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Abstract

The discovery of neutrino oscillations implies that neutrinos are massive, and
therefore is a concrete evidence that the standard model (SM), which forbids the
mass of neutrinos, is not complete. As a consequence, completing the knowledge
of neutrino oscillations extends our understanding of new physics. We are entering
the age of precision measurement of neutrino oscillations, with the preparation for
the upcoming Long Baseline experiments (LBL) — Deep Underground Neutrino
Experiment (DUNE) and Tokai to Hyper-Kamiokande (T2HK). In this thesis, we
firstly study how DUNE, T2HK and the combination solve the remaining problems of
the standard neutrino oscillation — octant and mass ordering degeneracy problems,
if CP violates, and what the value of CP phase 0 is. In the following, we study
how Littlest Seesaw Models (LS) can be tested by DUNE, T2HK together with
short- and medium-baseline reactor experiments, after fitting these models with the
current global results. In the next half of this thesis, we extend our discussion to
allow external interactions — nonstandard interactions (NSIs) in matter for DUNE.
After reviewing current studies on the precision of NSI-parameter measurement,
we discuss the exclusion ability of DUNE to the SM prediction over the possible
scenarios. Considering NSIs are flavour-dependent, we demonstrate the possible
correlations between or among NSI effects under flavour symmetries A4 and Z,.
Based on these correlations, we present how DUNE can test flavour symmetries Ay
and Zy through NSIs. Our results show the experimental properties of DUNE and
T2HK, and how they perform for the theory of flavour symmetry.
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Chapter 1

Introduction

In the middle of 1960s, the discrepancy in the flux of solar neutrinos between the
prediction and the measurement. We call this discrepancy ‘solar neutrino problem’.
Now we know that this is because neutrinos can changes the flavour while travelling,
and call this phenomenon ‘the neutrino oscillation’ [1]. This fact, however, conflicts
the standard model (SM) prediction that neutrinos are massless, because massless
particles do not evolve their physics properties according to the special relativity.

The framework of neutrino masses and mixing for explaining neutrino oscillations
— the first direct experimental evidence for physics beyond the Standard Model
(SM) — is now firmly established [1]. All three mixing angles (012, 013, a3) together
with the size of the two mass-squared differences (Am3,, AmZ,) have been measured,
with experimental efforts now focused on determining the final few unknowns: the
ordering and scale of the neutrino masses; the value of the Dirac CP phase ¢; and
a precision measurement of the angle 63 including, if non-maximal (A3 # 45°
or sin?fys # 1/2), its octant (fa3 > or < 45°). Although there is some as yet
inconclusive evidence for ¢ in the third or fourth quadrant, as well as for normal
ordering (NO) and non-maximal atmospheric mixing, we rely on the next generation
of oscillation experiments to set these issues to rest [2].

With the intention of building on the progress of the oscillation programme, the
international community has conceived a range of future facilities with the potential
to explore the final unknowns in the standard oscillation paradigm, and to hunt for

tensions in the data which might indicate that a richer extension of the SM is re-
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Chapter 1. Introduction 2

quired. Depending on the distance between the neutrino source and detector, there
are three major strands in the future experimental neutrino oscillation programme:
short-baseline experiments such as those comprising the SBN programme [3], in-
termediate baseline reactor facilities, RENO-50 and JUNO [4H6], and long-baseline
experiments such as LBNF-DUNE and T2HK [7-12]. In this thesis we focus on
these latter two proposals for novel long-baseline facilities: Long-Baseline Neutrino
Facility-Deep Underground Neutrino Experiment (LBNF-DUNE, referred to subse-
quently as DUNE) and Tokai to Hyper-Kamiokande (T2HK). DUNE is the flag-ship
long baseline experiment of the Fermilab neutrino programme [11,|12]. It consists
of a new beam sourced at Fermilab and a detector complex at the Sanford Un-
derground Research Facility (SURF) in South Dakota separated by a distance of
1300 km. T2HK [10] in contrast was conceived with a smaller baseline of 295 km
and a different detector technology. Building on the successes of Kamiokande and
Super-Kamiokande [13], Hyper-Kamiokande will employ Water Cerenkov technol-
ogy at a significantly larger scale, with fiducial volumes on the order of hundreds
of kilotonnes. Recently, as the designs for DUNE and T2HK have matured, both
collaborations have considered significant alterations to the benchmark proposals in
Refs. |10] and [124|14].

The origin of neutrino masses and mixing remains unknown with many possible
models considered viable (for reviews see e.g. [15,[16]). A large proportion of these
models are based on the classic seesaw mechanismﬂ involving heavy right-handed
Majorana neutrinos [17], providing both a mechanism for generating the neutrino
masses and a natural explanation for their smallness. However, in order to make
predictions that can be probed experimentally, seesaw models require additional
assumptions or constraints [18]. To accommodate the three distinct light neutrino
masses which drive the oscillation phenomenon, the seesaw mechanism requires at
least two right-handed neutrinos 19|, such as the Littlest Seesaw model. In order to
reduce the number of free parameters still further to the smallest number possible,

and hence increase predictivity, various approaches to the two right-handed neutrino

I'The seesaw mechanism is the theoretical model that explains the smallness of neutrino mass

by the suppression by the mass of heavy particles. More details can see in Ch.
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Chapter 1. Introduction 3

seesaw model have been suggested?, such as postulating one [20] or two [21] texture
zeroes in the Dirac mass matrix in the flavour basis (i.e. the basis of diagonal charged
lepton and right-handed neutrino masses)ﬁ The minimal two right-handed neutrino
model with the normal ordering which can accommodate the known data of neutrino
mixing involves a Dirac mass matrix with one texture zero and a characteristic form
known as the Littlest Seesaw model [23]. The precision measurements of mixing
angles and mass-square splittings examine the properties of the models at the higher
energy, e.g. the couplings between the right-handed and active neutrinos, which can
be naturally imposed by the flavour symmetry.

The flavour symmetry is motivated by the measured values of mixing angles,
sin?f1, ~ 1/3 and sin®fy3 ~ 1/2. In the framework of flavour symmetries, it
is assumed that an underlying discrete flavour symmetry Gt exists at some high
energy scale. It unifies the three flavours together. After the flavour symmetry is
broken at lower energy, special flavour structures arise. In more detail, this process
can be done in two ways — direct and indirect approaches. Accordingly, there are
two classes of model. Direct models are based on A, or Sy family symmetry. In
this class of models, the lepton sector preserves some generators for the observed
flavour symmetry, which is as a part of the symmetry. The second class — indirect
models — is based on any flavour symmetry G that is completely broken in the
neutrino sector, while the observed neutrino symmetry in neutrino flavour basis
emerges as an accidental symmetry that is an indirect effect of Gy, e.g. CSDN [15],
etc. In most direct models, the flavour symmetry is assumed to be the tetrahedral
group Ay [24] or the hexahedron group Sy [25]. These models naturally predict
sin 015 = 1/3, sin® fp3 = 1/2 but sin” ;3 = 0 [26-28], i.e., the so-called tri-bimaximal
(TBM) mixing [29]. One important feature of flavour models is the existence of

some slightly-preserved residual symmetries at low energy (for some reviews, see

2In seesaw models with two right-handed neutrinos, including those discussed in this thesis,
a hierarchical spectrum of left-handed neutrino masses is obtained where the lightest left-handed

neutrino is massless.
3Such two texture zero models are now phenomenologically excluded [22| for the case of a

normal neutrino mass hierarchy.
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Chapter 1. Introduction 4

e.g. [30]). The most-commonly used residual symmetries are a Z3 and a Z,, where

charged leptons and neutrinos transform as

—i27/3

Z3 e—e —e T — 237
3 ’ H w, )

1 1
Zy: Ve —> g(—ue +2v,+2v,), v, = g(—yu + 2v, + 2v,) ,

1
Uy — 5(—%,_ +2v, +2v,) . (1.0.1)

The charged lepton and neutrino mass terms are invariant under the transforma-
tions, respectively. Both Z3 and Z, are subgroups of A, and S;. However, the
predicted vanishing #,3 is not in agreement with data. It suggests small corrections
to the mixing, and the residual symmetries should be slightly broken. Imposing
flavour symmetries does not only predict the flavour mixing measured by neutrino
oscillation experiments, but also contributes to other flavour-dependent phenomeno-
logical signatures, such as the charged lepton flavour violation (CLFV), nonstandard
interactions,... etc.

Neutrino nonstandard interactions (NSIs) provide a model-independent frame-
work of studying new physics in neutrino oscillation experiments (for some reviews,
see [31]). These interactions are flavour-dependent, and are collected in a matrix €,z,
where «a, 8 = e, u, 7. They are usually considered as effective descriptions of con-
tributions from higher dimensional operators mediated by heavy mediators [32-34],
although they may also be induced by light mediators with very weak couplings [35].
Depending on where they occur in neutrino oscillation, these new interactions are
taken as the NSIs at source, detector or during propagation. There are no experi-
mental hints for NSIs at the source and the detector with the high precision [31,36].
The precision of current global fit results for matter effect NSIs is not as good as
those of other experiments like CLFV... etc, and allows the size of NSIs to be
from a few to tens of percentages of the weak interactions at 90% C.L. [39]. Due
to precision upgrades and because of nonnegligible matter effects, the testability of
NSIs in DUNE and T2HK (as well as its alternative T2HKK), and the influences
on measurements of mass ordering and CP violation have caught a great attention,
e.g., in [37,38].

Neutrino oscillation data can be described in the standard language — mixing
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angles and mass-squared splittings; extending the language to include NSI effects is
maybe necessary. Moreover, words in this language are maybe spelt by the theory of
flavour. We summarise the above perspective in the flow chart Fig. [I.1} In the lower
part of this figure, we present that the neutrino oscillation can be directly explained
by mixing angles and mass-squared splittings; the block with the dashed boundary
presents that NSIs are maybe included to describe neutrino oscillation data. There-
fore, the oscillation data can measure the oscillation parameters, and further tell
us if NSIs exist. Then we move our focus on the upper layer — the connection of
flavour symmetry to oscillation parameters (left) and NSIs (right). The left part
demonstrates that the flavour symmetry model, which predicts the true values of
oscillation parameters, can be tested by oscillation data through the measurement
of mixing angles and mass-squared differences. On the other hand, the other part
shows that the flavour symmetry also predicts the relations of NSIs with different
flavour dependence; similarly, neutrino data can provide the extra information of
flavour symmetry through the measurement or detection of NSI effects.

In this thesis, we study connections between or among blocks in Fig. [1.1]in details
for understanding the physics potentials of future LBLs for solving current problems
and for studying varieties of new physics, which are introduced in the previous
paragraphs. For the first half of this thesis, we follow with the left part of Fig. [I.1]
After reviewing the current understanding of the neutrino oscillation phenomenology
in Ch. @ we discuss how DUNE and T2HK can solve the current problems in
the standard oscillation (unknown if CP violates or conserves, undetermined mass
ordering and octant degeneracies) in Ch. , and extend the discussion to the precision
of 6 measurement in Ch.[6] In Ch.[7] we investigate the impact of alternative designs
for DUNE and T2HK on the sensitivity for if CP violates maximally or conserves
and the mass ordering sensitivity, and é measurement. In the following, based on the
knowledge of previous results in Chs. [f and [6] we study how littlest seesaw models
can be tested by DUNE, T2HK and short- and medium-baseline experiments in
Ch.[9 as a benchmark study, after the overview of the current status of the littlest
seesaw model in Ch. [§] In the next half of this thesis, we extend our discussion

to nonstandard interactions in matter (matter NSI effects) for DUNE. With the
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Chapter 1. Introduction 6

knowledge of effective field theory, we present the possible operators with dimension
< 8 causing NSIs, and we also argue that sizeable NSIs in matter are allowed in
Ch.[10} Then, we review current works on the precision on paramters for matter NSI
effects for DUNE, and study how this experiment can exclude the SM prediction
— no NSIs occur — if matter NSI effects enter v oscillations in Ch. [Il In this
chapter we focus on the lower three blocks in Fig. [[.I} In Ch.[12] we predict the
correlations between or among NSIs in matter of different flavour dependence under
Ay flavour symmetry and its residual symmetry Zs, as studying the connection
between the blocks for NSIs and the flavour symmetry theory. Finally, based on
the properties predicted in Ch. [I2] taking the point of view of phenomenology,
we generally studying the application of these correlations in DUNE — testing A,
and Zy symmetries in NSIs in Ch. [I3] covering all blocks in Fig. [I.1] Before any
discussion, we introduce how neutrinos are predicted by the SM and the extension
due to the neutrino oscillation in Ch. [2, and in Ch. 3| we describe details and the

treatments of the experiments that are discussed in this thesis.
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FLAVOUR SYMMETRIES

Constrain Predict
Constrain Predict
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v OSCILLATIONS

Figure 1.1: A summary of the perspective taken in this thesis.
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Chapter 2

Neutrinos in and beyond the SM

We have found four fundamental forces — electromagnetic, weak, strong and gravity
forces. In the framework of quantum field theory and in the gauge theory, we describe
electromagnetic, weak and strong interactions of elementary particles, based on
the local symmetry SU(3)c x SU(2), x U(1)y, where the subscripts C, L, and YV
denote color, left-handed charity and weak hypercharge, respectively. The number
of generators for different symmetries equals the number of gauge bosons of the
corresponding force — 8 gluons for the strong force, three vector bosons W= and Z
for the weak interaction, and the photon 7 for the electromagnetic force. In the SM,
there are four types of fermions — u- and d- like quarks, charged leptons, neutrinos.
Quarks participate in all three SM forces, while charged leptons do not interact by
the strong force. Neutrinos only enter the weak interaction. The scalar boson Higgs,
which is proposed in the SM for breaking SU(2)., x U(1)y to U(1)g, introduces mass
of particles by its coupling with them. Despite the success of the Higgs mechanism in
the SM in describing the masses of SM charged fermions and gauge bosons, neutrinos
are predicted to be massless under the SM. As a consequence, the discovery of
neutrino oscillations, which implies that neutrinos are not massless, is considered
as an evidence that the SM is not a complete theory, and therefore this evidence is
seen as a hint of new physics

In the first section of this chapter, we review neutrino interactions under the SM
and the masslessness of neutrino according to the SM Higgs mechanism. Then, we

briefly introduce the most general framework to describe neutrino mass and study

8



2.1. Neutrino interactions in the SM 9

the 2-neutrino mixing case in order to understand the neutrino oscillation. Finally,

we summarise the current understanding of neutrino oscillations.

