, and θ13, a phase δCP, and two
squared-mass differences Δm2

21 ¼ m2
2 −m2

1 and Δm2
31 ¼

m2
3 −m2

1. These parameters are by now experimentally
quite precisely determined, with the exception of the CP
phase δCP. As to the mixing angle θ23, one still do not know
in which octant it lies (θ23 < 45° or θ23 > 45°). Also the
order of the masses of three light neutrinos (ν1, ν2, ν3)
remains unknown, namely whether it is m3 ≥ m1; m2 (nor-
mal hierarchy, NH) orm3 ≤ m1; m2 (inverted hierarchy, IH).
As to the mixing angle θ23, also known as the atmos-

pheric angle, the fits on global data indicate that θ23

deviates from the maximal-mixing value 45° showing
two degenerate solutions, a low-octant (LO) solution with
θ223 < 45° and a high-octant (HO) solution with θ23 > 45°
[1–4]. This octant degeneracy is one of many parameter
degeneracies that hamper the interpretation of neutrino
oscillation data [5]. The NOνA experiment has recently
excluded the maximal-mixing value θ23 ¼ 45° at the 2.6σ
confidence level [6]. Two statistically degenerate values for
sin2 θ23 were found, 0.404þ0.030

−0.022 and 0.624þ0.022
−0.030 , which

both explain the data on muon neutrino disappearance at
the 68% confidence level. Earlier experimental results are
compatible with θ23 ¼ 45° [7–10]. The prospects of
resolving the θ23 octant in next generation experiments
have been studied in, e.g., [11–17].
Identifying the true value of θ23 is an important goal for

future experiments, given its importance for understanding
the mechanism behind neutrino masses and mixing. For
example, one symmetry of the neutrino sector under the
interchange of νμ and ντ would predict θ23 to have the
maximal mixing value of 45° (see, e.g., [18]). In that case,
the νμ and ντ flavors would have an equal weight in the ν3
mass state. In some models the octant of θ23 is directly
related to the neutrino mass hierarchy, e.g., in the model
considered in [19], the mass hierarchy for the higher octant
is normal and for the lower octant the mass hierarchy is
inverted.
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In interpreting the data, one should take into account the
possibility of beyond the standard model effects, which
may appear as nonunitarity of the mixing of light neutrinos.
In particular, the possible existence of sterile neutrinos and
nonstandard neutrino interactions would influence the
experimental determination of θ23 and the octant where
the angle lies. The effects of some new physics in octant
determination have been studied in future long baseline
neutrino experiments in, e.g., [20–24].
In this paper, we will consider the determination of the

mixing angle θ23 in long baseline neutrino experiments
taking possible nonunitarity effects into account. First, we
will update our previous studies [25,26], done for the
standard model case with three conventional neutrinos.
We apply the results of the most recent fits for the values
of mixing parameters and use as our benchmark the setup of
the proposed Deep Underground Neutrino Experiment
(DUNE). Our main goal is to find out how the possible
nonunitarity of the mixing matrix of the light neutrinos affect
the sensitivity of the experiments in identifying the octant of
θ23. Such nonunitarity may arise, e.g., if one adds to the
particle content of the standard model sterile neutrinos that
mix with the conventional neutrinos. We also study to which
extent the still unknown value of the CP phase interferes
with the determination of the octant of θ23, and we present
our results for both the normal and inverted mass hierarchy.
This work is organized as follows. In Sec. II we will

present a brief review of the formalism we will use. In
Sec. III the simulation method is described. The results
of simulations are presented and discussed in Sec. IV.
Section V contains a summary and conclusions.

II. BRIEF REVIEW OF THE FORMALISM

We start our analysis by investigating the prospects for
θ23 octant determination in long baseline experiments in the
case of standard neutrinos. For these, the matter evolution is
determined by the Hamiltonian which in the mass basis
reads

H ¼ 1

2E

0
BB@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CCA

þ U†

0
BB@

VCC þ VNC 0 0

0 VNC 0

0 0 VNC

1
CCAU: ð1Þ

HereU is the conventional neutrinomixingmatrix (PMNS
matrix), VCC ¼ ffiffiffi

2
p

GFNe and VNC ¼ −GFNn/
ffiffiffi
2

p
are

respectively the charged current and the neutral current
matter potentials.
Owing to their smallness, the most common understand-

ing of the origin of neutrino masses lies in the assumption of

a new physics scale associated with the general seesaw
mechanism, whereby heavy right-handed neutrinos are
added to the particle content of the Standard Model.
These SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY singlet neutrinos mix
with the standard neutrino flavors νe, νμ, ντ and, although in
the likely case they are too heavy to be kinematically
produced, they should leave traces at the energies within
experimental reach. These traces appear in the oscillation
probabilities through the n × n unitary matrix U connecting
the neutrino mass and flavor eigenstates which generalizes
the conventional 3 × 3 U matrix of the standard case. The U
matrix can be written in the form [27]

U ¼
�
N S

T V

�
ð2Þ

where N and S are (3 × 3) submatrices that contain
respectively the mixing in the light (active) neutrino sector
and the active-sterile mixing. Submatrices T and V define
the mixing of the sterile states with the active and sterile
states respectively. In this way, Eq. (1) is modified to

H ¼ 1

2E

0
BB@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CCA

þ N†

0
BB@

VCC þ VNC 0 0

0 VNC 0

0 0 VNC

1
CCAN: ð3Þ

The unitarity of U implies that the matrix describing the
mixing in the light sector, namelyN, is no longer unitary. In
[28], the matrix N was presented in the form N ¼ NNPU,
where U is the conventional unitary 3 × 3 matrix and NNP

the triangular matrix

NNP ¼

0
B@

α11 0 0

α21 α22 0

α31 α32 α33

1
CA; ð4Þ

parametrizing the deviations from unitarity. The description
of the unitarity violation therefore requires three real
parameters αii which are close to unity and three complex
ones αij (i ≠ j), which are close to zero.
A slightly different notation for the prefactor matrix NNP

was given in [29],

NNP ¼

0
B@

1 − αee 0 0

αμe 1 − αμμ 0

ατe ατμ 1 − αττ

1
CA: ð5Þ

Here αll0 directly parametrize deviations from the unitarity
and since these deviations are known to be small one
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has αll ≪ 1 and jαll0 j ≪ 1. The difference between the
parametrizations (4) and (5) is purely aesthetic, but as both
of them are used parallel in the literature, we give them both
here for convenience.
Since current experiments involve mainly electron and

muon neutrinos, only α11, α22 and α21 (or equivalently αee,
αμμ and αμe) need to be considered, hence four new
parameters are effectively required in the analysis.
Constraints for αij and αll0 are given in Refs. [29,28].
No constraint exists, however, for the off-diagonal phases.
One should note that the nonunitary of the mixing of the

neutrino flavors νe, νμ, and ντ would, in general, affect the
determination of the mixing angles θ12, θ23, and θ31 from
the existing neutrino oscillation data. However, in the
triangular parametrizations of Eqs. (4) and (5) the non-
unitarity effects disappear in the leading order and are
hence negligible in comparison with the uncertainties of the
experimental results used in the fits done [29]. Hence, the
matrix U has in good approximation the same numerical
form as is obtained in the standard analysis of the data
where the unitarity assumed to hold.
Our analysis, which follows the lines presented in [25], is

based on numerical simulations where we utilize the
GLOBES software [30,31]. Let us note that whereas
analytical expressions for survival and conversion proba-
bilities both in vacuum and matter have been given in the
literature [32,33], for the nonunitarity effect in neutrino
oscillations only the vacuum expressions exist [28]. Brief
discussions of the matter potential in the nonunitary case
are given in Refs. [34,35].

III. NUMERICAL METHODS

We evaluate the effect of nonunitary mixing on the
determination of θ23 octant by simulating a long baseline
oscillation experiment with the DUNE specifications with
the GLOBES program. Since the nonunitary mixing matrix
is not available in the standard GLOBES package, we
modify the program by introducing our own add-on, which
replaces the standard PMNS mixing matrix with its non-
unitary version given by Eq. (4), or alternatively Eq. (5),
and replaces the standard Hamiltonian shown in Eq. (1)
with its nonunitary version (3).

The octant discovery potential is evaluated for a given
θ23 value as

Δχ2ðθ23Þ ¼ χ2ð90° − θ23Þ − χ2ðθ23Þ; ð6Þ

where χ2ðθ23Þ evaluates the chi-square distribution at the
given true value θ23, whilst in χ2ð90° − θ23Þ it is evaluated
at the wrong octant solution 90° − θ23. This leaves the
subtraction of the two, Δχ2, an approximate chi-square
distribution with one degree of freedom, and hence the
sensitivity for ruling out the wrong octant at 1σ, 2σ, and 3σ
confidence levels is reached at Δχ2 ¼ 1, 4, and 9,
respectively.
The simulation of the DUNE setup is performed using

the same experimental configuration that was used in the
DUNE conceptual design report [36] and was published in
Ref. [37]. The octant discovery potential is evaluated using
Eq. (6) as described above.
In this work, we assess the sensitivity to the θ23 octant in

DUNE in four different scenarios. On the one hand, we
update the octant sensitivity plots for the standard model
case, where no sterile neutrinos exist and the oscillations
would follow the standard three-neutrino paradigm. On the
other hand, we also evaluate the octant sensitivity in
scenarios, where sterile neutrinos do exist, manifesting
themselves as nonunitarity of the mixing matrix of the three
active neutrinos. The effects of sterile neutrinos to the
oscillations would depend on the scale of the lightest
sterile mass.
For the standard oscillation parameters, we employ the

best-fit values and their associated errors, which have been
obtained from the experimental data collected from the past
and ongoing neutrino experiments (see Ref. [38]). We take
the central values and standard deviations of these param-
eter best-fits and take them into account as Gaussian
distributions. For the mixing angles the Gaussian distribu-
tions are set for sin2θ12, sin2 θ13, and sin2 θ23. These values
are presented in Table I [39].
In addition to the standard oscillation parameters, we

also need to consider the new physics parameters αij, i,
j ¼ 1, 2, 3, and αll0 , l;l0 ¼ e, μ, τ, as indicated in Eqs. (4)
and (5), respectively. Since no significant signs of physics

TABLE I. The experimental best-fit values and standard deviations for the standard neutrino oscillation
parameters. These values are shown for both mass hierarchies and are taken from a recent global analysis [38].
Note that Δm2

3l stands for Δm2
31 in normal hierarchy (NH) and Δm2

32 in inverted hierarchy (IH).

Parameter Central value (NH) Error (NH) Central value (IH) Error (IH)

sin2 θ12 0.306 0.012 0.306 0.012
sin2 θ13 0.02166 0.00075 0.02179 0.00076
sin2 θ23 0.441 0.027 0.587 0.024
δCP (°) 261 59 277 46
Δm2

21 (10−5 eV2) 7.50 0.19 7.50 0.19
Δm2

3l (10
−3 eV2) 2.524 0.040 −2.514 0.041
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beyond the standard model has been observed in oscillation
experiments, there exist only upper bounds on the different
α parameters. In this work we consider the possibility of
sterile neutrino induced new physics by allowing the αij
and αll0 parameters to have Gaussian distributions, where
central values are set at zero and standard deviations to
match the appropriate upper bounds. The standard three-
neutrino paradigm is restored by setting α11, α22, α33 ¼ 1
and α21, α31, α32 ¼ 0, or alternatively αll0 ¼ 0 for all
l;l0 ¼ e, μ, τ combinations.
We start the investigation on the new physics scenarios

by assuming that all three sterile neutrinos are too massive
to be produced in the experiment. In this scenario, the
sterile neutrinos do not contribute to the oscillations
kinematically, but they affect the neutrino oscillation
probabilities through the nonunitarity of the 3 × 3 mixing
matrix that controls the mixing of active neutrinos. These
bounds have been evaluated for nonunitary mixing in two
independent references; for the αij basis they are provided
in Ref. [35] and for αll0 in Ref. [29], and they are both
shown in Table II.
We also consider the scenario where at least one of the

sterile neutrinos is sufficiently light to be produced kine-
matically in the experiment. In such case, sterile neutrinos
could contribute to the oscillations in two different ways
depending on their mass range. If the lightest sterile

neutrino has its mass m4 in the range such that Δm2
41≡

m2
4 −m2

1 ∼ 0.1–1 eV2, the active neutrinos could oscillate
to the sterile neutrino state between the near and far
detectors. It is also possible, however, that the oscillations
to the sterile neutrino are too rapid to be observed in the far
detector, i.e., they average out, but sufficiently light to
occur before the near detector. In either case, not all
constraints used in deriving the upper bounds in Table II
are applicable, and therefore new bounds must be derived.
This topic has been thoroughly reviewed in Ref. [29],
where appropriate bounds were provided for αll0,
l;l0 ¼ e, μ, τ in mass ranges Δm2

41 ∼ 0.1–1 eV2 and
Δm2

41 ≥ 100 eV2. These bounds are shown in Table III.

IV. RESULTS

We restrict our study to four different scenarios that
could take place in the presence (or absence) of physics
beyond the standard model. These scenarios include the
standard three-neutrino paradigm, nonunitary neutrino
mixing, mixing with a light sterile neutrino, and finally,
a scenario where no constraints are set for the new physics
parameters.

A. The standard model case

In the standard model there exist three active neutrinos
(νe, νμ, and ντ) and no sterile neutrinos. Using the best-fit
values and errors presented in Table I we plotted the 1σ, 2σ,
and 3σ confidence level contours for various possible true
values of θ23 and δCP in both NH and IH. The results are
presented in Fig. 1. We obtained this figure by keeping θ23
and δCP fixed to their assigned values, whilst the other four
oscillation parameters (θ12, θ13, Δm2

21, Δm2
31) and the

matter density were included in the χ2 minimization.
Fig. 1 is to be read as follows. The white regions

correspond to the θ23 and δCP values where the octant
of θ23 can be determined by DUNE at a 3σ confidence level
or better. In the colored region the sensitivity falls below 3σ,
2σ, or 1σ, where the latter two are indicated by the dashed
and solid lines, respectively. In other words, if the values of
θ23 and δCP fall in the region outside the band bordered by
the dashed (solid) lines the octant of θ23 can be determined
at a 2σ (3σ) confidence level or better.

B. The nonunitary mixing case

In the case of nonunitary mixing, the sensitivity to the
θ23 octant is evaluated by using Eq. (4) or Eq. (5) to
calculate the mixing matrix and Eq. (3) to construct the
corresponding Hamiltonian.
We take parameters αij, i, j ¼ 1, 2, 3, and αll0 , l;l0 ¼ e,

μ, τ, into account as Gaussian priors, where central values
are set to match the standard three-neutrino case and the
standard deviations are taken from the 1σ bounds corre-
sponding to the 90% CL ones presented in Table II.
In Fig. 2, we present the 1σ, 2σ, and 3σ contours for the

octant determination under nonunitary mixing in the αll0

TABLE II. Bounds on nonunitary parameters in both αij and
αll0 representations, taken from [35,29], respectively. The
bounds are given in 90% and 2σ confidence levels.

Parameter
Upper bound
(90% CL) Parameter

Upper bound
(2σ CL)

α11 0.9974 αee 1.3 × 10−3

α22 0.9994 αμμ 2.2 × 10−4

α33 0.9988 αττ 2.8 × 10−3

jα21j 2.6 × 10−2 jαμej 6.8 × 10−4

jα31j 2.0 × 10−3 jατej 2.7 × 10−3

jα32j 1.5 × 10−2 jατμj 1.2 × 10−3

TABLE III. Bounds on nonunitary parameters in αll0 repre-
sentation, taken from [29]. In this scenario the constraints would
correspond to mixing with a light sterile neutrino in two mass
scales: Δm2

41 ∼ 0.1–1 eV2 (left column) and Δm2
41 ≥ 100 eV2

(right column). The constraints are presented at a 95% confidence
level.

Parameter Δm2
41 ∼ 0.1–1 eV2 Δm2

41 ≥ 100 eV2

αee 1.0 × 10−2 2.4 × 10−2

αμμ 1.4 × 10−2 2.2 × 10−2

αττ 1.0 × 10−1 1.0 × 10−1

jαμej 1.7 × 10−2 2.5 × 10−2

jατej 4.5 × 10−2 6.9 × 10−2

jατμj 5.3 × 10−2 1.2 × 10−2
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basis. The sensitivity plots are shown both in the NH and
IH cases. We also studied the sensitivities in the αll0 basis,
and found the results to be nearly identical to the ones
obtained in the αij basis.

C. The light sterile neutrino case

Using the bounds derived for the mixing with a light
sterile neutrino of Δm2

41 ≥ 100 eV2 mass range, shown in
the centre column of Table III, we obtained the sensitivity

contours shown in Fig. 3. We also studied the case of 0 <
Δm2

41 < 1 eV2 by using the bounds presented in the right
column of Table III, but we did not find any significant
difference to the Δm2

41 ≥ 100 eV2 case.

D. The unconstrained new physics case

Since it is unknown what may lie beyond the standard
model, it is also necessary to discuss the scenario where

FIG. 1. Octant determination in DUNE under the standard three-neutrino paradigm. The white regions show the values of θ23 and δCP
at which the octant of θ23 could be determined at a 3σ CL or better. In the colored regions, conversely, the significance falls under 3σ.
The 1σ and 2σ CL contours are shown with dashed and solid lines, and the sensitivities are presented for both NH (blue, left panel) and
IH (red, right panel) mass orderings.

FIG. 2. Octant determination in DUNE under nonunitary mixing. The white regions show the values of θ23 and δCP at which the octant
of θ23 could be determined at a 3σ CL or better. In the colored regions, conversely, the significance falls under 3σ. The 1σ and 2σ CL
contours are shown with dashed and solid lines, and the sensitivities are presented for both NH (blue, left panel) and IH (red, right panel)
mass orderings.
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none of the bounds that have been derived for nonunitary
mixing or light sterile neutrinos may apply. An example
of this situation could be a scenario where the sterile
neutrinos are accompanied by nonstandard interactions
(see e.g. [35]) mediated by new Higgs particles, as is the
case in left-right symmetric models. Due to its unknown
nature, we consider an arbitrary form of new physics by
calculating the χ2 values with no constraints on the α
parameters.