2.1 Neutrino interactions in the SM

The electroweak SM Lagrangian is the most general renormalizable Lagrangian pre-
serving the local symmetry SU(2), x U(1)y. We write this Lagrangian in terms of

the fermion fields for three generations, the boson fields, and a Higgs doublet,

L=iY 0 LI, +iY, 55 QLDQ,

+Za:e,pr?‘E,RwEézR+Za dstDaRlpD R D et UL g DU, g
_iAWA/w _ ZBWB;W

+(D,H)' (D*H) — ;2H'H — \ (H'H)’ (2.1.1)
e YELLHES  + Y5 B HILL)

> oios S saey (YIEQ HDY, + V2D HIQL)

= Y28 Dpmed (VYRR H U + Y UL HIQL )

where the covariant derivative ) = D, y* = (9, + igA, - L+ ig'B,%)y" and A" =
(A, AL ALY and I = (I, I, I3), which are the generators for SU(2).. In the two-
dimensional representation, I, = 7,/2, where 71, 75, and 73 are three Pauli matrices.
Three components of I satisfy the condition [I,, Ip] = i€ap.l., where g4, is the totally
antisymmetric tensor with three indices having €193 = 1. AY, A}, and A% are three
gauge bosons for SU(2), while B* is the gauge boson associated with the generator

Y of the group U(1)y. The expressions for A*” and B* are:

3
A = AL — VAL — g canc AL AL, (2.1.2)
b,c=1
B" = 0"BY — 9" B, (2.1.3)

The SM fermions are described to be the lepton doublets L/ , the quark doublets @,
the lepton singlets E! , and the quark singlets U, 5, D! 5, where the subscripts L and
R refer to left and right charity, respectively, and the other subscript o denotes the
flavour and generation for leptons and quarks respectively. The primes are used for

showing the fields do not have the definite masses, but are the linear combinations
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2.1. Neutrino interactions in the SM 10

of the fields with definite masses. Y5, Y7, and Y.§ are the Yukawa couplings of
leptons, d-like quarks and u-like quarks, to Higgs boson respectively. The Higgs
doublet is H(z) = (h*(x) h°(z))", where h*(z) is a charged complex scalar field
and h°(z) is a neutral complex scalar field. H is defined H = iro H*.

The first two lines in Eq. are the kinetic terms and the gauge couplings
for SM fermions. The third line is the kinetic and self-coupling terms for the gauge
bosons. The fourth line is the kinetic term and the potential for the SM Higgs.
The final three lines are the Higgs-fermion Yukawa couplings that generate the SM
fermion masses and the quark mixing. The values of the weak isospin, hypercharge,
and electric charge of the fermion doublets and singlets are presented in Tab. [2.1]

As we can see in Tab. 2.1} the charge @ of neutrinos is 0, and implies that
neutrinos are not involved in the electric interaction, though they participate in the
weak interaction. In this section, we firstly study the interaction of neutrinos in the

SM, before describing the SM prediction that neutrinos are massless.

I I3 Y Q
lepton doublet L = (vr er)™ | 1/2 | (1/2, =1/2)T | —1 (0, —1)T
lepton singlet eg 0 0 —2 —1
quark doublet Q = (ug, dp)” | 1/2 | (1/2, =1/2)Y | 1/3 | (2/3, —1/3)"
quark singlet ug 0 0 4/3 | 2/3
quark singlet dg 0 0 -2/3 | —1/3
Higgs doublet H = (h* )" | 1/2 | (1/2, —1/2)T | 1 (1, 0)T

Table 2.1: The eigenvalues of the weak isospin I, of the third component I3, of the
hypercharge Y, and of the charge Q = I3 + Y/2 of the fermion doublets of the 1%

generation and singlets of the 1% family of the SM.

2.1.1 Neutrinos in weak interactions

To simplify our discussion, we focus on the one-generation case, where the mixing

of fermions never occurs. Giving the charge of lepton doublet and singlet shown in
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2.1. Neutrino interactions in the SM 11

Tab. in Eq. (2.1.1]), we can write the SM Lagrangian for SU(2), x U(1)y,

L= _%ZL (94 ‘T = Q/B) Ly — %@L (94 T+ %Q/B) Qr
) (2.1.4)
+g'erBer — 2g'urBur + 39'drBdpg.

We extract the leptonic part in Eq. (2.1.4), which is the first and the third term,

ghs —g'B g (A —idy) Ver,
g (A1 + ZAQ) —gds —g' B er

Lrp=—3(Ver €r) + g'erBer.

(2.1.5)

Eq. (2.1.5) is separated into two parts, the neutral-current (NC) terms Eq. ([2.1.6))
and the charged-current (CC) terms Eq. (2.1.7)),

057 = =3 {7 (s — 9'B) ver — &1 (95 + g'B) 1 — 2gepbBer},  (21.6)

£y = —g {Per (A1 —idy) e +ep (Ay +idy) ver } - (2.1.7)

CC and NC interactions

We define a field W#* = A‘f_—\/;%t that annihilates W+ bosons and creates W~ bosons,
and the charged current of lepton, jy,; = Dy (1 — YS)e = 20, y*er. As a result, we

obtain

cc g .
L5 = NG i W+ He. (2.1.8)

By expressing the electromagnetic field A* as a linear combination of Af and
B*, the Lagrangian for the quantum electric dynamics can be obtained as a part of

Eq. (2.1.6). This combination is described with the Weinberg angle 6y,

AF = sin Oy A% + cos Oy BH,

ZH = cos Oy Af — sin Oy BH,

(2.1.9)

where Z* is a vector boson field for weak interactions. The neutral-current La-

grangian can be written as

NC z . g .
‘Cg,L ) — E%L) + £§”YI)/ e _ej’l;,lAN — m]gJ w (2110)
where two currents for leptons are defined j;"l = —evye and
% = 201 Veryver + 297E07" €L + 29REr7 R, (2.1.11)
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2.1. Neutrino interactions in the SM 12

The couplings for a fermion field f in Eq. (2.1.11f) are the combination of ]:{ and

the electric charge q{ or g{%,
g{/ :[g—qfsing Qw, (2'1'12)

gk = —qssin® Oy, (2.1.13)

where gy is the electric charge ) for the fermion f. Among g, ¢’ and e, there are
conditions,
/

e = gsinfy = ¢' cos Oy, tan by = g (2.1.14)
g

From the above, we know that the neutrino interactions in the SM are via me-
diating a W* or Z boson. Exchanging W* and Z bosons are the CC and NC
interactions respectively. The 7 decay 7~ — p~ 7, and the p~ decay = — e v,
produce the neutrino beam in DUNE and T2HK, and are explained by the CC in-
teraction, in which a charged lepton of the same flavour is involved. In the detector,
neutrinos interact with quarks (or nucleus) and electrons of the target of detector
via the CC or NC interaction.

The above discussion is based on the assumption of 1-generation fermions. Ex-
tending to the 3-flavour case, the CC interaction is flavour dependent; as a result,
interactions of this kind can be used to label the flavour of neutrinos. NC interac-
tions, in which neutrinos of all flavours interact with nucleus, quarks, or electrons,

are therefore blind to the neutrino flavour.

Lower-energy approximation

We know the masses of W* and Z boson are about 80 and 91 GeV respectively.
When their kinetic energy is low enough in comparison to the mass, only the mass
contributes to their propagator.

Under this approximation, we write the CC and NC Lagrangian as

o) _ _Cr g 2.1.15
eff ﬁjWM]W7 ( )
ey Gr .

of = ——ﬁygm, (2.1.16)
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2.1. Neutrino interactions in the SM 13

where the Fermi constant,

Gr T T
Gr _ _ , 2.1.17
V2 2sin?Oym?,  2sin® cos? Oym? ( )

with the fine-structure constant o = e?/4r. Two currents ji, and j5 are defined,
Jw = Jiva T Jwg and j% = gy, + iy, where ji, . = ay* (1 —+°)d = 2ugy*dy, and
%4 = 290007 ur + 295uRy" up + 290 dpy"dp + 2gR dpydg with g = 1 — 2sin Oy,
9% = —2sinfy, and gf = —35 + 2sinfy, g = 3sinfy. This approximation can
be used for neutrino with energy, which is far below the energy scale of W* and Z
mass. As the peak energy for DUNE and T2HK are around 3 and 0.6 GeV, this
approximation is appropriate to our discussion in this thesis.

In this approximation, the expression of the cross section for neutrino-electron

elastic scattering in terms of incoming neutrino energy FE, and the kinetic energy of

recoil electron T, is given

o(E,, T™") = 2 [(g7 + g2)(Tmax — Tt

m,
‘ 2.1.18)
Tmax2_Tth2 TmaxS_TthS (
—<g§+glgz§'§) (— 7 >+§g§ (— e )]
where /" = T™(E,) = meQEE , corresponding to the motion of neutrinos in

the forward direction, and the threshold energy T depends on the property of the

detector. oy = 2WEme i approximately 88.06 x 1074 cm?. The coefficients g; and

T

g2 depend on the flavour of incoming neutrinos. For v, and 7., we have

l l
v, 1Z + 1 .
9" =g e’=1+—gv29f‘ =1+glL=§+sm20W, (2.1.19)
o _ () _ 9y —9a
9" =g = T = g = sin’ O (2.1.20)

And, for the other two flavours, we have

l l
1% v, 1 3
g§- N,T) — gé Hﬁ') — w — glL = —5 —|— SII]2 6W7 (2121)
: gy — 9.
géyﬂﬂ') — giyl‘ﬂ—) — V—A — gl[, = Sin2 QW’ (2.1.22)

2

The high-energy part of the cross-section with T = 0 corresponds to the values

given in Tab. 2.2 and is given

E, 1
o(E,, T" = 0) ~ 00—~ (g% + §g§> , for E, > m,, (2.1.23)

which are proportional to F, in the laboratory frame.
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2.1. Neutrino interactions in the SM 14

Process Total cross-section

Ve + e 2s/4m) | (1 + 2sin? GW)Q—i-gsinA‘ Oy

U, +e” 2s/4m (1 + 2sin? HW)2 + 4 sin? QW_

3

(G )
(G ) |3

Vur + € | (Ghs/4m) | (1 — 2sin® 9w)2 + 2 sin? Oy
(oot !

Dur + e | (G2s/am) |1 (1= 2sin®Oy)? + 4sin’ Oy

Table 2.2: The total neutrino-electron elastic scattering cross sections for /s > m,
for different flavours of neutrinos, with the unites of 107%6 cm?, where the variable

s is defined s = 2m.F,,.

Neutrino interactions in matter

In addition to neutrino production and detection, their interactions in the earth
during propagation can be also predicted by the SM. The interactions are CC or
NC interactions, and the effective Hamiltonian for CC interactions is written

HG = % [Ze(2)7” (1 = 7°) e(x)] [(x)7, (1 = 7°) ve(z)] (2.1.24)

and that for NC interactions is

NC Gr _ 3 f £
HG ) (x) = 7 > [Pal@)y (1= Pwal)] Y [E@), (9 — 9947°) ()]
a=e,u,T f=e,u,d

(2.1.25)
where two coefficients are defined ¢f, = ¢¢ + g% and ¢ = ¢¢ — ¢%. It is important to
note that only electron-flavour neutrinos participate in CC interactions in matter.
Therefore, only neutrinos of e flavour can be affected by CC interactions in matter.
After doing the Fierz transformation, the average of the effective Hamiltonian over
the electron background in the rest frame of the medium is given by

M (x) = % /d?’pef(Ee,T)De(x)Z;—ee (1 —=7°) ve(), (2.1.26)

where f(E,, T) is the statistical distribution of the electron energy F., which depends

on the temperature 1" of the electron background, and is normalized by

/dspef(EeaT) = NV, (2'1'27)
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2.1. Neutrino interactions in the SM 15

where N, is the electron density in matter and N,V is the total number of electrons.

The integral over d®p. in Eq. (2.1.26)) becomes

/d3pef(E€,T)% = N, VA°. (2.1.28)

The effective Hamiltonian is therefore,

cC _

H'GO (@) = Voo (€)1 ver (), (2.1.29)
where the average potential for CC interaction with electron background in the earth
is

Vee = V2GpN.,. (2.1.30)
Due to the cancellation of the NC interactions with electrons and that with protons
in matter, the NC interactions in matter is considered only with the neutrons. The

same process can be applied for NC interactions, and the average potential is given

2
Ve = _\/T_GFNna (2.1.31)

where N, is the neutron density of the medium. In Sec. [2.2.2] we will introduce how
neutrinos oscillate in matter. And we will see the NC interaction does not affect to

neutrino oscillations, but the CC interaction does.

2.1.2 Massless Neutrino

Explaining how neutrinos are massless under the SM, we introduce the Higgs mech-
anism, which provides mass terms for massive fields in the SM Lagrangian, and
preserves the local symmetry SU(2);, x U(1)y. Though in this subsection we focus

on the mass for leptons, the same process applies for the other massive SM particles.

The Lagrangian for the Higgs mechanism in Eq. is
Litiges = (D, H)' (DM H) — pH'H — A (H'H)®. (2.1.32)
We focus on the potential
V(H) = p*H H + \(HTH)~. (2.1.33)

In order to have bound from below, the coefficient \ of the quartic self-coupling of

the Higgs fields must be positive, A > 0. However, the mass-like coefficient p? can
April 5, 2018



2.1. Neutrino interactions in the SM 16

be positive or negative. Once p? is negative, realized is the spontaneous breaking of
the symmetry SU(2), x U(1)y — U(1)g, where U(1)g is the gauge symmetry group

of electromagnetic interactions. We define
o=/ _F (2.1.34)
Then, we can rewrite the Higgs potential Eq. (2.1.33)),
02\
V(H) =\ (HTH - 3) : (2.1.35)

The minimum for this potential is therefore for,

02

H'H = 5 (2.1.36)
In the text below Eq. (2.1.1)), we know two components of H are charged and
neutral in electric charge. Because the vacuum is thought to be electrically neutral,

the vacuum expectation value (VEV) is entirely contributed by h°, then

H—1 0 2.1.37
=7 (2.137)

This is obvious that [;(H) # 0, where i = 3, and Y(H) # 0, but Q(H) =
(Is+ %) (H) = 0. This implies that when Higgs boson locates at the minimum
Eq. (2.1.36), SU(2), x U(1)y breaks to U(1)g. And the excitation state of the

scalar doublet H around this minimum is

Hay ==Y (2.1.38)
x—ﬁ o h(@) : 1.

The mass of field in the SM is give with v. Implementing Eq. (2.1.36)) into Eq. (2.1.1)),

the mass for leptons gives

h\ —
ﬁh,l = — (U\‘}‘§ ) ELYIER + H.C., (2139)

where EL = Vll/TEi = (eL ML TL), ER = VIZ%TE/ = (63 MR TR), with VL and VR,
diagonalising the matrix Y?, VLITY”VIQ = Y! = ¢l 8us (0,3 = e,u,7). We write
Eq. (2.1.39)

l l
_ yav ya T
Lny=— ) ﬁEaEa - EEaEah, (2.1.40)

a=e,u,T a=e,l1,T
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2.2. Massive Neutrino 17

where E, = E,;. + FEor (o = e,pu,7) are the fields of the charged leptons with

definite masses:

E.=e E,=pu, E,=7. (2.1.41)

From the above, we find that in the only mass term for leptons Eq. (2.1.39)), the
SM neutrinos are massless, unless we introduce a chargeless particle of the SM,
associated the Yukawa coupling of the SM neutrino and the SM Higgs boson. On

the other hand, the masses for the charged leptons are give m, = %

2.2 Massive Neutrino

We have observed the change of the neutrino flavour as oscillations, which implies
neutrinos have masses. However, from the previous section, we reach the conclusion
that neutrinos are massless under the SM. As a result, the neutrino oscillation is
taken as a concrete hint that the SM is not complete. The game of understanding
the ultimate theory of the neutrino oscillation begins for the theoretical, phenomeno-
logical, and experimental scholars. In this section, we firstly go through the general
way to extend the SM for massive neutrinos, before giving the brief introduction to

neutrino oscillations.

2.2.1 Mass of Neutrino

This is unknown if SM neutrinos are Dirac or Majorana fermions, which affect how
we extend the SM Lagrangian for the mass term for neutrinos. Except for neutrinos,
we know that the SM fermions are Dirac particles. From Eq. (2.1.39)), we know the
Dirac mass term for neutrinos need the right-handed neutrino. On the other hand,

the Majorana spinor satisfies the condition
U =0°=CT, (2.2.42)

where W is a spinor, and C is the charge conjugation matrix, which can be expressed
in terms of v matrix C = iy?,°.

The general way for the extension is the Dirac-Majorana neutrino mass term,

Lot =L 4 Lhs + Lo

mass mass mass mass?

(2.2.43)
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2.2. Massive Neutrino 18

where the Dirac mass term

D
‘Cmass

= —MmpVrVL, + H.C., (2244)
the Majorana mass term for left-handed neutrinos,

1
cr o= -mlClv +He, (2.2.45)

mass 2

and the Majorana mass term for right-handed neutrinos,

R
ﬁmass

1
= émRngTuR +He. (2.2.46)

Egs. (2.2.44) and (2.2.46)) are allowed, but vg needs to be a singlet of SU(3)c X

SU(2), x U(1)y. However, the Majorana mass term for vy, is not allowed by the
symmetries of the SM because it is not invariant under the SU(2), x U(1)y trans-
formation. In addition, Majorana mass term for v, breaks the lepton number. The
lepton number is a global U(1) symmetry. The transformation of left-handed neu-
trinos under this symmetry is

v — ey (2.2.47)

Therefore, Eq. (2.2.45)) after the transformation becomes

mass

1 ..
£l Ze?mTCly, + He.. 2.2.48
5 L

Eq. (2.2.48) shows that lepton number does not conserve. The event with lepton-
number breaking (e.g. neutrinoless double S decay, etc) is predicted, and can be

used to confirm the Majorana property of neutrinos Eq. (2.2.42)).

Smallness of ¥ mass

Some special limits can describe the smallness of neutrino masses in the framework

Eq. (2.2.43]). To understand this we study the 2-neutrino case by defining

1% 14

Ne=1| "= " |, (2.2.49)
C =T
Vg Cugp

and the Dirac-Majorana mass term is therefore

1
Lo — 5NLTCTMNL +He., (2.2.50)
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2.2. Massive Neutrino 19

with the symmetric mass matrix

m m
M= """ "7 (2.2.51)
mp Mg

The eigenvalues of M are

1
M2l =5 [mL +mgr + \/(mL —mp)® +4m3 | . (2.2.52)

The Seesaw mechanism is when mp << mgr and my; = 0. Under this limit,

m2

—D, meo = MRpRg. (2253)
s

12

my

Therefore, v5 >~ mpg is heavy, but 14 is very light, due to the suppression by the ratio
mp/mg.
We note that the Seesaw mechanism is a case of Weinberg operator, with which

2
mp

the Majorana mass m o< —

is obtained, where M is a heavy mass characteristic of

the symmetry-breaking scale of the high-energy unified theory.
~ - 1
£D+M = —yV <ﬂRHTLL + LLHI/R> + §mR (I/;I%‘CTI/R + V;%Cl/}k%) s (2254)

where 3" is a Yukawa coupling, and therefore

(2.2.55)

Assuming the mass mp is very heavy, the field vz can be integrated out at the
SM electroweak energy scale by considering its static limit in which the kinetic term
is neglected and the equation of motion is

8£D+M
8VR

0~ = mprkCt — "L H. (2.2.56)

Eq. (2.2.54]) can be therefore rewritten in the form,

o W) (LEmH)CT (H' L) = (LimH) € (HInLL)| . (2257)

QmR

Below the electroweak symmetry-breaking, we can write,

2
LM~ % (leLcTulL + uchy;‘L) . (2.2.58)
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2.2. Massive Neutrino 20

And, we get the Majorana mass term,

2
mp

(2.2.59)

my =~ .
mpg

This is not the only way to get the Majorana mass term for neutrinos. For
example, the type-II Seesaw mechanism, in which the left-handed Majorana mass
my, is small but nonzero, predicts that the mass m, is generated by the new vacuum
expectation value (VEV) of a Higgs triplet. This model predicts the Majorana mass
for active neutrinos

mip

mr, :gvﬂ7 (2260)

where ¢, is a numerical coefficient and M is a high-energy scale of new physics

beyond the SM.
Mixing two models Eqs. (2.2.59)) and (2.2.60)) together, we have the mass term,

2 2
my ~ g% _ m—z Mg ~ mpg. (2.2.61)

When saying the ‘type-II Seesaw’, we consider the limit that |my| > m2/mg; on

the other hand, the ‘type-I Seesaw’ is when |my| < m% /mg.

2.2.2 Two-neutrino mixing

Two-neutrino mixing is an approximation that only two massive neutrinos contribute
the oscillation. In the case of two-neutrino mixing, we consider v,, v3, where (o, )
can be (e, u), (e,7), (1, 7), or any linear combinations of pure flavour states for
neutrinos; and we focus on the simple case that neutrinos travel in vacuum. for
which the Hamiltonian is Hy. The massive neutrino states |v) are eigenstates of
the Hamiltonian,

Holvi) = Exlvi), (2.2.62)

Ej, = /7% +m2. (2.2.63)

The Schrodinger equation i<%|v(t)) = Ho|vi(t)) implies that the massive neutrino

with energy eigenvalues

states evolve in time as plane wavs:

v (t)) = e i) (2.2.64)
April 5, 2018



2.2. Massive Neutrino 21

Two flavour neutrino states v, and v are linear superpositions of two mass eigen-
states 11 and 1, with the coefficients given by the elements of the two-neutrino

effective mixing matrix

cosf sinf
Usxa = , (2.2.65)

—sinf cosf
where 6 is the mixing angle, with a value in the interval 0 < 6 < 7/2. Therefore,

we can write the flavour eigenstate in the form,

) = Y Usogilve)s (F=a, B). (2.2.66)

k=1,2

And, both mass eigenstates (v, v;) and flavour eigenstates (v,, vg) satisfy the
orthonormal condition:

<Vk|l/j> = 5k,j7 (2267)

and

<Va’VB> = 50475. (2268)

Neutrinos are produced and detected in the eigenstates of flavour, but are propagated
in vacuum in terms of mass state.
We consider the case that the neutrino of energy E is generated in the flavour

state v, at the time 0, but detected in the state vz at the time ¢, P(v, — vg,t).

Va(t) =D Uswaane™ 1), (2.2.69)
k
where |v,(t = 0)) = |v,). Implementing Eq. (2.2.66|) into Eq. (2.2.69),
valt)) = Y (Z U5x2,ake_iEktU2x2,fk> |v). (2.2.70)

f=a,f k

The amplitude for the probability P(v, — v3,t) as a function of time is given
Aas(t) = (Walva(t)) =D Us axUasa,gre” ™ (2.2.71)
k
The probability B, ,,(t) is given

P(va = v, t) = |Aap(D)* = Y Usso arUsx,Unx2,0iUsa pse "5 (22.72)
k?j
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For ultrarelativistic neutrinos, we can approximate the above equation in the form

of
§ . ,Am%jL
Pl/a*)Vﬂ<L7E) = kgj U2><2,akU2><2ﬂjU2><2,01jU2><2,,8j exXp —1 ok s (2273)

where L = ct is the distance between the source and the detector with the speed of
light ¢, Amg; = mj —m3, and for 2v mixing case, this is just Am?® = m3 —m].

To extend Eq. (2.2.73) for three neutrino mixing, we enlarge the mixing matrix
to a 3 x 3 matrix, and need to consider two mass-squared differences, before summing

over all mass eigenstates.

In vacuum

In the case that neutrinos travel in vacuum, the states of neutrino are just the

eigenstates given in Eq. (2.2.62) during the propagation. From Eq. (2.2.73), it is

straightforward to derive the expression for the transition probability v, — v3 where

o

(2.2.74)

1 Am?L
H%%mL@:fwwm%7”)_

4F

For the survival probability v, — v, is

Am?L

1
P(vy > Vo, L,E)=1—P(vy = v3, L E)=1— 5 sin? 26 sin? ( > . (2.2.75)

From the above two equations, we find that the change of neutrino flavour de-
pends on the factor L/E in the way as an oscillation. This is obvious that the
amplitude of oscillation is controlled by the mixing angle and the frequency depends
on the mass-squared difference. We notice that once # = 0 (no mixing) or Am? = 0
(same mass), neutrinos do not oscillate. We finally note that flipping the sign of
Am? do not affect to the probability; as a result, we cannot distinguish the ordering

of two mass states by reading the oscillation probability in vacuum.

In matter

While neutrinos travel in matter, the eigenstate defined in Eq. (2.2.62)) needs to be
modified by including the potential for the interaction with matter in the Hamilto-
nian,

H =Ho + Hy, with H|v,) = Valva), (2.2.76)
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where V, = Veebae + Ve = V2Gr (Neéae — %Nn) NC interactions are flavour-
blind; this effect can be eliminated by shifting an overall phase. Therefore, in the
Schrodinger picture, a neutrino state with the initial flavour o obeys the evolution

equation
!
Z —_—
dt

where |1,(0)) = |v,). Because the CC interaction with matter is only involved the

va(t)) = Hlva(t)), (2.2.77)

flavour e, we now assign the initial state and the final state are v, and v, respectively.

Similar to Eq. (2.2.71]), the amplitude of v, — v, after a time ¢ = cL is therefore

ALL() = (vulve(t)), (2.2.78)
where A;, _,, (0) = dap.
d [ A Age
i = Hp : (2.2.79)
A A
where
1 —Am?cos260 + A Am? sin 26
Hp = — e (2.2.80)
4L Am? sin 260 Am?cos 20 — Acc

This matrix can be diagnoalized by the orthogonal transformation,

UHeUnt = Ha, (2.2.81)
where
1 —Am? 0
Ha = 1 M (2.2.82)
0 Ami,

is the effective Hamiltonian matrix in the mass basis in matter. The unitary matrix

cos 6 sin 6
Uy = M Y (2.2.83)

—sinbfy  cos by

and

Am?2, = \/ (Am2 cos 20 — Acc)” + (Am?2sin 26)° (2.2.84)
is the effective mass-squared difference. And, the effective mixing angle is

tan 20

tan 26y = (2.2.85)

_ __Acc
Am?2 cos 20
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Mikheev and Smirnov in 1985 discovered a resonance occurring when A&, =

Am? cos 20

Am? cos 20, which corresponds to the electron number density N} = NI

When the resonance occurs, the mixing is maximal, and the effective mixing matrix

Eq. (2.2.81]) becomes

R 0 1
UE = . (2.2.86)
10
And, the effective mass-squared difference Am3, goes to Am? sin 26.

With the fixed matter density, the transition probability is given

Am3,L
P™(v, = v, L) = |A§L(L)|2 = sin” 20, sin’ ( Tg ) : (2.2.87)

and the surviving probability is therefore

Am?3,L

P™(v, = Ve, L) = 1 — P™ (v, — v, L) = 1 — sin® 20, sin® <

) . (2.2.88)

From Eq. (2.2.85)), we find that flipping the sign of Am? will enhance (suppress)
the factor sin 260, leading the increase (decrease) of transition probability P™ (v, —
vu, L). The pattern of this impact is opposite between neutrino and antineutrino
modes. And therefore, measuring the transition probability for two modes can be
used for determining the mass ordering.

We show the survival and transition probabilities for two neutrino mixing in
vacuum and in matter, in Figs. and respectively. The value of 6 we used is
8°, and the oscillation distance is set 1300 km. For the case of oscillations in matter,

we assume that the matter density is 3 g/cm?

. The distance and matter density
are used according the official design for DUNE experiment. We set the absolute
value of Am? to be 2.5 x 1073 eV?2, and flip the sign of the mass-squared difference
for the case in matter, as we have not observed the impact of flipping this sign on
the case in vacuum. In these plots, we see the impact of matter effects with the

sign of mass-squared difference. As a result, matter effects can be used to break the

degeneracy of mass ordering (Am? > (0 or < 0).

2.2.3 Current understanding of the v oscillation

The fundamental parameters which describe the oscillation phenomenon are the

mixing angles and Dirac phase of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
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Figure 2.1: The survival probabilities for 2 neutrino mixing with |[Am?| = 2.5x 1073
eV? and # = 8 in vacuum (blue), in matter for Am? > 0 (yellow), and for Am? < 0
(red). The matter density is assumed 3 g/cm?, and the oscillation distance is set

1300 km. The neutrino energy are considered in the range from 0.5 to 6 GeV.

mixing matrix as well as two independent mass-squared splittings e.g. Am3, and
Am3,. The PMNS matrix is the mapping between the bases of mass and flavour
states (denoted with Latin and Greek indices, respectively), which can be written
as

*
Vo = ULV,

where U will be expressed by the conventional factorization [40]:

UPMNS = U23U13U12P7

1 0 0 C13 0 5136_16 C12 S12 0 eial 0 0
= 0 Co3 S23 0 1 0 —S12 C12 0 0 6ia2 0
0 —S8923 Co23 —813616 0 C13 0 0 1 0 0 1
C12€13 S12€13 s13e 10
= | —s12023 — C12523513€  Craca3 — S12803513€0  sascry | Plan, az),

i6 i6
512823 — C12C23513€" —C12523 — $12C23513€ C23C13

where P(aq,as) is a diagonal matrix containing two Majorana phases «; and s
which play no role in oscillation physics. The mixing angles 615, #13 and 6,3 are
often referred to as the solar, reactor and atmospheric mixing angles respectively;

all of these angles are now known to be non-zero [43].
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Figure 2.2: The tranisition probabilities for 2 neutrino mixing with |[Am?| = 2.5 x
1073 eV? and 6 = 8 in vacuum (blue), in matter for Am? > 0 (yellow), and for
Am? < 0 (red). The matter density is assumed 3 g/cm?, and the oscillation distance

is set 1300 km. The neutrino energy are considered in the range from 0.5 to 6 GeV.

The current global fit results are presented in Tab. This analysis combines
the latest results (as of fall 2016) of solar, atmospheric, long baseline accelerator,
and long, medium and short baseline reactor neutrino experiments, to obtain a
combined fit to the six standard neutrino oscillation parameters. In Tab. 2.3 we
show the results assumed two mass orderings Am3; > 0 and < 0, which prefers the
different octant of fa3. The absolute value of Am3, is around 2.5 x 1073 eV2. Two
solutions for the mixing angle 6,3 locate below and above the maximal value 45°
for the normal and inverted ordering respectively. The rest of parameters are not
significantly influenced by the assumption of mass ordering. 6,5 is mainly measured
by solar neutrino data, locates around 33°, while the result of the mixing angle 6,3 is
about 8°, encouraging the measurement of the DircaCP phase §. The mass-squared
splitting Am3, is about 7.5 x 107° eV?, and its sign is determined by solar data.

We see some hint for CP violation, though the precision still need to be improved.
This parameter dictates the size of CP violating effects in vacuum during oscillation.

All such effects will be proportional to the Jarlskog invariant of Upyns,
1. . . .
J = g Sin d sin (2643) sin (260;3) sin (2612) cos 613.