We calculated the sensitivity of DUNE to the θ23 octant
in DUNE after removing all priors that concern αij where, i,
j ¼ 1, 2, 3. The results are presented in Fig. 4. One notices
that maximizing the effects of nonunitary and light sterile
neutrinos roughly worsens the sensitivity of DUNE to the
octant in terms of the angle.
In order to get an understanding on how the magnitude

of the α parameters affects the worsening of the sensi-
tivity to the θ23 octant in the event where only α21 is taken

FIG. 3. Octant determination in DUNE in the presence of light sterile mixing with Δm41 ≥ 100 eV2. The white regions show the
values of θ23 and δCP at which the octant of θ23 could be determined at a 3σ CL or better. In the colored regions, conversely, the
significance falls under 3σ. The 1σ and 2σ CL contours are shown with dashed and solid lines, and the sensitivities are presented for both
NH (blue, left panel) and IH (red, right panel) mass orderings.

FIG. 4. Octant determination in DUNE with unconstrained αll0 parameters. The white regions show the values of θ23 and δCP at which
the octant of θ23 could be determined at a 3σ CL or better. In the colored regions, conversely, the significance falls under 3σ. The 1σ and
2σ CL contours are shown with dashed and solid lines, and the sensitivities are presented for both NH (blue, left panel) and IH (red, right
panel) mass orderings.
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into account, whereas the other alpha parameters are
excluded from the χ2 calculation. In Fig. 5 we show the
octant sensitivity as a function of the 1σ upper bound of
jα21j, and allow the phase of α21 vary freely in the range
½0; 2π�. Clearly, the contours in Fig. 5 show that the
constraint on α21 affects the octant determination
when α21 ≳ 10−2.

V. CONCLUSIONS

We have presented the sensitivity to the determination of
the θ23 octant (θ23 ≤ π/4 or θ23 ≥ π/4) in DUNE in four
different scenarios. On the one hand, we have updated the
1σ, 2σ, and 3σ confidence level contours for the standard
model, where oscillations are constituted between three
active neutrinos. On the other hand, we have also given
these contours for three different scenarios where the octant
sensitivity is interfered by sterile neutrinos and other
potential sources for physics beyond the standard model.
We analyzed these scenarios by parametrizing the new
physics with the methods that were originally introduced in
Refs. [28,29] to describe nonunitarity of the light neutrino
mixing matrix.
We found that the nonunitarity of the mixing matrix

caused the sensitivity θ23 octant to decrease from the
standard model case. Nevertheless, due to the strictness
of the existing bounds for the nonunitarity parameters
αij, i, j ¼ 1, 2, 3 derived in Ref. [35] and for αll0,
l;l0 ¼ e, μ, τ derived in Ref. [29] the observed drop in
the octant sensitivity was found to be very small. The
worsening of the octant sensitivity due to sterile neutrino
was found larger than this. The sensitivity was calcu-
lated in this case using the bounds on αll0 given in

Ref. [29]. The worsening of the sensitivity was found to
be less than 1° in each octant.
We found the decrease in sensitivity due to the light

sterile neutrino to be substantially less significant than that
reported in Ref. [21] where the impact of a sterile neutrino
with mixing angles θ14 ¼ θ24 ¼ 9° and θ34 ¼ 0° was
considered in the determination of the θ23 octant in
DUNE. Evidence of this sensitivity decrease can be seen
from the comparison between our Fig. 1 with Fig. 3 of
Ref. [21]. When converted to the nonunitarity formalism
(see the Appendix of Ref. [28]), this kind of sterile neutrino
would imply nonunitarity whose parameter values lie close
to the existing bounds we presented for 0 < Δm2

41 < 1 eV2

in Table III. On the other hand, our investigation takes into
account all possibilities for light sterile neutrinos, whereas
the authors of Ref. [21] consider a specific model. Thus our
results are in this respect more general, therefore sta-
tistically favored by comparison and hence the difference
between the two sets. If the model of Ref. [21] is realized in
nature, then the ability of DUNE to tell the θ23 octancy is
deteriorated.
We also tested how the octant sensitivity changed when

the new physics parameters αij were left unconstrained.
This type of simulation corresponds to a new physics
scenario, where sterile neutrinos are associated with
other new physics effects, not taken into account in
Refs. [29,35] when deriving the bounds for the nonunitary
and light sterile mixing effects. An example of this could
be nonstandard interactions involved in the neutrino
propagation. Our simulations showed that in the worst
case the octant could be determined at 3σ CL or better for
θ23 ≲ 41.0° and θ23 ≳ 48.5° for the normal hierarchy to be
compared with the bounds θ23 ≲ 43.5° and θ23 ≳ 46.5° of
the standard case.

FIG. 5. Octant determination in DUNE as function of the 1σ upper bound on jα21j. The phase of α21 is allowed to vary freely in the
range ½0; 2π� and the other alpha parameters are set to correspond to the standard three-neutrino paradigm.
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In conclusion, we found that nonunitarity of the neutrino
mixing matrix or the possible existence of light sterile
neutrinos affect only mildly the sensitivity of DUNE to
determine the octant of θ23. This is in contrast with the
determination of the CP violation, where the presence of
sterile neutrinos could jeopardize the sensitivity [29,34,35].
After submitting our paper, we became aware of

Ref. [40], which covers partly the same topics we consider
in this paper.
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in the case of the νe ↔ νμ and νe ↔ ντ transitions but not significant in other transitions. In our numerical
analysis we apply the GLoBES software and use the LBNO setup as our benchmark.
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I. INTRODUCTION

The discovery of neutrino oscillation and neutrino flavor
conversion belongs to the major achievements of particle
physics in past few decades. The observation of the
oscillation of atmospheric neutrinos by the Super-
Kamiokande experiment [1,2] and the flux measurements
of the solar neutrinos by the SNO experiment [3] and the
earlier solar neutrino experiments [4], firmly establish that
neutrinos are massive particles and lepton flavors mix. The
parameters describing neutrino masses and flavor mixing
have been extensively studied in many atmospheric, solar,
accelerator and reactor neutrino experiments, resulting in
high-precision constraints on their values, see e.g. Refs. [5–
9]. The present experimental values of the oscillation
parameters are presented in Table I. There still are,
however, some unknowns in the neutrino mixing scheme
of the standard three neutrinos. One of them is the question
of mass hierarchy, namely does there exist two light
neutrinos and one heavier neutrino [the normal hierarchy
(NH)] or one light neutrino and two heavier ones [the
inverted hierarchy (IH)]. Also, the question of possible CP
violation in the lepton sector is still open, as is the octant of
the leptonic mixing angle θ23, too. All these open questions
will be addressed in future experimental studies, such as the

long baseline neutrino oscillation experiments which have
been under discussions recently, see e.g. [10–15].
The masses of neutrinos and neutrino flavor mixing

cannot be explained in the framework of the minimal
Standard Model (SM), since in the SM neutrinos are
considered to be massless particles. The observation of
neutrino oscillations and flavor conversion thus indicate
that there is some physics beyond the SM. Besides being
responsible for neutrino masses and mixing, this new
physics may manifest itself also as new interactions
affecting the processes through which neutrinos are created
and detected, and they can also give rise to new effects on
neutrinos propagating in matter. Such new interactions are
called nonstandard neutrino interactions (NSI).
The possible impacts of NSI have been widely studied,

and constraints on the parameters modeling their effects at
low energies have been derived from a great variety of
experimental results. For recent reviews on NSI, see
Refs. [18,19]. No definite evidence of NSI has appeared
but all observations made so far can be explained in terms
of the standard interactions of the known three neutrinos,
some of them with the help of sterile neutrino(s). In some
cases NSI can give an alternative explanation to exper-
imental results (see e.g. [20]) but so far such explanations
have never been the only possibility.
In this paper we shall investigate the potential of the

future long baseline neutrino oscillation experiments for
detecting NSI. In these experiments, NSI can affect both
neutrino production in the source and the detection process
at detectors, as well as the neutrino propagation in the
Earth’s crust. We will concentrate on the matter effect in
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this study. We will also study the interference of the CP
angle δCP, whose value is still unknown, with the deter-
mination of the NSI parameters from the oscillation data.

II. THE BASIC NSI FORMALISM

In the low-energy regime, NSI can be parametrized in
terms of effective charged current like (CC) and neutral
current like (NC) Lagrangians, given respectively by [21]

LCC
NSI ¼ −2

ffiffiffi

2
p

GFε
ff0;C
αβ ðν̄αγμPLlβÞðf̄γμPCf0Þ;

LNC
NSI ¼ −2

ffiffiffi

2
p

GFε
f;C
αβ ðν̄αγμPLνβÞðf̄γμPCfÞ: ð1Þ

Here f and f0 label charged leptons or quarks
(li; ui; di; i ¼ 1, 2, 3), GF ¼ 1.166 × 10−5 GeV−2 is the
Fermi coupling constant, α, β refer to neutrino flavor
(e, μ, τ), and C ¼ L, R refers to the chirality structure
of the charged lepton interaction, PL and PR being the

chiral projection operators. The NSI parameters εff
0;C

αβ and

εf;Cαβ are dimensionless numbers. It is assumed here that the
effective nonstandard interactions have V–A Lorentz
structure, and for the charged fermions we allow both
left-handed (PC ¼ PL) and right-handed (PC ¼ PR) cou-
plings. The charged current Lagrangian LCC

NSI is relevant for
the NSI effects in the source and detector, since both in the
creation and detection processes involve charged fermions.
The neutral current Lagrangian LNC

NSI in turn is relevant
for the NSI matter effects. The effective low-energy
Lagrangians (1) are assumed to follow from some unspeci-
fied beyond-the-standard-model theory after integrating out
heavy degrees of freedom.
In the presence of NSI the neutrino states produced in a

source and detected at a detector are not necessarily pure
flavor states but they may consist of several flavors as NSI
may be flavor nondiagonal. Furthermore, these states are
not necessarily the same in the source and at the detector as
the physical processes involved may be different in these
two places. We express these states in the following
way [19]:

jνsαi ¼ jναi þ εsαβjνβi;
hνdβj ¼ hνβj þ εdαβhναj; ð2Þ

where the superscripts s and d refer to the source and the
detector, respectively. The matrices εs and εd, which
parametrize the effect of NSI, are in general different.