For the theory to manifest CP violating effects, J must be non-zero. Given our
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Parameter Normal ordering | Inverted ordering
012 [°] 33.56 517 33.561517
013 [°] 8.462573 8.497013
05 [°] 41.6713 50.0711

Am3, [x107° eV?]
Am2; [x1073 eV?]
J [°]

7.49%01
+2.524+9-939
30613

7491019
—2.514715:938

254753

Table 2.3: The true values used in our fit, unless otherwise stated explicitly, with
their uncertainties (the 1o range of the priors we have used in our fit). These are
based on NuFit 3.0 (2017) [2], and are similar to the parameters found in other
recent global fits (see e.g. [41,/42]).

knowledge of the mixing angles, the exclusion of 6 ¢ {0, 7} would be sufficient to
establish fundamental leptonic CP violation. In addition, the current precision on
the oscillation parameters is insufficient to rule out many theoretical models, for
example those discussed recently in Refs. [44-47], which offer predictions for ¢, the

octant, and the mass ordering.
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Chapter 3

Details of Oscillation Experiments

In this chapter, we briefly introduce the oscillation experiments that are studied in
this thesis. Our intention is one of future long baseline experiments (LBL) — Deep
Understand Neutrino Experiment (DUNE). We further extend our interests in LBL
to an other experiment — the Tokai to Hyper-Kamiokande (T2HK) experiment,
especially for the standard neutrino oscillation. We study reactor experiments for
Littlest Seesaw models as well in Ch. [9} these are also introduced in this chapter.

We are using the General Long Baseline Experiment Simulator (GLoBES) li-
braries [4849] and in the following sections, we will describe the features of our mod-
elling of these experiments, while the statistical treatment is described in App. [A.3]
In this chapter we first introduce the experimental and simulation details of DUNE
and T2HK in Sec. [3.1], before coming up with the description for the reactor exper-
iments in Sec3.2

3.1 Long Baseline Experiments

3.1.1 DUNE

The DUNE experiment consists of a new neutrino source, known as Long Baseline
Neutrino Facility (LBNF), a near detector based at Fermilab and a LArTPC detector
complex located in SURF a distance of 1300 km away. Several variants of the LBNF

beam have been developed. In this work, we study three neutrino fluxes: a 2-horn
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Figure 3.1: Left: v, (7,) flux component in r-mode (7-mode) shown as solid
(dashed) lines for 2-horn optimised, 3-horn optimised, and nuPIL beam designs.
Right: the fluxes for v-mode shown as a function of L/E. In both panels, the shaded

region shows the envelope of the oscillation probability as ¢ is varied over its full

™ 3

range. The black lines in the right panel show the probability for 6 € {0, 7,7, 5 }.

optimised beam design [12,)52], a 3-horn optimised beam design [50,51], and the
neutrinos from a PIon beam Line (nuPIL) [53-55,57]. We show all three fluxes used
in our simulations in Fig. [3.1]

The 2-horn optimised beam has been designed to maximise the sensitivity to CP
violation [12]. In our simulation, we take the proton energy to be 80 GeV, and follow
a staged implementation of the beam power in line with the DUNE proposal, which
assumes the beam power will double after 6 years [5§]. Our simulation assumes a
power of 1.07 MW and 1.47 x 10*' protons on target (POT) per year for the first
6 years, and 2.14 MW (2.94 x 10?! POT per year) afterwards. Thanks to constant
development work by the DUNE collaboration, an additional optimised beam has
also been designed. This 3-horn design has a stronger focus on producing lower
energy events, leading to an increase in flux between 0.5 GeV and 1.5 GeV. This
leads to a greater number of expected events from around the second oscillation
maximum, which is well-known to be particularly sensitive to the phase §. For
this design, the proton energy is assumed to be 62.5 GeV and the POT per year
is taken as 1.83 x 10%!, before doubling at the 6th year in line with the expected
beam upgrade. At the time of writing this thesis, in the last meeting of DUNE
collaboration at CERN in January of 2018, the 3-horn design is officially considered.
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We also consider the nuPIL design, which was designed by a working group of the
DUNE collaboration as a potential alternative design. Although this design is no
longer considered to be an option for the LBNF beam, its novelty leads to interesting
phenomenological consequences and we study it alongside the main beam design.
nuPIL foresees the collection and sign selection of pions from proton collisions with a
target which are then directed though a beam line and ultimately decay to produce
neutrinos. This selection and manipulation of the secondary beam forces unwanted
parent particles out of the beam resulting in lower intrinsic contamination of the
neutrino (antineutrino) flux by antineutrinos (neutrinos). In particular, this would
improve the signal to background ratio of the antineutrino mode compared to a
conventional neutrino beam. The proton energy for this design is assumed to be
80 GeV, and the corresponding POT per year is 1.47 x 10*! which again doubles
after 6 years. Compared to the other two designs, nuPIL offers a lower intrinsic
contamination from other flavours and CP states while maintaining low systematic
uncertainties. We note that nuPIL also expects a smaller total flux, although this
might be avoidable through further design effort. Another characteristic of the
nuPIL design is its notably narrower flux. As events from the second oscillation
maximum are expected to be highly informative about the true value of §, this may
impact the sensitivity to . The coverage of first and second maxima is seen clearly
in the right-hand panel of Fig. where the fluxes are shown as a function of
L/E. The first maximum (L/FE = 600 km/GeV) is covered comparably well for all
three flux designs, while the flux at the second maximum (L/FE =~ 1800 km/GeV)
varies significantly. The 2-horn design is seen to be similar to the 3-horn design: the
two designs are very similar around the first maximum, but the 2-horn design sees
slightly fewer events at higher values of L/E.

Although we consider alternative fluxes, we always assume the same detector con-
figuration of four 10-kiloton LArTPC detectors at 1300 km from the neutrino source.
We neglect the possibility of staging, assuming that all four tanks are operational
at the same time, and do not account for the expected improvement in performance
throughout the lifetime of the detectors. LArTPC technology has a particularly

strong particle identification capability as well as good energy resolution which are
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both crucial in providing high efficiency searches and low backgrounds. We model
the LArTPC detector response with migration matrices incorporating the results of
parameterized Monte Carlo simulations undertaken by the collaboration [52]. We
use fourteen migration matrices — seven each for the disappearance and appear-
ance channels — describing the detection and reconstruction of all three flavours of
neutrino and antineutrino, as well as generic flavour blind NC events.

We include both appearance and disappearance searches in our study. The ap-
pearance channel signal is taken as the combination of v, and 7. charged-current
(CC) events. For the disappearance channel, we study v, and 7, for neutrino and
antineutrino modes, respectively. The backgrounds to the appearance channel are
taken as neutral-current (NC) events, mis-identified v, + 7, CC interactions, intrin-
sic v, + v, CC events, and v; + 1, CC events. On the other hand, in v, and 7,
disappearance we consider NC events, v, + v, CC events, and v, + . CC events.
These assumptions follow the collaboration’s own analysis [12]. The rates of these
backgrounds are governed by the migration matrices.

We assume the same systematic errors for all beam designs. The reduction of
the systematic errors is an ongoing task in the collaboration, and our values are
based on the conservative end of the current estimates of 1-2% [12,/52]. As such,
we take an overall normalization error on the signal (2% for appearance and 5% for
disappearance) and on the background rates (5% for v, 7., v, and 7, CC events,
10% for NC interactions, and 20% for v, and v, CC events). This accounts for
fully correlated uncertainties on the event rates in each bin, and we do not consider
uncorrelated uncertainties. We note the nuPILdesign could lower the systematic
error with respect to the conventional design, although the extent of this is unknown,

and beating 1% systematics will be challenging.

3.1.2 T2HK

The Tokai to Hyper-Kamiokande (T2HK) experiment [59] is the proposed next-
generation long-baseline experiment using a neutrino beam produced at the syn-
chrotron at J-PARC in Tokai directed 2.5° off-axis to Hyper-Kamiokande (Hyper-K),
a new water Cerenkov detector to be built near Kamioka, 295km from the beam
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Figure 3.2: Left: T2HK’s flux plotted against neutrino energy for v-mode (solid)
and 7-mode (dashed). Right: the T2HKK fluxes plotted against energy for v and 7
modes. The shaded region shows the envelope of the probability found by varying
the true value of §. Due to T2HKK’s longer baseline but comparable energy range

to T2HK, the fluxes on the right sample a very different part of the probability.

source. The narrow-band beam comprises mostly of v, (or 7,), with the energy
peaked near 600 MeV corresponding to the first oscillation maximum at 295 km.
Hyper-K is capable of detecting interactions of v,, 7,, v, and 7., allowing mea-
surements of the oscillation probabilities P(v, — v.), P(v, — v,), P(v, — 7.),
P(v, — 1,) with the primary goal of searching for CP violation and measuring dcp.

The J-PARC neutrino beam will be upgraded from that used for the T2K ex-
periment to provide a beam power of 1.3 MW [60,61]. The beam is produced from
30 GeV protons colliding with a graphite target. Charged pions produced in these
collisions are focused through magnetic horns into a decay volume, where the ma-
jority of the neutrinos in the beam are the v, (7,) produced from the 7+ (77) decay.
The polarity of the 320kA horn current can be reversed to focus pions of positive
or negative charge in order to produce a beam of neutrinos or antineutrinos respec-
tively. A small contamination (less than 1% of the neutrino flux) of v, or 7, in the
beam and 7, (v,) in the v, (7,) beam result from the decay of the pt (p~) produced
in the pion decay, however the majority of the u* are stopped after reaching the
end of the decay volume before decaying.

The baseline design for the Hyper-Kamiokande detector consists of two water

tanks each with a total (fiducial) mass of 258kt (187kt) [62]. Each tank is sur-
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Figure 3.3: The T2HK and T2HKK fluxes shown as a function of L/E. The shaded
region shows the envelope of the probability for L = 1100 km and the black lines
indicate the specific behaviour for § € {0, 7,7, 37”} Note that the T2HK flux ac-
tually samples from the probability with a smaller matter effect corresponding to

its shorter baseline L = 295 km; however, on this scale the location of the first

maximum does not deviate much from what is shown here.

rounded by approximately 40,000 inward facing 50 cm diameter photosensors cor-
responding to a 40% photocoverage, equivalent to that currently used at Super-
Kamiokande. The tanks would be built and commissioned in a staged process with
the second tank starting to take data six years after the first. The detectors use
the water Cerenkov ring-imaging technique as used at Super-Kamiokande, capable
of detecting the charged leptons produced in neutrino interactions on nuclei in wa-
ter. At these energies, most neutrino—nucleus interactions are quasi-elastic, and the
measurement of the outgoing charged lepton allows for an accurate reconstruction
of the energy and flavour of the initial neutrino.

We have developed an up-to-date GLoBES implementation of T2HK, incorpo-
rating the collaboration’s latest estimates for detector performancd!] Our simulation

is based on the GLoBES implementation of T2HK [63] with comprehensive modifi-

'We thank the Hyper-Kamiokande proto-collaboration for kindly providing us with this infor-

mation.
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cations to match the latest experimental design. The beam power and fiducial mass
have been updated to 1.3 MW and 187kt per tank. For our studies we have used
the staged design with one tank operational for 6 years followed by two operational
tanks beyond that time. In cases where we show results against the run time of the
experiment, we have used additional simulations with just a single tank operational
throughout to highlight the discontinuous nature of this design.

The neutrino flux and channel definitions have been updated to match those of
[59], with separate channels for four interaction types (charged current quasielastic,
charged current with one pion, other charged current and neutral current), for the
v, — Ve and v, — U, signals, and unoscillated v., 7., v, and v, backgrounds. New
tables of pre-smearing efficiencies and migration matrices have been created for each
channel based on the full detector simulations used in [59]. New cross-sections for
interactions on water for the four interaction types have been generated using the
GENIE Monte-Carlo neutrino interaction event generator [64].

The simulation determines the event rates for signal and background components
for each of v,/v, — v./V. appearance and v, /v, — v,/v, disappearance measure-
ments in neutrino mode and antineutrino mode. The rates are determined for 12
energy bins, given in App. For the appearance measurements, the energy range
is restricted to 0 GeV to 1.25GeV, so only bins 1 to 8 are included. All bins are in-
cluded in the disappearance measurements. Separate uncorrelated systematic errors
are assumed on the total signal and background rates for each of the four measure-
ments, where the size of the errors assumed, summarised in are the same as in
the official Hyper-K studies after an adjustment to account for correlations between
systematics not included in our simulations.

The design of T2HKK [65] and the location of the second detector module are
still under development. As such, physics studies are being performed for a number
of simulated fluxes with varying off-axis angles, generally ranging from on-axis to
2.5° off-axis, which is aligned with the first detector in Kamioka. The novelty of
this design is not only the longer baseline distance, which will enhance the role of
matter effects, but also the fact that the energy profile of the flux remains similar to

that at the detector at 295 km, meaning that the oscillation probability is sampled
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at very different values of L/E. This results in the second detector having access to
increased spectral information, which can help to break degeneracies and enhance
overall sensitivity [66]. This is clearly seen in Fig. , where the left panel shows
how the flux aligns with the first maximum of the probability at Kamioka while the
right panel shows that the fluxes align around the second maximum for the Korean
detector. When plotted against L/F, as in Fig. we see that the T2HK flux
has only minor coverage of the second maximum in contrast to T2HKK. The fluxes
used in our simulation were provided by the Hyper-Kamiokande proto-collaboration
and were produced in the same way as the fluxes used in [59] but with a baseline of

1100 km and off-axis angles of 1.5°, 2.0° and 2.5°.

3.1.3 Total number of events for all configurations

In Table [3.1) we show the expected total rates for events and backgrounds for all
configurations, discussed in this work. We adopt the true values according to NuFit
3.0, shown in Tab. [2.3] but assume 6 = 0. Two mass orderings are considered. For
all cases, cumulative run time is set 10 years. For DUNE, we take events from 0.5

GeV to 8 GeV, while for the other configurations we take from 0.1 GeV to 1.2 GeV.

3.2 Details for the other experiments

For the short and medium baseline reactor experiments, we have included basic
constraints on the values of sin?#;3, sin?#;, and AmZ,. Since these measurements
are expected to be approximately independent of other parameters we have imple-
mented these constraints as simple Gaussian measurements with a mean of the true

simulated value and error as given in Table [3.2]

Short baseline reactor experiments

By observing the oscillations of the 7, produced in nuclear reactors, short baseline
reactor neutrino experiments are able to measure the mixing angle ;3 with partic-
ularly high accuracy. The Daya Bay experiment [67] currently has the most precise

measurement of this parameter with the aim to achieve a precision on sin®#;5 of
April 5, 2018



3.2. Details for the other experiments 36

better than 3% [68]. The experiment measures anti-neutrinos produced in six nu-
clear reactors in south China. A total of eight 20 t liquid scintillator detectors are
used; two are located at each of two near detector sites and four at a far detector
site L =1.5 to 1.9 km from the reactors near the first atmospheric neutrino oscil-
lation maximum for Am2; ~ 2.5 x 107® eV?, given the low nuclear energy of the
neutrino beam E ~ few MeV. Results of the Double Chooz [69] and RENO [6,70]
short baseline reactor experiments also contribute to the precision obtained on 6;3
combined with the Daya Bay result. Although DUNE and T2HK will also measure
this parameter with high precision, the measurement of the short baseline reactor
programme by that time is expected to be at least as precise, and will provide a
measurement independent of the other parameters which influence the appearance

channel at long-baseline accelerator experiments.