Their elements are defined through the parameters εff
0;C

αβ

appearing in the CC Lagrangian given in Eq. (1), depending
on the processes the neutrino production and detection are
based on.
The current experimental upper bounds for the source

and detection NSI parameters εs;dαβ are given e.g. in [22], and
they range from 0.013 to 0.078. In the following we will
assume that εs;dαβ vanish, in other words, we assume that the
effects of NSI on the production and detection of neutrinos
is negligible and concentrate on the possible NSI effects on
neutrinos propagating in matter.
Concerning the propagation in matter, NSI could con-

tribute to the coherent forward scattering of neutrinos in the
Earth’s crust. The effective Hamiltonian describing the time
evolution of a neutrino state would take the form

H ¼ 1

2Eν
½Udiagðm2

1; m
2
2; m

2
3ÞU† þ diagðA; 0; 0Þ þ Aεm�;

ð3Þ

where Eν is the energy of the neutrino. The matrix εm

parametrizes the NSI effects (the superscript m stands for
matter), U is the ordinary neutrino mixing matrix, mi are
masses of the three active neutrinos. The elements of
the matrix εm, denoted by εmαβ, α; β ¼ e; μ; τ, are determined

by the neutral current NSI parameters εf;Cαβ through the
equation [19]

εmαβ ¼
X

f;C

εf;Cαβ

Nf

Ne
: ð4Þ

The effective matter potential, including both the SM and
NSI matter effects, is given by the matrix

V ¼ A

0

B
@

1þ εmee εmeμ εmeτ

εm�
eμ εmμμ εmμτ

εm�
eτ εm�

μτ εmττ

1

C
A: ð5Þ

The effective Hamiltonian can be then written as

H ¼ 1

2Eν

2

6
4U

0

B
@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1

C
AU† þ V

3

7
5: ð6Þ

The probability of the transition νsα → νdβ is given by

TABLE I. Standard neutrino oscillation parameters. (See
Refs. [16,17].) For the unknown δCP we have denoted the values
considered in numerical calculations.

Parameter Value� Error

sin2θ12 0.304� 0.013
sin2θ13 0.0218� 0.001
sin2 θ23 0.562� 0.032
Δm2

21 ð7.500� 0.019Þ × 10−5 eV2

Δm2
31

�
2.457� 0.045
−2.449� 0.048

�

× 10−3 eV2

δCP f2πn=25jn ¼ 1;…; 25g � 0
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Pνsα→νdβ
¼ jhνdβje−iHLjνsαij2; ð7Þ

where L is the baseline length. One can extract bounds on
the NSI parameters by confronting this theoretical expres-
sion with the results of oscillation experiments. The current
bounds on the parameters describing the matter-induced
NSI effects, as quoted in [22], are given in Table II, in the
column experimental bounds.

III. NUMERICAL SIMULATIONS

We study numerically how the future neutrino oscillation
experiments would constrain various NSI parameters. We
will concentrate here on the future long baseline neutrino
experiments, using the LBNO setup with a high-intensity
beam, a baseline of 2300 km and 20 kt double-phase liquid
argon detector as our benchmark, see Table III. The analysis
is done by using the GLoBES simulation software [23–26].
GLoBES calculates the oscillation probabilities and the

corresponding neutrino rates for any given set of oscillation
parameter values. The standard set of the software simu-
lates the neutrino propagation from source to detector and
computes the standard matter interactions (SI) for the
distance that neutrinos travel. A software extension then
allows us to perform the same calculation but also includes
all matter-induced NSI effects in the propagation. The
software computes χ2 distributions to compare different
sets of oscillation parameter values. We determine the

90% CL upper bounds for εmαβ by evaluating the NSI
discovery potential, that is, the sensitivity to rule out SI in
favor of NSI. The nonobservation of NSI then allows us to
set new 90% CL limits for εmαβ.
The NSI discovery potential is calculated as follows. The

χ2 distributions are calculated from both SI and NSI
theories. The SI value χ2SI is computed by assuming the
standard three-neutrino mixing parameters, and setting all
NSI parameters in Eq. (5) to zero. The NSI values χ2NSI, on
the other hand, are defined by assigning one εmαβ parameter
with a nonzero value. The Δχ2 value is then obtained from
the difference between the two χ2 values:

Δχ2 ¼ χ2SI − χ2NSI: ð8Þ

The 90% confidence level is hence obtained at
Δχ2 ¼ 2.71. We take the standard oscillation parameter
values from the current best fits as determined from global
analysis of experimental data [27]. The best-fit values and
their 1σ errors are presented in Table I.
For each δCP value, we have calculated theΔχ2 value in a

baseline range 100–5000 km and log10 jεmαβj range from
−3.0 to −0.5. In every case, a 90% confidence level contour
is found and the results merged in a contour band. The
bands in ðL; εmαβÞ-plane are plotted in Fig 1.
The vertical width of the band corresponds to

the strength of correlation between εmαβ and δCP.
Immediately we observe that the discovery potentials reach
their maximums at ∼2000 km baseline. This tells us that
the LBNO setup used in our numerical studies, with the
baseline of 2300 km, which is close to optimal for the
detection of the neutrino mass hierarchy and the leptonic
CP violation, is also suitable for the NSI studies. Note that
this maximum is specific for our benchmark setup: other
sources will imply the maximum to be at a different
baseline. However, there are common features for all
setups: for example, the discovery potential is greatly
reduced at shorter baselines. Correlation between δCP
and NSI parameters is notable for jεmeμj and jεmeτj.
Other parameters have only weak or nonexistent corre-

lation, which results in the narrow bands in Fig. 1. We find
that for the cases of normal and inverted mass hierarchy,
there is only little difference in the confidence limits, and
thus the corresponding plots for inverted hierarchy would
be almost identical. We have taken all εαβ to be real, and
kept only δCP as a CP-violating phase. Letting the off-
diagonal NSI parameters to be complex would widen the
bands for jεmeμj, jεmeτj, and jεmμτj. Some effects of nonzero ϵmαβ
phases were studied in [28].
We have given the expected model independent bounds

for NSI parameters for our benchmark setup in Table II.
Increasing the neutrino energy for this baseline does not
increase significantly the sensitivity for matter NSI, as was
observed in [29]. We have studied the effect of increasing

TABLE II. Current experimental limits of the matter NSI
parameters [22], and the expected limits from benchmark setup
with different detector masses at δCP ¼ π=2. All limits are at
90% confidence limit.

Parameter
Experimental

limit 20 kt 50 kt 70 kt 150 kt

jεmeej <4.2 <0.28 <0.18 <0.16 <0.084
jεmeμj <0.33 <0.040 <0.025 <0.022 <0.018
jεmeτj <3.0 <0.028 <0.021 <0.019 <0.015
jεmμμj <0.068 <0.10 <0.063 <0.056 <0.040
jεmμτj <0.33 <0.013 <0.008 <0.007 <0.005
jεmττj <21 <0.10 <0.063 <0.056 <0.040

TABLE III. The benchmark values of various experimental
parameters used in the numerical calculations.

Runtime (νþ ν̄ years) 5þ 5
LAr detector mass (kt) 20
Neutrino beam power (MW) 0.75
POT (1/year) 1.125 × 1020

Baseline length (km) 2288
Energy resolution function 0.15

ffiffiffiffi

E
p

Energy window (GeV) 0.1–10
Bin width (GeV) 0.2
Bins 50
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the LAr detector mass, while keeping all the other param-
eters of the benchmark setup as previously. In addition to
20 kt, the expected bounds have been given also for
several other detector masses. Comparing with the present

experimental bounds for the NSI parameters [22], see
Table II, it is seen that with the benchmark setup, it is
possible to significantly improve constraints for several
NSI parameters.

FIG. 1. 90% confidence limit discovery reach of NSI parameters as a function of baseline length. Band thickness corresponds to the
strength of correlation between δCP and εmαβ.
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However, one should notice that for large detector
masses, the limits on various NSI parameters become so
stringent that the detector and source NSI parameter bounds
are of the same order, and for a precise limit those should be
considered as well. Thus the bounds given for larger
detector masses are only indicative.