Medium baseline reactor experiments

The Jiangmen Underground Neutrino Observatory [5] (JUNO) and the future plans
of the Reactor Experiment for Neutrino Oscillation (RENO-50) [6] are medium base-
line reactor neutrino experiments which, like the Daya Bay experiment, will observe
the oscillations of electron anti-neutrinos produced in nuclear reactors. The JUNO
experiment will use a 20 kt liquid scintillator detector approximately L =53 km
from two planned nuclear reactors in southern China, while RENO-50 will use an
18 kt liquid scintillator detector approximately L =50 km from a nuclear reactor in
South Korea. Given the low nuclear energy of the neutrino beam E ~ few MeV,
these longer baselines correspond to the first solar neutrino oscillation maximum for
Am3, ~ 7.5 x 1075 eV?2, where the higher frequency atmospheric oscillations appear
as wiggles. Thus the longer baseline than at Daya Bay gives greatest sensitivity to
a different set of oscillation parameters, in particular 615 and Am3,. The precision

on the measurements of both sin®#;, and Am?2, is expected to reach 0.5% [5,6].
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Vy — Ve Vy — Uy Uy — Ve Uy — Uy

NO | 10 NO 10 NO | 10 NO 10

2-horn DUNE (total) | 2353 | 1589 | 13269 | 13189 | 667 | 1210 | 13180 | 13095

2-horn DUNE (BG) 486 | 502 200 203 253 | 252 111 112

(
(
3-horn DUNE (total) | 2317 | 1561 | 13773 | 13774 | 587 | 1087 | 5125 | 5081
3-horn DUNE (BG) 488 | 504 199 203 228 | 227 90 92

nuPIL DUNE (total) | 1209 | 721 | 5756 | 5801 | 230 | 580 | 2079 | 2077

(
nuPIL DUNE (BG) 111 | 116 84 85 43 42 38 38

staged T2HK (total) | 2294 | 2514 | 9221 | 9157 | 2093 | 2715 | 10997 | 10855

(
staged T2HK (BG) 022 | 525 619 619 | 695 | 694 | 805 805

Itank T2HK (total) | 1638 | 1795 | 6587 | 6540 | 1495 | 1939 | 7855 | 7754

Itank T2HK (BG) 373 | 375 | 442 442 | 496 | 495 D75 575

T2HKK1.5° (total) | 207 | 196 | 3151 | 3066 | 288 | 275 | 4453 | 4362
T2HKK1.5° (BG) 96 | 96 | 117 | 117 | 148 | 148 | 176 | 176
T2HKK2.0° (total) | 163 | 154 | 1913 | 1854 | 198 | 194 | 2331 | 2256
T2HKK2.0° (BG) 51 | 51 | 53 53 | 71 | 71 | 63 | 63
T2HKK2.5° (total) | 121 | 116 | 1269 | 1283 | 135 | 146 | 1322 | 1328
T2HKK2.5° (BG) 29 | 29 | 36 | 36 | 37 | 37 | 41 41

Table 3.1: The total rate of events and backgrounds for all configurations with
cumulative run time of 10 years, assuming § = 0 for normal ordering (NO) and
inverted ordering (I0). The true values are adopted according to the best of NuFit
2.2, shown in Tab. 2.3 For all configurations of DUNE, we take events from 0.5
GeV to 8 GeV, while for the others we take from 0.1 GeV to 1.2 GeV.
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Experiment Parameter Precision
Short baseline reactor sin? 6,5 3%
Medium baseline reactor —sin® ;s 0.5%
Medium baseline reactor Ams3, 0.5%

Table 3.2: Precision of oscillation parameter measurements made by reactor exper-

iments which we have used as constraints in our simulations.
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Chapter 4

Standard Neutrino Oscillation

Albeit the high precision for 05, 613 and Am?, is seen in Tab. , the unknowns
remain: the ordering of neutrino masses, the existence and extent of CP violation
(CPV) in leptonic mixing, and the precise value, including crucially the octant,
of y3. The remaining parameter in U is the phase J, which is currently poorly
constrained by data. In this chapter, we firstly understand neutrino oscillations at
DUNE and T2HK by studying the approximation equations for the probabilities.
Then, we see how the oscillation probabilities for DUNE and T2HK depend on the
mass ordering, the #»3 octant, and the CP violation. In the final section, we learn

the phenomenology of § measurement in DUNE and T2HK in detail.

4.1 Neutrino Oscillations at DUNE and T2HK

Long-baseline experiments such as DUNE and T2HK aim to improve our knowl-
edge of U, as well as the atmospheric mass-squared splitting, by the precision mea-
surement of both the appearance v, — v, and disappearance oscillation channels
v, — v, as well as their CP conjugates. In this chapter, we will discuss the
key aims of the long-baseline program and the important design features of these
experiments which lead to their sensitivities. To facilitate this discussion, we intro-
duce an approximation of the appearance channel probability following Ref. [71],

which is derived by performing a perturbative expansion in the small parameter
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e = Am3,/Am3, ~ 0.03 under the assumption that sin?613 = O(e)] The expres-
sion for the oscillation probability is decomposed into terms of increasing power of
67

Py, v E L) =P + Ps + 0 (¢8), (4.1.1)
where E is the neutrino energy, L the oscillation baseline, and the ordered terms
P, = O(€") are given by

4

P, = ————sin® g sin® O13sin® (1 — r4) Az L) , (4.1.2)
(1 — T’A)Q
Py =8J,—— " cos (6 + Ay L)sin (ralds L) sin (1 — ra)Ag L), (4.1.3)
2 TA(l — T’A)

where .J, = cos 015 8in 015 cos Oa3 sin O3 8in b3, r4 = QﬁGpNeE/Amgl and Az =
Am3,/AE. Using the same scheme, the disappearance channel can be written at

leading order as
P(v, = v,; E, L) = 1 — sin?(2043) sin® (A3, L) + O(e). (4.1.4)

For both channels, equivalent expressions for antineutrino probabilities can be ob-
tained by the mapping r4 — —r4 and § — —9.

We show the transition probability P(v, — v.) (P(v, — 7.)) in L/E [km/100
GeV] in E [GeV] in Fig. (Fig. for 6 = 0 (red), 90° (black), 180° (blue), and
270° (green), for DUNE (left) and T2HK (right), because this channel is used to
solved the rest unknowns of the neutrino oscillation. The normal mass ordering is
assumed. We note that the first maximum is around 500 [km/GeV], while the second
one is around 1500 [km/GeV]. We see the larger variation with ¢ for the second
maximum, for both experiments. Further, because of matter effects, the probability
for DUNE is generally higher than that for T2HK. In the following sections, we will

discuss how this oscillation mode would solve the remaining oscillation problems.

IFor alternative schemes of approximation, see Ref. [72-75]. The resent work Ref. [76], present-
ing the approximation to oscillation probabilities for LBLs — T2K, NOvA, T2HKK, DUNE with

high accuracy, is based on the result in Ref. |[75], but is in a more conventional notation.
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Figure 4.1: The transition probability P(v, — v.) in E [GeV], assumed normal
ordering and 6 = 0 (red), 90° (black), 180° (blue), and 270° (green), for the neutrino
mode, for DUNE (left) and T2HK (right). We note that the first minimum is around
500 [km/100GeV].

4.2 Mass ordering, CPV and the octant of 63

The sensitivity of long-baseline experiments to the questions of the neutrino mass
ordering, the existence of CPV and the octant of 6,3, are by now well studied topics
(for a recent review see e.g. Ref. [84]). To help us clarify the role of the designs of
DUNE and T2HK, as well as their possible modifications, we will briefly recap how
experiments on these scales derive their sensitivities using the approximate formulae
expressed by Egs. , and .

The dependence on the sign of Am3;, and therefore the mass ordering, arises at
long-baseline from the interplay with matter, where forward elastic scattering can
significantly enhance or suppress the oscillation probability. This is governed by the
parameter 4 in Eq. , which for the experiments of interest is small, and goes
to zero in the absence of matter. Changing from Normal Ordering (NO, Am32, > 0)
to Inverted Ordering (IO, Am2, < 0) requires the replacements Az; — —Ag; and
ra — —ra. However, in vacuum (r4 = 0) the leading-order term in Eq.

remains invariant under this mapping. This invariance is broken once a matter term
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E [GeV]

Figure 4.2: The transition probability P(v, — 7.) in E [GeV], assumed normal
ordering and 6 = 0 (red), 90° (black), 180° (blue), and 270° (green), for the neutrino
mode, for DUNE (left) and T2HK (right). We note that the first minimum is around
500 [km/100GeV].

is included (r4 # 0), and the oscillation probability acquires a measurable enhance-
ment or suppression dependent on the sign of Am3,. The size of this enhancement
increases with baseline length, and this effect is expected to be very relevant for
appearance channels at a long-baseline experiment v, — v, and v, — .. However,
the determination of the mass ordering is further facilitated by the contrasting be-
haviour of neutrinos and antineutrinos. Due to the dependence on r4, for NO larger
values of the matter density cause an enhancement in the probability for v, — v,
oscillation at the first maximum, whilst suppressing the probability for v, — 7..
This behaviour is reversed for IO, with neutrinos seeing a suppression and antineu-
trinos, an enhancement. Moreover, matter effects also affect the energies of the
first oscillation maxima for neutrinos and antineutrinos. Through precise measure-
ments around the first maxima, these shifts can be observed allowing long-baseline
oscillation experiments to determine the mass ordering.

To detect CPV in neutrino oscillation an experiment requires sensitivity to 4. Un-

fortunately, the leading order appearance probability is independent of the CP phase
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0 in vacuum. CP asymmetries between neutrino and antineutrino channels first ap-
pear with the subdominant term P% . In the presence of a background medium, CP
violating effects are instead introduced in P;; however, these offer no sensitivity to
the fundamental CP violating parameter d, arising instead from the CP asymmetry
of the background medium itself via the parameter r,. As the sensitivity to 0 is
subdominant and masked by CP asymmetry arising from matter effects, extracting
the CP phase is a more challenging measurement, requiring greater experimental
sensitivity. Long baseline (LBL) experiments can obtain sensitivity to d by looking
not only at the first maximum but also at the spectral differences between CP con-
jugate channels. In particular, an important role is played by low-energy events in
the sensitive determination of § [77-80]: around the second maximum, CP depen-
dent terms of the oscillation probability are more significant. Although accessing
these events can be a challenging experimental problem, and low statistics or large
backgrounds could limit their potential [80], their benefit is clear from recent exper-
imental work [81].

The atmospheric mixing angle is known to be large and close to maximal o3 =~
/4, but it is not currently established if it lies in the first octant 03 < 7/4 or
the second octant fy3 > m/4. We see in Eq. that the appearance channel is
sensitive to the octant. However, we also see that changing the octant enhances or
suppresses the first maximum of the appearance channel in much the same way as
the matter enhancement. For this reason, the sensitivity to these questions can be
expected to be correlated; however, this correlation will be reduced when data from
both neutrino and antineutrino is available as this effect is the same in both CP
conjugate channels. The determination of a3 is also known to be beset by issues of
degeneracy with § which can complicate its determination [82-84]. As both of these
parameters enter the second-order terms in Eq. , the freedom to vary § can be
used to mask the effects of a wrong octant, making their joint determination more
challenging. Fortunately, a precise measurement of sin(263) is possible through the
disappearance channel, helping to break this degeneracy. Also, spectral information

is expected to mitigate this problem.
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4.3 Precision on )

Although the question of the ezistence of leptonic CP violation often dominates
discussions about ¢§, the precision measurement of § could prove to be the most
valuable contribution of the long-baseline programme. To determine the existence
of fundamental leptonic CP violation it suffices to exclude the CP conserving values
0 = 0 and 6 = m, those values corresponding to a vanishing Jarlskog invariant.
Therefore the discovery potential of a facility to CP violation is fundamentally linked
to the precision attainable for measurements of ¢ in the neighbourhood of 0 and 7.
However, the question of precision on § goes beyond CP violation discovery. Many
models of flavour symmetries, for example, are consistent with the known oscillation
data and make predictions for §| No experiment on comparable time-scales will be
able to compete with precision measurements of § from DUNE and T2HK.

It can be shown that the precision expected on § worsens significantly around
6 = £7, and that this is because of the probability itself [92]. Looking at the CP
sensitive term in Eq. at energies around the first maximum, where Az L =~
7/2, we can approximate the probability by

Py ~ =8J, sindsin (raAg L) sin ((1 — ra)As L) .

ra(l—ra)
The highest sensitivity to ¢ is found when this function is most sensitive to changes
in 9, information naturally encoded in the function’s first derivative. Due to the
sinusoidal nature of the function, when the CP term has its largest effect (|sind| =
1), it is at a maximum and consequently its gradient is at a minimum. Therefore, we
expect the errors on ¢ to be small around 0 and 7, when even though the absolute
size of the CP sensitive terms are small, they are most sensitive to parameter shifts.
Taking matter effects into account moves the location of the worst sensitivity away
from § = £5. Assuming we are close to the first maximum, and introducing a
dimensionless parameter £ to describe the deviation from this point (where £ = 0

corresponds to the first maximum), the relevant parameter governing the phase of

2For example, recent studies of mixing sum rules can be seen as predicting & for long-baseline

experiments [85H89]. For a review of the predictions from such models, see e.g. Refs. [90] and [91].

April 5, 2018



4.3. Precision on § 45

the sinusoidal terms can be expressed by

2A31L =T 5 (435)

we can find the value of § for which we expect the worst sensitivity by minimising

the gradient of Eq. (4.1.3)), which occurs for the values

+ mn, (4.3.6)

for n € Z. From this formula it is clear that the value of § with the worst sen-

w in a direction governed by the signs of 4 and &.

sitivity shifts away from
Specifically, the dependence on r4 means that the neutrino and anti-neutrino mode
sensitivities at fixed energy have their worst sensitivity for different true values of 4.
Running both CP conjugate channels in a single experiment allows each channel to
compensate for the poorer performance of the other at certain values of ¢, helping to
smooth out the expected precision [92]. In this way, the multichannel nature of LBL
experiments allows for a greater physics reach than a single channel experiment.

The argument above assumed that all events came from a fixed energy defined
implicitly by ¢ in Eq. . Due to the dependence on & in Eq. , having
information from different energies will also be complementary, acting analogously
to the combination of neutrino and antineutrino data by mitigating the poorest
performance. Although all LBL experiments aim to include the first maximum,
where event rates are highest, none have a purely monochromatic beam and so-called
wide-band beams include considerable information from other energies. Therefore
such experiments can be expected to avoid the significant loss of sensitivity predicted
by the simple analytic formula. We can infer, however, that a narrow beam focused
on the first maximum in the presence of small matter effects should have a worse
sensitivity at maximal values of § compared to CP conserving values [92].

With reference to the traditional designs of T2HK and DUNE, from the above
discussion we can infer that T2HK can be expected to have a greater range of
expected precisions as we vary ¢ than DUNE. In particular, due to its narrower
beam and small matter effects, we expect markedly poorer performance for T2HK
at 6 € {—%,%}. DUNE on the other hand will be less variable as its broad band
mitigates the total loss of sensitivity at certain energies, and its large matter effect
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helps to stabilise performance, but it can be expected to see its worst sensitivity
at values of ¢ slightly displaced from 0 and 7, where the sensitivity at the first
maximum is worst. This suggests a degree of complementarity of the wide-band
and narrow-band beams when it comes to precision measurements of §: a narrow-
band focused on the first maximum is optimal for precision around 0 and 7 (and
by implication, for CPV discovery) while a wide-band beam should perform better
for precision measurements around ¢ = +7. This general behaviour will be relevant
not only for the traditional designs of DUNE and T2HK, but also their possible
redesigns: nuPIL could lead to a narrowing of the neutrino flux, and T2HKK could
see a wider-band component in its flux, or a narrow-band component focused away

from the first maximum. The interplay of these factors will be explored in more

detail in Ch. [l
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Chapter 5

Sensitivity to mass ordering, CPV,

non-maximal CPV, and octant

In this chapter, we present the results of our simulation studying the sensitivity of
the standard configurations of DUNE and T2HK. This means we use the 2-horn
optimised flux for DUNE with a staged beam upgrade after 6 years, while for the
T2HK detector we assume the installation of a second detector module after 6 years.
More details of these configurations can be found in Sec. . However, for compar-
ison, we also include two unstaged options: where the experiments continue without
upgrading at the 6 year mark. We stress that these are not the baseline configu-
rations of the experiments, and that they are interesting for comparison purposes
only. The run time and neutrino—antineutrino sharing for these configurations are
discussed in more detail in App. [A.1 After considering these benchmark config-
urations and their complementarity, we will return to the potential of alternative
designs in Ch. [7]

Through out this chapter, each section focus on different measurement of stan-
dard oscillations. From the first to the final section, we study the mass ordering,
CP violation sensitivity, the sensitivity to CP violation, the sensitivities to octant
degeneracy and fy3 measurement. In this chapter, except § we implement 1-D y?

data from NuFit 3.0 for priors, of which the impact is described in App. [A.3]
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5.1 Mass ordering sensitivity

The mass ordering is one of the central goals of the next generation of LBL experi-
ments; it is also one of the easiest to measure with this technology. We quantify the

ability to determine the mass ordering by computing the following test statistic,

Axyio = {@ngiré : [x*(sgnAm3, = true) — x*(sgnAm3, = false)] . (5.1.1)
165HGh

That is to say, the smallest value of the y? function for any parameter set with the
wrong ordering. All parameters are allowed to vary during marginalisation whilst
preserving the ordering. Although our composite hypothesis violates the assump-
tions of Wilks” theorem [93,(94], and therefore invalidates the mapping between
\/A_X2 and o-valued significance for discrimination of the two hypotheses, we stick
to convention in this section, reporting the expected sensitivities for the median
experiment in terms of \/A_X2 and discussing it in terms of 0. For the reader who is
interested in the precise formulation of the statistical interpretation of \/A_X2, see
e.g. Ref. [95].

The sensitivity we find in Fig. is very strong. DUNE, with its large matter
effects, can expect a greater than 8.50 measurement of the mass ordering after 10
years for all values of §, with an average sensitivity of around 120 and a maximal
sensitivity of around 170. T2HK alone has limited access to this measurement due
to its shorter baseline, but can still expect a greater than 30 measurement for around
25% of the possible values of § after 10 years of data-taking. The combination of
DUNE and T2HK running for 10 years each can reach sensitivities of at least 150,
with an average of around 180. Care should be taken when interpreting such large
significances; however, it is clear that DUNE, and the combination of DUNE and
T2HK, can expect a very strong determination of the mass ordering. We also note
the strong complementarity here: for the values of § where DUNE performs the
worst, the information from T2HK helps to raise the global sensitivity by about 7o.

Despite this interesting interplay, the fact that this is such an easy measurement for

YAn updated version of the NuFit global fit (NuFit 3.0) was released after we had concluded
this study. We have, however, checked that no significant differences occur if we implement new

priors based on its results.
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Figure 5.1: The sensitivity to the mass ordering for DUNE and T2HK in isolation
and combined for true normal ordering (solid) and inverted ordering (dashed). This
plot assumes the “fixed run time” configurations in Table[A.T|and the true oscillation
parameters given in Table .

experiments of this type, means that we will not dwell on the question of optimising
such a measurement further.

Our sensitivities in Fig. deviate from previous published values for DUNE,
and we generally report a worse ability for DUNE to exclude the ordering, with lower
average sensitivity and visibly discontinuous behaviour in the values of Ax?. This is
due to the priors that we have imposed. Instead of a Gaussian approximation to the
global data, we implement the global 1D x? functions, as provided by NuFit [43].
The true global data has strongly non-Gaussian behaviour at high significance, and
there exist non-standard parameter sets which are not excluded at greater than 6o.
These parameter sets sometimes become the best-fitting wrong-ordering solution,
and must be excluded to rigorously establish the mass ordering. We discuss this in
more detail in Appendix [Bl We point out, however, that our priors do not always
significantly affect the point of minimum sensitivity, and DUNE still expects to see

a greater than Ho discovery for all true values of . For example, in Fig. |5.1] we
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have found for the lowest MO sensitivity over ¢, in the case of inverted ordering,
this degeneracy problem driven by our prior occurs, while for the other ordering,
the minimum cannot see those non-standard parameter sets. We find that the
complications due to degeneracies are only relevant for the very highest significances.

Another way to understand the complementarity of DUNE and T2HK is in terms
of minimal run time necessary to ensure a \/A_XQ > b measurement regardless of
the true value of 6. We plot this quantity in Fig. [5.2] for normal ordering (left)
and inverted ordering (right). The shaded bands take into account the variation
in sensitivity due to the true value of 3. DUNE alone takes between 2 and 4
years to reach this sensitivity, while the combination of DUNE and T2HK always
takes less than 3 years (which if run in parallel is only 1.5 years). T2HK running
alone cannot ensure a measurement of this significance over any plausible run time.
We note the small discontinuity along with the upper bound for both orderings
after about 4 years run time for DUNE. This marks the appearance of a degenerate
solution due to the non-Gaussianity of our priors as discussed before (and in more
detail in Appendix [B]). We also show explicitly the difference in minimal sensitivity
for T2HK with (solid lines) and without (dashed lines) a second staged detector
module at Kamioka, as well as for DUNE with (solid lines) and without (dashed
lines) the upgraded accelerator complex. For T2HK; the increase in performance is
negligible, but DUNE as well as the combination of DUNE and T2HK sees a notable

performance increase.

5.2 CP violation sensitivity

To fulfil the central aim of the LBL programme, the experiments must be able to
rule out CP conservation over a large fraction of the true parameter space. This
would imply a non-zero Jarlskog invariant and rigorously establish CP violation in
the leptonic sector. Once again, we follow the conventional test statistic and define
the quantity

Axgp = min Ax*(6), (5.2.2)

0e{0,7}
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Figure 5.2: The least sensitivity for discovering mass ordering, min(\/ZXQ), which
can be reached by DUNE, T2HK and their combination as a function of cumulative
run time. The width of the bands shows the sensitivity for 40° < 6,3 < 50°. The left
(right) panel assumes normal (inverted) ordering. These plots assume the “variable
run time” configurations in Table and the true oscillation parameters, apart
from 693, given in Table The vertical lines mark the introduction of a staged
second detector for T2HK and/or a increase in the beam power for DUNE. They

lead to a notable discontinuity in sensitivity.

which amounts to studying the composite hypothesis of CP conservation (6 = 0 or
d =) [96]. Although at low-significance this test statistic is known to deviate from
a x* distribution [97], we expect such effects to be small for the experiments under
consideration in this study.

For the discovery of CP violation, the true value of the mass ordering and octant
are relevant. We do not specify these values, and have studied the sensitivity for
all combinations of values. We show in the left panel of Fig. the significance
for exclusion of CP conservation for the standard designs of the two facilities, in
isolation and combination. We find that both experiments have a high sensitivity to
this measurement, with at least a 30 (50) discovery of CPV over 70-75% (46-47%)

of the parameter space for DUNE and 73-80% (26-51%) for T2HK. For 0 < ¢ <,
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we see a notable difference in behaviour between DUNE and T2HK: the sensitivity
for T2HK is limited, and much more dependent on the true value of fs3. This
is due to the inability of T2HK to resolve the mass ordering degeneracy, which
leads to a degenerate approximately CP conserving solution for these regions of
parameter space. We point out that, as DUNE provides high MO sensitivity, the
combination of data from DUNE and T2HK does not suffer from this problem, and
sees significant improvements in sensitivity for these values of §. Aside from this
limitation, the general shape of these curves can be understood by our discussion in
Section [£.3] Discovery potential for CPV is closely related to the precision on d at
the CP conserving values, both rely on distinguishing between e.g. 4 = 0 and other
values. The best sensitivity to CP conserving values of ¢ is at the first maximum,
where the majority of T2HK events are found and consequently it sees a better
sensitivity. Our plots have assumed NO, but the qualitative picture remains the
same for 1O: in this case, the degeneracy occurs for the —m < § < 0, but otherwise
the two regions of § swap roles and the sensitivites are similar. We note, however,
that the current best-fit values of 653 would lead to additional suppression of CPV
sensitivity for 10. The global data associates IO with a value of 33 in the higher
octant, which predicts poorer sensitivity to 0.

As we mentioned in the last paragraph of Section [A.3] our prior correlates the
allowed octant to the mass ordering, and this is responsible for differences between
our results and previously published work. In Fig 6 of Ref. [98], there is almost no
CPYV sensitivity for 0 < § < 7 for T2HK, which has not been found in our results,
while their results for DUNE are similar to ours. This feature is explained as being
due to the lack of MO sensitivity at T2HK, allowing for degeneracies to limit the
sensitivity. In our simulation, however, T2HK alleviates this problem by its strong
determination of the octant and the correlation of the global data. This lifts the
degeneracy to higher significances, and allows a higher sensitivity to be obtained
before the limiting effect becomes relevant.

We find that DUNE performs slightly better in our simulation than is reported
in the left panel of Fig 3.13 in Ref. [12]. Around 6 = 7/2 (—n/2), their result
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shows the sensitivity is about 5.8 (4.8)[] However, our simulation finds a range of
between 7.8 to 9.0 (6 to 8c) for § = —7/2 (= 7/2). There are two sources for this
discrepancy. Firstly, we are assuming a longer run time (10 years), for the purposes
of comparison between T2HK and DUNE. Secondly, our priors are based on newer
data, with updated central values and smaller 1o intervals. The CPV sensitivity for
DUNE does not peak around § = —7/2 in the left panel of Fig 3.13 in Ref. [12] like
our results, due to the relatively poor determination of the octant. DUNE does not
have as strong octant sensitivity as for the mass ordering, but our prior correlates
the two, helping to reduce the impact of this alternative minimum for values of
around § = —m/2. Finally, we find general agreement between our results and those
of Fig. 119 in Ref. [59]. This is because the mass ordering is fixed during fitting in
Ref. [59], which mitigates the impact of the mass ordering degeneracy. This leads
to superficial agreement between our two sets of results when the degeneracy is not
relevant, but discrepancies when it is. Our result shows the sensitivity which is
possible assuming only the current global data, whereas assuming the MO is known
would require new external data, perhaps from another long-baseline experiment.
In the right panel of Fig. [5.3] we show the fraction of values of ¢ for which a
50 exclusion of CP conservation can be made as a function of run time. DUNE
requires between 5 and 7 years of data-taking to reach at least a 5o measurement
for 25% of the possible values of 9, while T2HK alone shows a stronger dependence
on fy3 but expects to be able to make at least a 50 measurement for more than
25% of the parameter space after 8 years. The combination of DUNE and T2HK
is shown as a function of cumulative run time, the sum of the individual run times
for each experiment, and as such interpolates the two sensitivities. However, if run
in parallel, the combination of the two experiments performs stronger than either
in isolation, and expects a greater than 50 measurement for more than 50% of the

parameter space after between 1.5 and 2.5 years of parallel data-taking.

IThe range given in their work is for various beam designs. The result for the design we consider

is at the bottom of the range.
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Figure 5.3: The sensitivity to CP violation for DUNE and T2HK in isolation and
combined as a function of delta (left) and the fraction of § parameter space for which
greater than 5o CPV discovery is expected (right). We consider a range of true 63
spanning both octant solutions. The lower edge of the shaded regions corresponds
to O3 > 45° due to a decrease in sensitivity arising from the relative suppression
of the CP sensitive terms in Eq. (4.1.1). The left (right) plot assumes the “fixed
run time” (“variable run time”) configurations in Table and the true oscillation

parameters, apart from 60,3, specified in Table .

5.3 Sensitivity to maximal CP violation

Although the search for any non-zero CPV is the principle goal of the next LBL
experiments, understanding the value of § is also highly relevant. Current global
fits [41H43] point towards maximal values of ¢, § = £7/2. Of course, these should
be treated with some scepticism: no single experiment can claim evidence for this at
an appreciable level. However, determining if a maximal CP violating phase exists
will remain a high priority for the next generation of long-baseline experiments. If
established, it could be seen as an “unnatural” value advocated as evidence against
anarchic PMNS matrices. Indeed, it is also one of the most common predictions
in flavour models with generalised CP symmetries, and is often associated with
close to maximal values of 653 in models with residual flavor symmetries. For more

discussion, see e.g. Ref. [90,91].
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We have studied this question in Fig. [5.4] where we have defined the quantity

Axiicp = 5 min_ Ax*(6). (5.3.3)

T

33
This is analogous to AxZp defined earlier, and gives us a measure of the compatibility
of the data with the hypothesis of maximal CP violation. On the left panel, we see
the ability to exclude maximal CPV as a function of the true value of §. There is
a similar sensitivity for both facilities. DUNE has the best performance for most
cases, but T2HK still achieves the highest significance exclusions while —37/4 <
d < —m/2 and 0 < 0 < 7/2; although, its sensitivity is more affected by the value
of 053 and the mass ordering. In this way, the two experiments once again exhibit
a complementarity, and the combination of DUNE and T2HK inherits the best
sensitivity of its two component parts, expecting a 3o exclusion of MCP for over
48-54% of the parameter space.

On the right panel of Fig.[5.4] we show the fraction of true values of ¢ for which a
50 exclusion of maximal CP violation can be achieved. By running in parallel for 10
years, DUNE and T2HK can expect a coverage at this significance of around 42-50%
of the parameter space. Once again we see T2HK’s sensitivity is more dependent

on 53 and generally lower than DUNE’s.

5.4 Octant degeneracy and the precision on 03

Although we know that 693 is around 45°, the current global fit data allows for two
distinct local minima, one below and one above 45°. This ambiguity is known as the
octant degeneracy and arises as the disappearance channel of v, — v, is sensitive
at leading-order only to sin®26,3. However, the appearance channel breaks this
degeneracy at leading-order, and future long-baseline experiments are expected to
significantly improve our knowledge of fo3. In this section, we study how well DUNE
and T2HK will be able to measure 53 as well as settling two central questions: is
03 maximal, and which is its correct octant? These questions are also of particular
theoretical significance as many models with flavour symmetries exist which predict
close to maximal values of f,3, and often the size of its deviation from this point is in

correlation to other parameters like ¢ [90,91]. Therefore, determining the octant (or
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Figure 5.4: Left: the significance at which maximal CP can be excluded for DUNE
and T2HK in isolation and combined as a function of true 6. Right: the fraction
of d-parameter space for which maximal CP can be excluded as a function of run
time. The left (right) plot assumes the “fixed run time” (“variable run time”)

configurations in Table and the true oscillation parameters, apart from 63,
specified in Table .

maximality) of f3 would be highly instructive in our search to understand leptonic
flavour.