IV. CORRELATION BETWEEN THE
CP ANGLE AND NSI PARAMETERS

Let us now investigate analytically the correlation
between the CP angle δ and the various NSI parameters
εmll0 in the transition probabilities Pðνl → νl0 Þ≡ Pll0 ,
where l;l0 ¼ e, μ, τ.
The transition amplitude for νl → νl0 is given by

Aðνl → νl0 Þ≡ All0 ¼
X3

j;k¼1

L
2Eν

UljHjkðU†Þkl0 ð9Þ

and the transition probability correspondingly by

Pll0 ¼ jAll0 j2 ¼
�
�
�
�

X3

j;k¼1

L
2Eν

UljHjkðU†Þkl0
�
�
�
�

2

: ð10Þ

We keep all the oscillation angles θij and mass squared
differences Δm2

ij fixed to their best-fit values, given in
Table I, and treat the CP-violating phase δ ¼ δCP and the
NSI parameters εmll0 , the latter one at the time, as the only
variables.
The approximative expressions for the amplitudes All0

are in general of the form

2Eν

L
All0 ¼ Nll0 þ Kll0e−iδ ð11Þ

for appearance processes (l ≠ l0) and

2Eν

L
All ¼ Nll þ Kll cos δ ð12Þ

for disappearance processes. The expressions are accurate
to first power in s13 and εmll0 . An exception to these rules is
the transition νμ → ντ, for which we obtain

2Eν

L
Aμτ ¼ Nμτ þ Kð−Þ

μτ e−iδ þ KðcÞ
μτ cos δ: ð13Þ

In Eqs. (11), (12) and (13) the dependence on the NSI
parameters and neutrino mixing angles and squared mass
differences are given in terms of the functions Nll, Nll0 ,
Kll and Kll0 , which are defined in Table IV. In these
functions, the relevant NSI parameter εmll or ε

m
ll0, as well as

sin θ31, are taken into account to the first order. Similar
expressions are calculated in [26].

Let us consider the νe → νμ transition. For the amplitude
of this process we obtain the expression

2Eν

L
Aeμ ¼ Ac12c13ð−s12c23 − s23s13e−iδÞ

þ s12c13Δm2
21ðc12c23 − s12s13s23e−iδÞ

þ s13e−iδðΔm2
31s23c13Þ

þ Ac12c13εmeμðc12c23 − s12s23s13e−iδÞ
þ As12c13εmeμð−s12c23 − s23s13e−iδÞ þOðs213Þ

≡ Neμ þ Keμe−iδ þOðs213Þ; ð14Þ

where we have denoted sij ≡ sin θij and cij ≡ cos θij
(i; j ¼ 1, 2, 3). We find the transition probability to have
the structure

Peμ ∝ N2
eμ þ K2

eμ þ 2NeμKeμ cos δ: ð15Þ

The effect of the CP-violating angle δ becomes evident
when we evaluate the values of the functions Neμ and Keμ

for some value of the NSI parameter εmeμ. E.g. for
εmeμ ¼ 10−3, we get

Peμ ∝ ð1.56 − 1.22 cos δÞ × 10−7: ð16Þ

It is seen that varying δ causes large variation in the
transition probability Peμ. Thereby it strongly interferes
with the determination of the NSI parameter εmeμ. The wide
band in the numerical plot of Fig. 1(b) is explained, since
the plot is obtained by allowing δ to vary in the range
0 to 2π. Similarly we find in the case of Peτ that
Peτ ∝ ð1.32þ 1.08 cos δÞ × 10−7, and again a wide band
is caused by variation of δ.
Let us next consider the probability of the transition

ντ → ντ for comparison. One can show that the dependence
on the CP angle is in this case of the form

Pττ ∝ N2
ττ þ K2

ττcos2δ − 2NττKττ cos δ: ð17Þ

Taking here εmττ ¼ 10−3, we find

Pττ ∝ ð3.200þ 0.120 cos δþ 0.001cos2δÞ × 10−6: ð18Þ

Hence, the transition probability Pττ has significantly
smaller dependence on the CP angle than the transition
probability Peμ. This is seen in the discovery reach plot of
the NSI parameter εmττ in Fig. 1(f), where the CP variation
band is much narrower than the corresponding band in the
case of the νe → νμ transition in Fig. 1(b).
Similarly as in the cases considered above, one can

qualitatively understand the CP angle dependence of the
discovery reach plots of all the other NSI parameters εmll0
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shown in Fig. 1. As seen in the plots, there are two
transitions, where the effect of the CP angle δ on the
determination of the NSI parameters is much larger than in
the rest of the transitions, namely the νe → νμ and νe → ντ.
Note in particular that KeeðεÞ ¼ 0, meaning that survival
probability Pee is independent of δCP.
We have elaborated the effect of the CP angle on the

experimental reach of the NSI parameters further in Fig. 2.
There we have plotted the relative variation of the discovery
reach as a function of the NSI parameter for different
transitions for the CP angle δ varying in the range 0 to 2π.

More precisely, the curves plotted present, as a function of
the relevant NSI parameter εmll0, the quantities

R≡ Pmax
ll0 − Pmin

ll0

Pmin
ll0

; ð19Þ

where Pmax
ll0 and Pmin

ll0 are, respectively, the largest and the
smallest value the transition probability achieves when δCP
varies in the range 0 to 2π for a given value of εmll0 . The
magnitude of the variation is approximately constant when
log10 jεmj < −2.5 for all parameters. For an example value
of εmll0 , the variation with respect to CP angle as a function
of energy was considered in [30,31].

V. SUMMARY

We have investigated the prospects of long baseline
neutrino experiments to probe the possible existence of the
nonstandard neutrino interactions, or NSI, using the LBNO
setup as our benchmark. We have neglected the effects of
NSI at the source or detector and taken into account only
the effects during neutrinos traveling in the Earth’s crust.
This is justified, because the bounds on the source and
detector NSI are about an order of magnitude stricter than
on matter NSI [22,32]. It is found that the discovery
sensitivity depends on the baseline length, the best sensi-
tivity for this experimental setup being achievable at about
2000 km. We also found that the CP angle δ quite severely
interferes with the NSI search in the νμ ↔ νe and ντ ↔ νe
transitions, while in all the other transitions the effect is
negligible. The most sensitive probe would be the νμ ↔ νe
and νμ ↔ ντ transitions. In the former channel one would

TABLE IV. The expressions of the functions Kll0 and Nll0 , where εmll0 ≪ 1 is assumed.

Function Expression

Keμ ð−Ac12c13s23 − s212c13Δm2
21s23 þ Δm2

31s23c13 − Ac13εmeμðc12 þ 1Þs12s23Þs13
Neμ −Ac12c13s12c23 þ s12c13Δm2

21c12c23 þ Ac13c23εmeμðc212 − s212Þ
Kee 0

Nee Að1þ εmeeÞc212c213 þ Δm2
21s

2
12c

2
13 þ Δm2

31s
2
13

Keτ ð−Ac212c13c23 − Δm2
21s

2
12c13s23 þ Aεmeτs13s23 þ c23c13Δm2

31Þs13
Neτ Ac12c13ðs12s23 þ εmeτc23c13Þ − Δm2

21s12c13c12c23

Kμμ 2s12s13s23c12c23ðð1 − εmμμÞA − Δm2
21Þ

Nμμ Aðs212c223 þ c212s
2
23s

2
13Þ þ ðΔm2

21 þ AεmμμÞðc212c223 þ s212s
2
23s

2
13Þ þ Δm2

31s
2
23c

2
13

Kττ Δm2
21ðc212s223 þ s212c

2
23s

2
13 þ 2c12s23s12c23s13Þ − 2As12s23c12c23s13

Nττ Aðs212s223 þ c212c
2
23s

2
13Þ þ ðΔm2

31 þ AεmττÞc23c13
Nμτ −s212s23c23Aþ Δm2

21s23c23ð−c212 þ s212s
2
13Þ þ s23c213Δm2

31c23 þ Aεmμτc12c13ðc223 − s223Þ
KðcÞ

μτ −4Aεmμτs12s13s23c13c23 þ 2s223Δm2
21s12s13c12 − 2s223As12s13c12

Kð−Þ
μτ −Δm2

21s12s13c12 þ As12s13c12

FIG. 2. Relative variation R of six different matter NSI
parameter as a function of log10jεmll0 j. The CP angle δ is varied
in the range (0,2π).
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be able to limit the value of the NSI parameter εm below
0.02, if the CP angle is close to δCP ¼ π=2, for other values
of δ the achievable bound is less stringent. In the case of the
νμ ↔ ντ channel the sensitivity is 0.01 independently of
the value of δ. In both cases the most stringent limit requires
the baseline to exceed 2000 km.
The role of baseline length in studying matter NSI effects

can be demonstrated by comparing the potential of T2HK
[33] and DUNE [34] whose abilities to constrain εm have
been studied in [32,35–37]. It is shown in these studies that
the 295-km-long T2HK experiment provides significantly
lower sensitivity to constrain εmαβ than the 1300-km-long
DUNE project. Similarly, the benchmark setup used in this

work with 2300-km-long baseline improves the sensitivity
compared to DUNE even with the 20 kt detector mass.
Comparing the baseline length using otherwise our bench-
mark setup shows that for each NSI parameter, there is an
optimal baseline length which also depends on the CP-
violating phase.
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The triplet scalars ðΔ ¼ Δþþ;Δþ;Δ0Þ utilized in the so-called type-II seesaw model to explain the
lightness of neutrinos, would generate nonstandard interactions (NSI) for a neutrino propagating in matter.
We investigate the prospects to probe these interactions in long baseline neutrino oscillation experiments.
We analyze the upper bounds that the proposed DUNE experiment might set on the nonstandard parameters
and numerically derive upper bounds, as a function of the lightest neutrino mass, on the ratio the massMΔ
of the triplet scalars, and the strength jλϕj of the coupling ϕϕΔ of the triplet Δ and conventional Higgs
doublet ϕ. We also discuss the possible misinterpretation of these effects as effects arising from a
nonunitarity of the neutrino mixing matrix and compare the results with the bounds that arise from the
charged lepton flavor violating processes.
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I. INTRODUCTION