The ability to exclude the wrong octant for DUNE, T2HK and their combination
is shown in Fig. [5.5] On the left, we show the sensitivity as a function of the true
value of fy3. In these plots we assume a fixed value of § = 0. The impact of varying o
for these measurements is small, as the degeneracy is broken at leading-order in the
appearance channel, and the subdominant effects of § are less relevant. The ability
to exclude the wrong octant can reach up to 8¢ at the extremes of the current 3o
range of 03, and we see that 30 determinations of the upper (lower) octant can
be expected for true values of sin?fy3 less than 0.47-0.48 (greater than 0.54-0.55).
This corresponds to a 30 determination of the octant for all values of 693 in the
ranges o3 < 43.3°-43.8° or a3 = 47.3°-48.4°. On the right, we fix the true value of
023 and show how the sensitivity depends on cumulative run time. We see that the
sensitivity quickly plateaus, and the staging options make little difference. Overall,
the experiments expect to be able to establish the octant for this value of 6,3 after

only 2 to 4 years. Although this plot assumes 53 = 40°, changing the true value of
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023 leads to a predictable change in sensitivity, as indicated in the left panel, but does
not qualitatively change the behaviour against run time. We see that overall, T2HK
performs better than DUNE for the determination of the octant. However, the
difference in performance is marginal, and their combination after 10 years of data
for each experiment, outperforms T2HK running alone for 20 years, but preforms
slightly worse than DUNE with 20 year of total run time.

In this simulation, we have not imposed a prior on fy3. This process differs
from Ref. [12], in which they give a gaussian prior for f3. It also differs from the
fitting method in Ref. [59], where they fit 6,3, 03 and the value of Am2, without
implementing any priors, but fix 615, Am3, and the mass ordering. In Ref. [98],
the details of the fitting process are not specified. Despite these differences, we
see qualitatively similar behaviour between the three sets of results. We find the
regions of 63 where the octant cannot be determined at 5o to be o3 € [43°,49.7°],
Oo3 € [42°,48.9°], and 093 € [43°,48.7°] for DUNE, T2HK, and their combination,
respectively. In Fig. 3.18 of Ref. [12], the equivalent region for DUNE is fy3 €
[41°,50°], which is comparable to our work. In the middle panels of Fig. 5 in
Ref. [98], the authors estimate the region as 42.5° < fy3 < 48.5° for T2HK and
the combination of DUNE and T2HK, while for DUNE alone the range is slightly
smaller than in our simulation at 42° < fy3 < 49°. Compare to our results, in Fig.
125 of Ref. [59], we find the bigger range at 50 level is 0.44 < sin? fp3 < 0.58.

In Fig. we show the analogous plots for the exclusion of maximal f55. We see
that maximal A3 can generally be excluded at greater significance than the octant.
T2HK can reach 50 sensitivity for sin? 6,3 < 0.47 as well as for sin? 6,5 > 0.55, while
DUNE can make an exclusion at the same statistical significance for sin? fy3 < 0.45
and sin? 6,3 > 0.56. Due to its poorer sensitivity, DUNE plays less of a role in the
combination and DUNE + T2HK follows the sensitivity of T2HK. On the right, we
show the sensitivity against cumulative run time. Again, the combination of DUNE
+ T2HK performs similarly to T2HK when the cumulative run time is divided by
two, while DUNE performs slightly worse. We see that the staging of T2HK and
DUNE plays a notable role, leading to significantly higher sensitivities.

We study the attainable precision on sin? 6,5 in Fig. , where we plot A(sin? y3)
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against the true value of sin? 6,3 for normal mass ordering. For all configurations,
we see the same behaviour: the uncertainty climbs up from about sin® 3 = 0.48
and falls down around sin? fy3 = 0.54, peaking at sin® 6,3 ~ 0.51. This is expected
for a measurement dominated by the disappearance channel, where the probability
is proportional to sin?(26y3) and a leading-order analytic treatment would imply the
relation

A(sin? fy3) oc [tan(2603)],

which naively predicts a total loss of sensitivity at maximal mixing, analogous to
A6 at 0 = /2. This is mitigated by higher-order effects, as well as the information
from the appearance channel, which becomes important around these values. The
drop in sensitivity seen in Fig. is quite sharp, and for values of sin” fy3 away from
maximal mixing there is only modest variation in precision. For DUNE, A(sin? f3)
is about 0.009 at the boundaries, and peaks up to the value ~ 0.038. T2HK has
better performance, with A(sin? fy3) ~ 0.005 for sin? a3 = 0.43 and 0.585. As with
DUNE, the worst performance for T2HK is near the peak at sin®fy; = 0.5 with
A(sin? fy3) ~ 0.032. Largely leaving from a3 = 45°, the combination of DUNE and
T2HK performs very similarly to T2HK, as T2HK’s high sensitivity drives that of
the combination. However, the improvement of including DUNE data is viewable
around the peak of Asin®#f,3. In these plots, we set § = 0, although qualitatively
similar behaviour holds for other choices. There is, however, a correlation between
the precision on fy3 and §. We present an estimate of the joint precision on 63 and
0 attainable at DUNE and T2HK in Fig. In this plot, each ellipse shows the
1o allowed region for a set of true values inside its boundary taken from the sets
d € {0°,4£90°, £180°} and 93 € {40°,45°,50°}. T2HK generally performs slightly
better for this measurement; although, at times DUNE achieves a marginally better
sensitivity to d, and the combination of additional data from DUNE helps to reduce
the T2HK contours. A minor correlation can be seen due to the reliance on data
from both the appearance and disappearance channels. The best measurements will
be obtained for large deviations from fy3-maximality and values of ¢ close to the CP
conserving values, where DUNE (T2HK) can expect precisions on a3 of Afly3 = 0.2°

(Afy3 = 0.13°). Conversely, the worst precision comes from the values of 653 near
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Figure 5.5: The sensitivity to exclude the wrong octant for DUNE, T2HK and their
combination, as a function of sin?#fy3 (left) and the cumulative run time (right).
These plots assume § = 0 and normal mass ordering. The left (right) plot assumes
the “fixed run time” (“variable run time”) configurations in Table and the true
oscillation parameters, apart from 63, specified in Table .

maximal mixing where DUNE (T2HK) can expect larger uncertainties by a factor
of around 3 with Ay = 2° (Afy3 = 0.95°). Comparing our result in Fig. to
Fig. 123 in [59], we find that our value for Asin® a3 is better than the official result
for T2HK, which can be understood by the differences in our treatment of external

data mentioned previously.
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Figure 5.6: The ability to exclude 053 = 45° for DUNE, T2HK and their combi-
nation, against the true value of sinfy3 (left) and the cumulative run time (right).
These plots assume ¢ = 0 and normal mass ordering. The left (right) plot assumes
the “fixed run time” (“variable run time”) configurations in Table and the true
oscillation parameters, apart from 63, specified in Table .
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Figure 5.7: The expected lo precision on sin®#f,3 as a function of true value of
sin? @y from 0.43 to 0.585 for DUNE, T2HK, and their combination, under the
assumption of normal ordering. This plot assumes the “fixed run time” configura-
tions in Table and the true oscillation parameters, apart from 6s3, specified in
Table .
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Figure 5.8: The attainable 1o precision on sin” f,3 and 6 for DUNE, T2HK, and their

combination. In each case, the contours enclose the assumed true values for 693 and

0, marked with a point. This plot assumes the “fixed run time” configurations in

Table and the true oscillation parameters, apart from 63, specified in Table .
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Chapter 6

Complementarity for precision

measurements of )

For the reasons outlined in Section [4.3, we expect an interesting interplay of sensi-
tivities for a narrow-band and wide-band beam for the determination of . In this
chapter, we study the complementarity of DUNE and T2HK for precision measure-
ments of . In Fig. [6.1] we show the lo precision on § which is attainable by the
standard configurations of DUNE and T2HK and their combination. We consider
a range of true values of 63 as this significantly affects the ultimate precision. We
see that for most of the parameter space T2HK can attain a better precision, with
values of 0 between 6 and 7° for the CP conserving values of § compared to between
7.5 and 9° for DUNE. However, DUNE performs better than T2HK for maximally
CP violating values of § up to 5°. This leads to an effective complementarity be-
tween the two experiments, and their combined sensitivity reduces Ad as compared
to the two experiments in isolation by between 1 and 6° depending on the value of
0.

We see therefore an improvement when combining the data from the two exper-
iments. This was to be expected for a number of reasons. Firstly, there is a simple
statistical benefit of combination — an increase in data reduces the statistical un-
certainty and allows for a more precise measurement. On top of this, there is a
synergistic benefit, where the two experiments mutually improve the reconstruction

of the parameter of interest. To try to understand the synergy between DUNE and
62
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Figure 6.1: The 1o precision on § for DUNE and T2HK in isolation and combination.
This plot assumes the “fixed run time” configurations in Table and the true
oscillation parameters, apart from 63, specified in Table .

T2HK, we have run simulations where we mitigate the statistical advantage through
different normalization procedures so as to expose the complementarity shown by
the information available in each data set. As the experiments operate under such
different assumptions, there is no universal way to do this. There are many factors
which influence an experiment’s sensitivity: for example, the total flux produced
by the accelerator; the effects of baseline distance on the flux; the detector’s size,
technology and analysis efficiencies; not to mention the purely probabilistic effects
of the oscillation itself, which occurs over different baseline distances and at differ-
ent energies. In the first two sections, we consider different ways to normalise the
experiments which reveal different aspects of their sensitivities. Finally, we study
the impact of systematics on Ad for DUNE and T2HK. In this chapter, except § we

implement 1-D x? data from NuFit 3.0 for priors, of which the impact is described

in App. [A3
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Figure 6.2: Left: the precision attainable by DUNE, T2HK and their combination
with a fixed number (5411, the average number expected by DUNE + T2HK) of ap-
pearance channel events. On the left, DUNE + T2HK denotes the “fixed run time”
configuration in Table [A.T] which expects around 5411 events. Right: the perfor-
mance of DUNE and T2HK with double numbers of appearance events (in brackets)
compared to those with 5411 events. In both plots, all unspecified parameters take

the true values given in Table .

6.1 Normalising by number of events

We can remove the statistical advantage of combining two experiments by fixing
the number of events. We will consider two ways of doing this, both based on the
total number of signal events S, composed of genuine appearance channel events in
the detectors. We define S to be the sum of these events across both neutrino and
antineutrino mode appearance channels.

Our first normalization method fixes S. This is, of course, an unrealistic goal in
practice. However, it answers an interesting hypothetical question: would a fixed
number of events be more informative if they came from DUNE or T2HK? We have
run the simulation of T2HK and DUNE while fixing the number of events in the
appearance channel. This number varies with o, and so the effective run time has

been modified for each value of § to keep the observed events constant. In the
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left-hand panel of Fig. [6.2] we have fixed the number of appearance events to be
5411 for each configuration, which is the average number of events expected for the
combination of DUNE and T2HK running for 20 years cumulative run time. We see
that events at DUNE are more valuable than events at T2HK around maximally
CP violating values; however, around CP conserving values, the opposite is true and
T2HK has more valuable events. We quantitatively assess this effect in the right-
hand panel of Fig. [6.2] This plot compares the performance of DUNE and T2HK
with a fixed 5411 events, with the same experiments assuming double the number
of events. The figure shows that for DUNE to consistently outperform T2HK, it
needs at least twice as many events. The same is true to T2HK: it can only lead to
better performance for all values of d once its has more than twice the exposure.
Our second normalization scheme is designed to include the effect of the probabil-
ity from the comparison with fixed event rates. The number of appearance channel

events, S, is to a good approximation proportional to the oscillation probability,
S o< P(v, = ve; (E)),

where (F) denotes the average energy of the flux, and we introduce a quantity N

denoting signal events with the probabilistic effects removed,
N({(E)) = S/P(v, = ve; (E)). (6.1.1)

N can be thought of as the constant of proportionality between the number of sig-
nal events and the probability, and it is affected by many factors, whose product
is often referred to as the exposure of the experiment. These factors, such as run
time, detector mass and power of the accelerator, describe technical aspects of the
experimental design and the exposure is often taken as a proxy for run time in phe-
nomenological studies of neutrino oscillation experiments. However, there are other
factors affecting the coefficient NV such as the effects of cross-sections and detector
efficiencies, which also vary from experiment to experiment. Our definition of N
accounts for all of the factors which affect the signal, apart from the fundamental
effect of the oscillation probability. Equating N assumes that all technical param-

eters are identical between the two experiments, and allows us to study the effect
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of the oscillation probability alone. We find that fixing N[ leads to little change
from fixing S. DUNE still outperforms T2HK for values of  near maximal mixing,
while T2HK performs best at CP conserving values. Even isolating the effect of
probability in this way, we arrive at the same conclusion that events at DUNE are
more informative about the value of § than at T2HK around § = +7/2, while each
event of T2HK has more impact than when ¢ is CP conserving.

Comparing the expected precision on § under our different normalization condi-
tions gives us an idea of the role played by the probability. We see that generally,
the conclusions are the same: when arranged to have equal normalizations, T2HK
does worse than DUNE for maximal CP violation, but performs better at 6 = 0 and
7. This is true even if probability is included in the normalization, so we infer the
difference in performance really does come from the spectrum. We conclude this
section by noting that both normalization methods highlight the same aspect of
the two experiments: for equal events the two experiments are very complementary,
each providing the best measurement of § for around half of the parameter space.
However, in its standard configuration, DUNE expects fewer events than T2HK in

the appearance channels. We will study this in more detail in the next section.

6.2 Normalising by run time

Of course, one of the most pragmatic ways to normalise the experiments is by run
time. Would a decade of both experiments running in parallel be better than two
consecutive decades of DUNE (or T2HK)? To make this comparison, we assume the
same cumulative run time for the experiments running alone, and in combination.
In Fig. we show the results of our simulation. The combination of DUNE and
T2HK generally outperforms either experiment running for twice as long. However,
there are some small regions of parameter space around maximal CP violating values

of 6 where 20 years of DUNE outperforms not only T2HK but also the combination

In practice, as we are studying neutrino and antineutrino channels and our detector models

have binned energy spectra, we define an analogous quantity N; (N;) for each energy E; (F;) in

neutrino (antineutrino) mode. We then define N as the sum over N; + N,.
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of DUNE and T2HK. At these values of §, DUNE’s wide-band beam performs best
by incorporating information from other energies. We also see this benefit in the
combination of DUNE and T2HK, which notably outperforms 20 years of T2HK at
these values. This result tells us that the combination offers two advantages. First,
running the experiments in parallel allows us to collect two decades of data in half
the calendar time. This explains a significant part of the sensitivity improvement;
however, there is also a complementarity arising from the different sensitivities of
the two experiments. This is especially marked for this measurement around the
maximally CP violating values of ¢.

The behaviour of Ad for different experimental configurations as a function of
run time is shown in Fig. [6.4 We have studied this for the maximum and the
minimum values of A (denoted Adyayx and Adyi,), which describe the extremes
of performance for the two experiments. We find that Adn., is better at DUNE
than T2HK for all run times, whereas the situation is reversed for Adyi,. We note
that for both experiments, the staged upgrades lead to a strong improvement in
the sensitivity. If run in parallel, the combination of DUNE and T2HK expects
Abpin < 5° and Adpax S 11° after 10 years.