The discovery of neutrino oscillations in atmospheric
and solar neutrino measurements [1,2] proved that the
SUð2ÞL × Uð1ÞY Standard Model (SM) is not capable to
fully explain the particle physics world. The existence of
oscillations indicates that neutrinos are massive particles, in
contrast with the prediction of the SM. One has to go
beyond the SM in order to discover the origin of neutrino
masses. At the same time, one has to find a convincing
explanation for the lightness of neutrinos as compared with
the other basic particles, i.e., quarks and charged leptons.
The most popular answer to the latter question is the so-
called seesaw mechanism [3–7], where the suppression of
neutrino masses follows from the existence of a new mass
scale much higher than the electroweak scaleOð102Þ GeV.
In the type-I seesaw mechanism, the new mass scale is set
by sterile right-handed neutrinos by which the particle
content of the SM is extended. The type-II seesaw
mechanism is based on the existence of a set of new

scalars Δ ¼ ðΔþþ;Δþ;Δ0Þ transforming as a triplet under
the SUð2ÞL gauge symmetry. The masses of neutrinos are
proportional to the ratio λϕv2=M2

Δ, where v ≃ 174 GeV is
the vacuum expectation value of the SM Higgs field ϕ,MΔ
is the mass of triplet scalar, and λϕ is the dimensionful
strength of the ϕϕΔ coupling.
While the seesaw mechanism itself cannot be exper-

imentally verified, the extension of the SM it is based on
generally leads to experimentally testable phenomena. For
example, the doubly charged scalar Δþþ would have clear
experimental signatures, e.g., in high-energy proton-proton
collision experiments [8–13]. One theoretical framework
where a scalar triplet, as well as right-handed neutrinos,
naturally appear is the left-right symmetric electroweak
model based on the gauge symmetry SUð3ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞB−L [14–18].
In this paper, we will concentrate on the type-II seesaw

mechanism and investigate how the triplet scalar bosons Δ
would affect neutrino propagation in matter (for earlier
studies, see, e.g., [19]) and how these effects could be
probed in long baseline neutrino experiments, particularly
in the planned DUNE. Applying the bounds derived for
DUNE in Ref. [20], together with the constraints one has
for the elements of the neutrino mass matrix from earlier
oscillation experiments, we compute an upper limit of the
ratio MΔ=jλϕj as a function of the absolute neutrino mass
scale (the mass m1 of the lightest neutrino). For compari-
son, we also compute the upper bound for this ratio using
the existing constraints on the charged lepton flavor
violation (CLFV) processes.
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II. NONSTANDARD INTERACTIONS
AND NEUTRINO MASSES IN

A TRIPLET MODEL

Our theoretical framework is the SUð2ÞL ×Uð1ÞY
electroweak model added with a scalar triplet field
Δ ¼ ðΔ1;Δ2;Δ3Þ ∼ ð3; 2Þ, which can also be understood
as a low-energy effective theory of the left-right symmetric
SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L theory, where all
the other nonstandard degrees of freedom except the triplet
scalar are so heavy that they do not have observable effects
in the oscillation experiments. The interactions of the triplet
Δ relevant for the neutrino oscillation are described with
the following Lagrangian:

LΔ ¼ YαβLT
αLCiσ2ΔLβL þ λϕϕ

Tiσ2Δ†ϕþ H:c:; ð1Þ

where Yαβ (α; β ¼ e, μ, τ) are Yukawa coupling constants,
C is the charge conjugation operator, ϕ is the SM
Higgs doublet, and the triplet Δ is presented in the 2 × 2
matrix form

Δ ¼ 1ffiffiffi
2

p σiΔi ¼
0
@Δþffiffi

2
p Δþþ

Δ0 −Δþffiffi
2

p

1
A; ð2Þ

where σi are the Pauli matrices. When written in terms of
component fields, Eq. (1) takes the form

LY ¼ Yαβ

�
Δ0νCαRνβL −

1ffiffiffi
2

p ΔþðlC
αRνβL þ νCαRlβLÞ

− ΔþþlC
αRlβL

�
þ H:c: ð3Þ

These interactions lead in the second order of perturbation
theory to the four-fermion interactions presented in the
Fig. 1. The amplitude presented in Fig. 1(a) gives rise
to Majorana mass terms for the neutrinos when the
SUð2ÞL × Uð1ÞY symmetry is spontaneously broken, while
the amplitudes in Figs. 1(b) and 1(c) correspond to new,
nonstandard interactions among leptons. In the limit, where
the mass of the triplet scalars MΔ, assumed to be the same
for all members of the triplet, is large compared with the
momenta of the processes, the amplitudes are described by
the following effective Lagrangians [19]:

Lm
ν ¼ Yαβλϕv2

M2
Δ

�
νCαRνβL

�
¼ −

1

2
ðmνÞαβνCαRνβL; ð4Þ

LNSI ¼
YσβY

†
αρ

M2
Δ

ðναLγμνβLÞðlρLγ
μlσLÞ; ð5Þ

wheremν is the neutrino mass matrix,MΔ is the degenerate
mass of the Δ particles, and v is the vacuum expectation
value of the SM scalar Higgs field. The connection to the
effective field theory can be derived by solving the Yukawa
coupling Yαβ from the Majorana mass term in Eq. (4) and
inserting it to the neutrino matter NSI term in Eq. (5).
Comparing the result with the effective NSI Lagrangian

LNSI ¼ −2
ffiffiffi
2

p
GFε

ff0C
αβ ðν̄αLγμνβLÞðf̄γμPCf0Þ; ð6Þ

where PC is chiral projection operator (C ¼ L, R), GF is
Fermi coupling constant, f, f0 are any fermions, α; β ¼ e,
μ, τ, and allowing only left-handed lepton terms (since Δ is
leptophilic), one obtains the following expression for the
nonstandard interaction parameters:

(a) (b)

(c) (d)

FIG. 1. Tree level Feynman diagrams for interactions between neutrinos ν, leptons l, and the Standard Model Higgs scalar ϕ, are
mediated by the triplet Higgs fields Δ.
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ερσαβ ¼ −
M2

Δ

8
ffiffiffi
2

p
GFv4λ2ϕ

ðmνÞσβðm†
νÞαρ; ð7Þ

where α, β, ρ, and σ are flavor indices. The expression (7)
indicates the larger the ratio M2

Δ=λ
2
ϕ, the stronger are the

nonstandard interactions of light neutrinos. Conversely,
stricter bounds on ερσαβ also mean better constraints
on M2

Δ=λ
2
ϕ.

III. NONSTANDARD INTERACTIONS AND
NONUNITARY MIXING

In the context of long baseline experiments, neutrino
oscillations are strongly influenced by matter effects,
arising from the charged current (CC) and neutral current
(NC) weak interactions of neutrinos with the medium they
traverse. In the case of the SM, these interactions take place
via an exchange of W and Z bosons. In the framework of
our model, the matter effects are also contributed by the
charged current interactions mediated by the scalar Δþ.
In the low energy limit, nonstandard interactions stem

from the effective CC- and NC-like Lagrangians, which are
given by [21],

LCC
NSI ¼ −2

ffiffiffi
2

p
GFε

ff0;C
αβ ðν̄LαγμνLβÞðf̄γμPCf0Þ;

LNC
NSI ¼ −2

ffiffiffi
2

p
GFε

f;C
αβ ðν̄LαγμνLβÞðf̄γμPCfÞ: ð8Þ

The CC Lagrangian LCC
NSI in Eq. (8) is responsible for the

NSI effects involved in the neutrino source and detector.
The NC Lagrangian LNC

NSI, on the other hand, is relevant
for neutrino propagation in matter. In the context of a
triplet model, CC interactions arise from Fig. 1(b) at the
low energy limit, when f ≠ f0. The CC Lagrangian, where
f ¼ f0 is generated also, but such a case corresponds to a
NC Lagrangian, and by definition εf;Cαβ ≡ εff;Cαβ .
Most of the charged current NSI parameters have been

studied comprehensively in lepton decay experiments
resulting in strict constraints. The current bounds on the
CC NSI parameters εff

0;C
αβ , as quoted in Ref. [19], are

presented in Table I.
In the future long baseline experiments, the NSI effects

become particularly relevant in the neutrino propagation
in matter, where they are covered by the effective NC
Lagrangian LNC

NSI. For previous studies, see [20,23–36]. The
effective Hamiltonian takes the form

H ¼ 1

2Eν
½Udiagðm2

1; m
2
2; m

2
3ÞU† þ diagðA; 0; 0Þ þ Aεm�;

ð9Þ

where Eν is the energy of the propagating neutrino,U is the
light neutrino mixing matrix, and m1, m2, and m3 are the
three masses of the active neutrinos.

In this formalism, the so-called matter NSI effects are
parametrized as

εmαβ ¼
X
f;C

εf;Cαβ

Nf

Ne
; ð10Þ

where εf;Cαβ are the NSI parameters from the low energy NC
Lagrangian of Eq. (8) andNf=Ne is the fraction of fermions
of flavor f over electrons in the medium the neutrino
traverses.
The effective matter potential is given by the matrix

V ¼ A

0
B@

�1þ εmee εmeμ εmeτ

εm�
eμ εmμμ εmμτ

εm�
eτ εm�

μτ εmττ

1
CA; ð11Þ

where A ¼ ffiffiffi
2

p
GFNe, GF is the Fermi coupling constant

and Ne is the electron number density of the medium.
Positive (negative) sign in (1,1) element of the matrix
corresponds to matter potential for (anti)neutrinos. In this
work, we consider only the former case. The matter NSI
effects are incorporated in the SM matter effects via
parameters εmαβ, α; β ¼ e, μ, τ. The effective Hamiltonian
can therefore be written as

H ¼ 1

2Eν

2
64U

0
B@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU† þ V

3
75; ð12Þ

and the probability for the transition να → νβ is given by

Pνα→νβ ¼ jhνdβje−iHLjνsαij2; ð13Þ

where jνsαi≡ jναi þ εsαβjνβi and hνdβj≡ hνβj þ εdαβhναj refer
to a neutrino that starts in the flavor α in the source and is

TABLE I. Constraints on the parameters ερσαβ (updated from [19]
using [22]) from the l → lll, one-loop l → lγ, and μþe− →
μ−eþ processes. All bounds are given at 90% confidence level.

Decay Constraint on Bound

μ− → e−eþe− jεeμeej 3.5 × 10−7

τ− → e−eþe− jεeτeej 1.4 × 10−4

τ− → μ−μþμ− jεμτμμj 1.2 × 10−4

τ− → e−μþe− jεeτeμj 1.0 × 10−4

τ− → μ−eþμ− jεμτμej 1.0 × 10−4

τ− → e−μþμ− jεeτμμj 1.0 × 10−4

τ− → e−eþμ− jεeτμej 9.9 × 10−5

μ− → e−γ jPαε
eμ
ααj 2.6 × 10−5

τ− → e−γ jPαε
eτ
ααj 1.8 × 10−2

τ− → μ−γ jPαε
μτ
ααj 2.0 × 10−4

μþe− → μ−eþ jεμeμej 3.0 × 10−3
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detected in the flavor β in the detector after the traversing
distance L. In long baseline experiments L is set by the
baseline of the experiment and Eν by the energy of the
neutrino beam. The matrices εs and εd contain dimension-
less elements, which slightly alter the neutrino production
and detection interactions in the source and detector,
respectively. They originate from CC NSI parameters

εff
0C

αβ in Eq. (8), and their current experimental bounds
are reported in Ref. [20].
It is possible that a part of the experimental signal

presumed to originate from the matter NSI effects is
actually caused by the nonunitarity of the light neutrino
mixing matrix (see, e.g., [37,38]). We shall evaluate in our
numerical analysis how large this contribution could
possibly be in the triplet model, Eq. (1). In the case of
nonunitarity, the light neutrino mixing matrix U in Eq. (12)
must be replaced with a nonunitary matrix, which we
denote by N. The matrix N can be parametrized as
N ¼ NNPU, where the nonunitarity is contained in a
specific 3 × 3 triangle matrix [24]

NNP ¼

0
B@

1 − αee 0 0

−αμe 1 − αμμ 0

−ατe −ατμ 1 − αττ

1
CA; ð14Þ

where αll0 ≪ 1, l;l0 ¼ e, μ, τ. The current experimental
bounds on nonunitarity parameters αll0 are presented in
Table II.1

In the leading order, the matter NSI and nonunitarity
parametrizations can be related through the equations [24],

εmee ¼ −αee εmμμ ¼ αμμ εmττ ¼ αττ

εmeμ ¼
1

2
α�μe εmeτ ¼

1

2
α�τe εmμτ ¼

1

2
α�τμ; ð15Þ

where αll0 ; εmll0 ≪ 1 for l;l0 ¼ e, μ, τ. One should note
that the two low energy parametrizations are not equivalent,

and Eq. (15) is only relevant in the context of neutrino
oscillations at long baselines.

IV. NUMERICAL STUDIES

We shall study what information DUNE could provide
us on the parameters MΔ and λϕ through probing the NSI
effects on neutrino propagation. SinceΔ is leptophilic, only
electron-type matter participates in the NSI effects related
to triplet Higgs bosons. In what follows, we will use the
notation εmαβ ≡ εeeαβ. First, we remark that there are limits for
both the individual NSI parameters and for their differences

ερσαβ − ερ
0σ0

α0β0

¼ −
M2

Δ

8
ffiffiffi
2

p
GFv4λ2ϕ

ððmνÞσβðm†
νÞαρ − ðmνÞσ0β0 ðm†

νÞα0ρ0 Þ:

ð16Þ

To continue, we consider only matter NSI and rewrite
Eqs. (7) and (16) in the following forms:

M2
Δ

λ2ϕ
¼ −

8
ffiffiffi
2

p
GFv4εmαβ

ðmνÞeβðm†
νÞαe

; ð17Þ

M2
Δ

λ2ϕ
¼ −

8
ffiffiffi
2

p
GFv4ðεmαβ − εmα0β0 Þ

ðmνÞeβðm†
νÞαe − ðmνÞeβ0 ðm†

νÞα0e
: ð18Þ

From this expression, it is apparent that the upper limits for
jεmαβj and jεmαβ − εmα0β0 j translate to upper limits of M2

Δ=λ
2
ϕ.

The elements of the light neutrino mass matrix mν are
obtained from the equation

ðmνÞ2 ¼ U

0
B@

m2
1 0 0

0 m2
2 0

0 0 m2
3

1
CAU†

þ A

0
B@

1þ εmee − εmμμ εmeμ εmeτ

εm�
eμ 0 εmμτ

εm�
eτ εm�

μτ εmττ − εmμμ

1
CA: ð19Þ

Note that compared to Eq. (11), we have shifted the εmμμ
element, akin to [20]. Next, we define a dimensionless
quantity,

Cαβ ≡

8>>>>><
>>>>>:

−
8

ffiffiffi
2

p
GFv4εmαβ

ðmνÞeβðm†
νÞαe

; α ≠ β;

− 8
ffiffiffi
2

p
GFv4ðεmαβ − εmμμÞ

ðmνÞeβðm†
νÞαe − ðmνÞeμðm†

νÞμe
; α¼ β:

ð20Þ

This allows us to present the limits in a compact form,

TABLE II. Current experimental limits of the nonunitarity of
the light neutrino mixing matrix [38]. All limits are given at a
90% C.L.

Constraint on Current bound

αee 0.02
αμμ 0.01
αττ 0.07
jαμej 0.010
jατej 0.042
jατμj 0.0098

1The bounds reported in Table II are based on the neutrino
oscillation data from CHORUS, NOMAD, and NuTeV to
constrain the nonunitarity parameters. See, e.g., Ref. [39] for a
detailed discussion on tighter bounds based on precision mea-
surements of several SM observables.
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M2
Δ

λ2ϕ
≤ Cαβ: ð21Þ

Considering the scales for GF, v, and neutrino masses, we
expect Cαβ ≫ 1 and λϕ ≪ MΔ.
The upper bounds for MΔ=jλϕj are calculated as

follows. Using Eq. (19), we maximize the denominators
in Eq. (20) by varying all relevant oscillation parameters
within their experimental bounds. In long baseline
neutrino experiments, the electron number density Ne
depends on the matter density ρ, which is approximately
2700 kg=m3. We take the average beam energy in DUNE
to be Eν ≈ 2 GeV. Assuming the normal neutrino mass
hierarchy, the active neutrino masses m2 and m3 are

given by m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
21

p
and m3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ Δm2
31

p
,

where m1 ¼ 0…0.2 eV, Δm2
21 ¼ 7.50þ0.19

−0.17 × 10−5 eV2,
and Δm2

31 ¼ 2.524þ0.039
−0.040 × 10−3 eV2 (for inverted hier-

archy Δm2
32 ¼ −2.514þ0.038

−0.041 × 10−3 eV2). The standard
oscillation parameters are varied within their 90% confi-
dence level (C.L.) error limits (see [20] for the projected
DUNE limits) to obtain the upper limits of the denomi-
nators of Cαβ. We then take the DUNE 90% C.L. upper
bounds for the εmαβ parameters and their differences, and
insert the largest possible value of the denominator and the
upper limit of εmαβ into Eq. (17). This procedure is repeated
for the current experimental 90% C.L. upper bounds for
matter NSI. The current experimental bounds and the
simulated DUNE bounds of these parameters are given
in Table III. Comparing these bounds will elucidate the
performance and feasability of DUNE as a probe for the
triplet Higgs model.
We calculated the expected upper bounds jCeej, jCeμj,

jCeτj, jCμτj, and jCττj, for M2
Δ=λ

2
ϕ as function of m1 using

the 90% C.L. upper bounds for jεmee − εmμμj, jεmeμj, jεmeτj, jεmμτj,
and jεmττ − εmμμj, respectively. Thus, we obtain five M2

Δ=λ
2
ϕ

curves as a function of m1 and construct the strictest
possible upper limit for M2

Δ=λ
2
ϕ, namely Cminðm1Þ≡

min ðCee; Ceμ; Ceτ; Cμτ; CττÞ. We present this piecewise
combined curve in Fig. 2, which was found to be

CNH
minðm1Þ ¼

�
Cμτ; m1 ≲ 0.01 eV;

Ceμ; m1 ≳ 0.01 eV;
ð22Þ

TABLE III. Current experimental upper limits of the matter NSI
parameters [28] and expected upper bounds after the first run with
DUNE [20]. All limits are at a 90% C.L.

Constraint on Global bound DUNE bound

jεmee − εmμμj 4.2 0.9
jεmeμj 0.3 0.074
jεmeτj 3.0 0.19
jεmμτj 0.04 0.038
jεmττ − εmμμj 0.15 0.08

Excluded

DUNE coverage

NSI not from nonunitarity
Nonunitarity

0 0.05 0.1 0.15 0.2
m

1
 (eV)

0

2

4

6

8

10

M
/|

|  
(

10
12

)

FIG. 2. The allowed values of MΔ=jλϕj as a function of the
absolute neutrino mass scale when normal hierarchy is assumed.
The white region shows the values of MΔ=jλϕj which are
experimentally excluded at 90% C.L. when m1 is the value of
the lightest neutrino mass. The yellow region shows the values
which are sensitive to DUNE. The green region shows the
allowed values which cannot be constrained by DUNE but which
are distinguishable from nonunitarity effects. The blue region
shows the allowed values where nonunitarity could in principle
be misinterpreted as a matter NSI effect. The dashed lines show
where these 90% C.L. contours for nonunitarity bounds would
be, if inverted hierarchy was assumed.

FIG. 3. The allowed values of MΔ=jλϕj as a function of m1

when bounds on the source and detector NSI from CLFV
experiments are considered. The white region shows the values
of MΔ=jλϕj which are excluded at 90% C.L., whereas the values
in the colored region are still allowed. The dashed line shows the
90% C.L. contour in inverted hierarchy.
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CIH
minðm3Þ ¼

�
Cμτ; m3 ≲ 0.04 eV;

Ceμ; m3 ≳ 0.04 eV:
ð23Þ

As was pointed out, the nonunitarity effects could be
mistaken as matter NSI effects. To estimate how large a part
these could constitute of the signal, we transpose the current

experimental bounds for the nonunitarity parameters αll0
given in Table II into bounds for the NSI parameters εmαβ
using the relations given in Eq. (15). From these bounds, we
obtained the 90% C.L. bound forMΔ=jλϕj shown in Fig. 2.
Similarly, we derive the upper bounds forMΔ=jλϕj using

the CLFV bounds from Table I. The resulting curve for
90% C.L. upper bound forMΔ=jλϕj is shown in Fig. 3. One

FIG. 4. The allowed values of MΔ and λϕ in ðMΔ; λϕÞ plane, considering both mass hierarchies and different masses for the lightest
neutrino. The colors are chosen as in Fig. 2.
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immediately notes that the CLFV constraints are much
stricter than the bounds we obtained from the matter NSI
presented in Fig. 2.
In addition, we present λϕ as a function of MΔ with the

constant lightest neutrino mass. We solve (17) for λϕ and
determine the allowed parameter space in ðMΔ; λϕÞ plane
using the aforementioned bounds for matter NSI parame-
ters, considering only bounds arising from current and
future long baseline neutrino oscillation experiments. The
bounds translate to the conditions

λϕ ≥
MΔffiffiffiffiffiffiffiffiffiffijCαβj

p ; ð24Þ

where we again consider the bounds given by jCeej, jCeμj,
jCeτj, jCμτj, and jCττj. We pick the tightest constraint, given
by Cmin from Eqs. (22), and (23). The 90% C.L. bound is
presented in Fig. 4.
Since there are known lower limits forMΔ [40], we may

use this information to calculate an experimental lower
limit for λϕ. This is done by calculating jεmee − εmμμj, jεmeμj,
jεmeτj, jεmμτj, and jεmττ − εmμμj as a function of λϕ from Eqs. (7)
and (16). We considerm1 ¼ 0; 0.1, and 0.2 eV. The tightest
lower bound for λϕ is found using jεmeτj. The result is
illustrated in Fig. 5 and in Table IV.
In all cases and results in this section, we have found that

in the case of the inverted mass hierarchy, the bounds are
similar as those presented here for the normal hierarchy,
just slightly stricter in all cases. The results in the anti-
neutrino matter potential case are also similar, just slightly
less strict in all cases.
Finally, we conclude this section with remarks on

perturbativity. By requiring all the Yukawa couplings to
be

ffiffiffiffiffiffi
4π

p
at most, we find

MΔ ≲ 617 GeVffiffiffiffiffiffiffiffiffi
jερσαβj

q ; MΔ ≲ 872 GeVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jερσαβ − ερ

0σ0
α0β0 j

q ; ð25Þ

which are acquired by combining Eqs. (5) and (6). Taking
into account the lower limits for MΔ, which we assume to
be approximately 750 GeV [40,41], one can estimate the
maximum possible contribution to NSI by the triplet scalar.
We find jερσαβj ≲ 0.677 and jερσαβ − ερ

0σ0
α0β0 j≲ 1.355. For CLFV

experiments, these conditions are fulfilled (see Table I), but
for jεmeτj and jεmee − εmμμj, the experimental limits are not
restricting enough (see Fig. 5). If DUNE confirms NSI with
jεmeτj≳ 0.677, all of it cannot be a manifestation of triplet
scalar interactions, and there must be additional new
physics contribution. In other words, in the case of the
confirmation of the existence of triplet scalar and large jεmeτj,
this would indicate additional NSI originating from other
extensions of SM.

TABLE IV. Current experimental and expected DUNE lower
bounds with 90% C.L. for λϕ inferred from current oscillation
parameters, current bounds for NSI, and simulated DUNE
bounds for NSI. NH and IH correspond to the normal and
inverse neutrino mass hierarchy, respectively.

Global λϕ (eV) DUNE λϕ (eV)

m1 (eV) NH IH NH IH

0.0 0.031 0.045 0.120 0.178
0.1 0.129 0.133 0.509 0.526
0.2 0.251 0.253 0.997 1.006

FIG. 5. The allowed values of jεmeτj and λϕ in ðλϕ; jεmeτjÞ plane,
assuming a normal mass hierarchy. Blue region is excluded by
experiments at 90% C.L. Green region shows the values which
are sensitive to DUNE. Gray region is excluded by Higgs
searches at LHC by the CMS Collaboration [40]. With a lower
limit on the degenerate triplet Higgs massMΔ and a fixed lightest
neutrino mass, everything below a m1 contour is excluded. This
gives us the lowest possible value for λϕ for every m1 ¼ 0;
0.1; 0.2 eV. At the massless limit, we get the absolute limit for λϕ,
which may be moderately constrained by DUNE. The Yukawa
couplings corresponding to εmeτ are <

ffiffiffiffiffi
4π

p
below the dot-dashed

line. In the upper subfigure, the m1 limits are deduced from the
assumption MΔ ¼ 750 GeV and in the lower subfigure, 2 TeV.
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V. SUMMARY AND CONCLUSIONS

The triplet Higgs bosons ðΔ ¼ Δþþ;Δþ;Δ0Þ utilized in
the type-II seesaw model will affect neutrino propagation in
matter by mediating interactions not present in the Standard
Model. We have studied in this work how the sensitivity of
DUNE for NSI interactions can be utilized to derive a
constraint for the quantity MΔ=jλϕj, where MΔ is the mass
of the triplet bosons and λϕ the strength of the coupling
Δϕϕ between the triplet Higgs and the standard Higgs
doublet. We found that a long baseline experiment with the
specifications of the proposed DUNE can reach the upper
bound MΔ=jλϕj≲ ð2–4Þ × 1012 at 90% C.L. If the ratio
MΔ=jλϕj were above this value, the effects of the NSI
neutrino-matter interactions caused by the triplet boson
exchange would be seen in the DUNE oscillation data. We
found the bound to be sensitive of the neutrino mass
ordering (normal or inverted).
We found that in long baseline experiments the strictest

bound on MΔ=jλϕj arises from the jεmμτj and jεmeμj con-
straints. DUNE would be able to improve the upper limits
of these NSI parameters, as indicated in Table III. The
sensitivity to the matter NSI parameters has been previ-
ously studied for the proposed HyperKamiokande and
T2HKK experiments, and the upper limit on jεmee − εmμμj
achievable in these experiments is estimated to be
improved, see [34].
In long baseline experiments, nonunitarity of the mixing

matrix of the ordinary light neutrinos might give similar
effects on the oscillation probabilities than the NSI due to
the triplet Higgses, which might lead to a misinterpretation
of the data. We found out that the effects caused by
nonunitarity depend strongly on the lightest neutrino mass

m1 and are well below the sensitivity of DUNE. Only when
m1 ≪ 1 eV, the signals interpreted as triplet-Higgs NSI
effects could actually be caused by nonunitarity of the
neutrino mixing.
We also showed that the existing constraints on the

various NSI parameters obtained by studying low-energy
charged lepton flavor violation (CLFV) processes, such as
like μ− → e−eþe−, correspond, when interpreted in terms
of the triplet Higgs model, to constraints on MΔ=jλϕj,
which are for all values of the lightest neutrino mass orders
of magnitude more stringent than one would reach in
DUNE.
To summarize, the study of NSI interactions in long-

baseline neutrino-oscillation experiments considered in this
work and at low-energy processes would give crucially
central information on the triplet Higgs model and type-II
seesaw model, in particular when combined with the
information one can get in collider experiments for the
lower limit of the triplet massMΔ (see, e.g., Ref. [40]). For
a normal mass hierarchy and a triplet mass MΔ ¼
750 GeV, for example, the future DUNE data will indicate
jλϕj≳ 0.120 eV, a clear improvement of the strictest
current limit we calculated in Table IV, jλϕj≳ 0.031 eV.
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