To end this section, we compare the performance of the two experiments and
their combination through the minimal exposures required to obtain certain physics
goals. In Table we show the value of NV, see Eq. , the number of signal
events S and the cumulative run time required to reach a precision on ¢ of 10°
for Adpax and Adpi,. It is clear from our study in this section that to achieve a
precision of 10° for Ad,.x will be a challenging measurement: above 20 years of
data is necessary, requiring 12.5 years of both experiments running in parallel. For
Adin this is, however, a feasible goal. DUNE expects a similar measurement after
a full 5.8 year data-taking period, while T2HK can achieve this goal in 3.3 years.
The combination of DUNE and T2HK marginally improves on this, requiring only

1.9 years of parallel running.
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Adpin, Admaz
DUNE | T2HK | Both | DUNE | T2HK | Both
o 354° 0° 0° 255° 270° 264°
N 26837 | 15868 | 21900 | 167497 | 332532 | 218995
S 961 1034 739 6811 15653 | 8124
Cumulative run time [years] | 5.8 3.3 3.8 21.1 27.1 25

Table 6.1: Exposures required for Ady.. and Adyi, to reach 10°. T2HK has the
best precision on reasonable time scales due to its very high event rate especially
at 0 = m. DUNE marginally out performs T2HK for maximally violating values of
0. The year shown in this table, assumes the “variable run time” configurations of
Table[A.1] The combination “Both” assumes a scaling of the standard configuration
of DUNE/2 + T2HK/2.

6.3 Impact of systematic errors

In the previous section, we have looked at the precision on § under a number of
different assumptions. We have seen that T2HK has a larger number of events than
DUNE, and for the majority of the parameter space this leads to a better expected
precision on §. This means that the relationship between statistical and systematic
uncertainty will be quite different at the different experiments and our assumptions
about systematics, always a contentious issue, may be significant. In this section we
try to understand these effects and explore the impact on the expected precision on
0 under differing systematics assumptions for the combination of DUNE and T2HK.

We can get a feel for the relevance of statistical versus systematic uncertainty
by seeing how the sensitivity scales with run time. In our model of the systematics,
we only consider effective signal and background normalisation systematics for both
DUNE and T2HK. In Fig. [6.5] we show the sensitivity to § for different run times
of the two experiments in isolation, with and without systematic uncertainties. We
see that there is little impact from the systematic uncertainty at DUNE, and it
continues to further its sensitivity as we increase its run time. This effect is quite

different for T2HK where systematics clearly have a more important role; for CP
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conserving values, there is only modest improvement in sensitivity after extensions
of the experiment run time by a factor of 4. This result neatly shows that DUNE
is statistically limited while T2HK has more reliance on its systematic assumptions
(except for maximally CP violating values of 4). It is interesting to note that in
both cases, even after large increases in exposure, neither DUNE nor T2HK taken
as a single experiment can significantly improve on the sensitivity at CP conserving
values found by the combination of DUNE and T2HK running for only 10 years
each.

Due to the limiting effect of systematic uncertainties suspected at T2HK, we can
expect that its performance is quite sensitive to our assumptions. To understand
how the combination of DUNE and T2HK can help reduce this sensitivity, we have
run simulations while varying the value of the normalization systematics in T2HK.
We study the case of 2%, 4%, 6% and 8% normalization uncertainty at T2HK for the
combination of DUNE and T2HK in comparison to T2HK running for 10 years with
the same systematic assumptions. The results are shown in Fig. We see that for
2% systematic uncertainty, around § = 0 and 7 T2HK dominates the precision on §
and is limited strongly by the systematics, meaning that doubling the run time leads
to scant improvement. As the systematic uncertainty on T2HK increases, we see
more of an advantage of including DUNE. Although at 4% systematics the lines are
almost identical, for 6% systematics the improvement in precision at 6 = 0 is around
2° (an improvement of around 10%). We conclude that T2HK is systematically
limited around CP conserving values of §, and including DUNE data can help to
mitigate the effect of larger uncertainties. At maximally CP violating value of 8, we

see little impact of our systematic assumptions.
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Figure 6.3: The 1o precision on ¢ as a function of the true value of § for DUNE,
T2HK and their combination with the same cumulative run time of 20 years. The
configuration of DUNE (20 yr) is defined by the “variable run time” entry in Ta-
ble [A] with T" given in brackets after the experiment’s name, whereas DUNE +
T2HK is the corresponding “fixed run time” entry. Note that due to the staged
upgrades of both designs, DUNE (20 yr) and T2HK (20 yr) correspond to 6 years
without the planned upgrades followed by 14 years of upgraded running. This plot

assumes normal mass ordering and all other unspecified true parameters are given

in Table .
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Figure 6.4: Adpin (left) and Adpax (right) at DUNE, T2HK and their combination

as a function of run time. These plots assume the “variable run time” configurations

in Table and the true oscillation parameters appropriate for normal ordering as

given in Table 2.3 We have checked that similar behaviour obtains for inverted

ordering.
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Figure 6.5: Left (right): the expected lo precision on § for DUNE (T2HK) with
different run times with and without systematics (solid and dashed, respectively)
compared to a reference design of our “fixed run time” configuration of DUNE +
T2HK from Table [A.I] Note that in all cases, the experiments in isolation have
a staged upgrade after 6 years, and so see increasingly long periods of upgraded

running.
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Figure 6.6: Ad for T2HK and the combination of DUNE/2 + T2HK/2 each with
10 years cumulative run time for different normalization systematic uncertainties on
the appearance channel in T2HK (2%, 4%, 6%, and 8%). We hold the normalization
systematics at 2% for the appearance channels of DUNE. The configurations in this
plot are labelled “variable run time” in Table with the cumulative run time
denoted in brackets after their names. This plot assumes normal ordering, but all

other true parameters follow Table .
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Chapter 7

Impacts of Alternative Designs for

Standard Oscillations

As part of their continual optimisation work, both the DUNE and T2HK collabo-
rations have considered modifications of their reference designs, aiming to further
the physics reach of their experiments. As mentioned in Section [3.1.1, DUNE has
considered an optimised beam based on a 3-horn design, and a novel beam concept,
nuPIL. For T2HK, the redesign efforts are focused on the location of the second
tank. Originally foreseen as being installed at Kamioka 6 years after the experiment
started to take data, the possibility of installing the detector in southern Korea has
been mooted [66,99-101]. In this section, we discuss the impact of these redesigns
on the physics reach of the experiments, both alone and in combination, via the
results of our phenomenological discussion and simulations. We focus on the mass
ordering, CPV discovery, MCP and precision measurements of 9. We point out that
we do not discuss measurements of #o3 further, as we have found that there is little
difference between the alternative designs under consideration.

The run time setting is described in Ch. Then we gradually compare each
sensitivity among different experimental designs — mass ordering sensitivity, CPV
and MCP sensitivity, and ¢ measurement, in Secs. In the final section,
we show the performance of the optimal configuration, based on the study in the

previous studies for the standard design. In this chapter, except § we implement

1-D x? data from NuFit 3.0 for priors, of which the impact is described in App. [A.3]
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7.1 Mass ordering
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Figure 7.1: Top (bottom) row: The minimum statistical significance of mass order-
ing discrimination for DUNE (T2HK) with various beam designs. On both rows, the
left-hand panels show the performance of the alternative designs in isolation, while
the right-hand panels show the impact of an alternative design on the combination of
DUNE and T2HK by incorporating the standard T2HK and DUNE designs on the
top and bottom rows, respectively. The configurations assumed here are described
in Section and the true oscillation parameters are given in Table [2.3] Note that

in the top-right panel, the blue and green lines overlap.

As shown for the standard configurations in Section [5.1] identifying the mass
ordering is almost guaranteed for experiments on this scale. However, we see a large
difference in performance between DUNE and T2HK due to the difference in baseline
distance. The alternative beams of the DUNE collaboration do little to change this
picture. The results of our simulation are shown in Fig. [7.1], in which we show the

minimum sensitivity to the mass ordering as a function of cumulative run time. The
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left column of panels shows the performance of the alternative designs for DUNE
(top) and T2HK (bottom). We see that for DUNE, the 3-horn and 2-horn designs
do better at the minimum sensitivity by about 1o compared to the nuPIL design.
We see that the 3-horn design can reach greater than 5o significance after around 3.3
years run time, while the 2-horn design achieves the same significance after around
4 years, and nuPIL requires above 5 years. For T2HK and its alternative designs
the picture is quite different. The T2HK design cannot achieve sensitivity above 2o
for these run times. However, placing a second tank in Korea will allow T2HKK
to see larger matter effects over the 1000-1200 km baseline: the sure-fire way to
sensitivity to the mass ordering. Moreover, the possibility of placing the second
detector at a different off-axis angle, could produce a wider beam, or a narrow beam
whose peak is shifted away from the first maximum. This interplay of factors could
qualitatively alter our picture of mass ordering sensitivity at HK(K). We see a greater
variation in performance as the fluxes are varied, but as we saw before, lower overall
sensitivities. Due to the larger matter effects associated with the Korean detector,
we might expect increased sensitivity to the mass ordering over the standard T2HK
design; however, we do not see an enhancement of this kind. We understand this
effect as due in part to the limited data collected by T2HKK at the longer baseline.
Fewer events associated with neutrinos travelling the longer baseline are detected as
the beam suffers significant suppression due to dispersion over the longer distanceﬂ
With WC technology, we know that the advantage comes from scale, and such a
limitation on event numbers means that longer baselines will not be competitive
unless operated for a longer period of time. Moreover, the matter effect is relatively
suppressed compared to the effect at DUNE due to the lower energies of the J-
PARC beam. And it has been shown in Ref. [66] that it is not sufficient to allow for
a separation of the two degenerate solutions in all cases at fixed energies. However,
the most important contribution of a Korean second detector is the very different
spectral information it provides from a detector at Kamioka. This helps to provide

sensitivity to the ordering, and we see that the T2HKK1.5° option expects to push

!The flux is dispersed by an inverse square law as baseline increases; subsequently, a Korean

detector sees around 11% of the flux seen at Kamioka.
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the sensitivity above 30 after around 3 years. Although we do not show the full MO
sensitivity against ¢ in Fig. we can draw a limited comparison between our work
and Fig. 18 in Ref. [65]. Our results find slightly lower sensitivities: for T2HKK1.5°,
the difference is about 1o, while for off-axis angles of 2.5° and 2.0° the difference is
smaller than 1o.

The sensitivity is seen to increase as the Korean detector is moved to smaller
off-axis angles. This can be explained by the different flux profiles of the T2HKK
options. As the detector is moved towards the beam axis, the events sample the os-
cillation probability increasingly close to the first maximum. This is where the mass
ordering is most visible in the presence of matter effects and we see an accordingly
stronger discovery potential.

On the right column of Fig. we show how the alternative designs impact the
combination of the two experiments. Including T2HK data reduces the difference in
performance between the three DUNE beam designs, which all expect a minimum
sensitivity of bo after about 2 years. For T2HK, the inclusion of DUNE data, pushes
the overall sensitivity above 50 for the first time, with an extra Korean detector,
DUNE + T2HKK expects a greater than bo measurement for all values of § with

around 2 years run time.

7.2 CPV and MCP sensitivity

The sensitivity to CPV is understood to depend upon the energy of the events
observed, meaning that modifying the flux spectrum, for example with a narrower
beam from nuPIL or a beam located at the second maximum for T2HKK, could
lead to significant changes in the physics reach of the design. In the top-left panel of
Fig. we compare the performance of the standard and alternative DUNE designs.
CPV and MCP sensitivities are shown for the three beam options as a function of §
in solid and dashed lines, respectively. We find that the 2-horn and 3-horn designs
perform similarly for CPV and MCP measurements, and nuPIL performs slightly
worse, by about 1o. The top-right panel shows how these sensitivities are changed as

information from the standard configuration of T2HK is included. We see that due
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Figure 7.2: The sensitivity to CPV (solid) and MCP (dashed) as a function of ¢ for
various designs of DUNE (top row) and T2HK (bottom row). The configurations

assumed here are described in Section and the true oscillation parameters are

given in Table .

to T2HK’s strong sensitivity to the parameter d, the impact of alternative designs
for DUNE is greatly reduced. Maximal sensitivities to CPV (MCO) of above 110
are found for the maximal values of § € {3,2°} (6 € {0, 7}).

For T2HKK we compare three off-axis angles for the Korean detector to the
standard configuration in the bottom row of Fig.[7.2] On the left panel, we show the
performance of these alternative designs in isolation. We see that the experiments
perform comparably, but the best performance comes from the T2HKK2.0° flux.
As can be seen in Fig. [3.2] this flux is the best aligned with the second maximum,
suggesting that it is the access to events which sample this part of the oscillation

spectrum which lead to the increase in sensitivity. The increase in sensitivity for

—m < 0 < 0 is modest between T2HK and T2HKK. We understand this again due
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Figure 7.3: The fraction of true ¢ values for which we expect a CPV sensitivity
(solid) and MCP sensitivity (dashed) over 5 o, against cumulative run time. The
configurations assumed here are described in Section and the true oscillation

parameters are given in Table

to the suppression in event rates for a Korean detector: although possessing valuable
information, they are seen in relatively small numbers, and their impact is limited.
However, there is a notable difference for 0 < § < 7, as the Korean detector helps
to lift the degeneracy which limits the performance of T2HK. In the bottom-right
panel of Fig. [7.2] we see the sensitivity to CPV and MCP for combinations of DUNE
and T2HKK. In these simulations, the degeneracy is lifted by the inclusion of DUNE
data, and there is little difference between the alternative designs for T2HKK aside
from an overall improvement in the sensitivities by between 1 and 20.

In Fig. [7.3) we have computed the fraction of values of ¢ for which CP conserva-
tion or maximal CP violation can be excluded at greater than 50 confidence. The

top-left panel shows the performance of the alternative DUNE beam designs in iso-
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lation. The 3-horn and 2-horn designs have almost identical sensitivities for all run
times, with a CPV fraction greater than that of nuPIL by between 10-30% and an
MCP fraction higher by around 10%. If we consider 30% to be a benchmark CPV
fraction, the 3-horn and 2-horn designs expect to reach this sensitivity after around
5 years, while nuPIL takes around 7 years. Excluding MCP is a harder measurement
for all beam designs, and exposures of greater than 10 years would be required to
achieve a 30% coverage of § parameter space at 5o. The top-right panel shows how
the alternative DUNE designs are affected by the inclusion of T2HK data. Thanks
to the good CPV and MCP sensitivity of T2HK, we see the improvement for the
combination, especially for nuPIL by up to 10%. We also find a relative suppression
of the difference between variants — ultimately, DUNE offers less to this configu-
ration and its precise design is less important. These combinations expect to reach
a CPV fraction of 30% (50%) after about 4 (6) years. For the exclusion of MCP, a
30% fraction will be approximately reached after 9 cumulative years run time.

The bottom row of Fig. [7.3] shows analogous plots for T2HK and T2HKK. On
the left, these alternative designs are considered in isolation, and we have also in-
cluded a 2-tank T2HK line for comparison which assumes two tanks collecting data
at Kamioka from the start of the experiment. There is very little difference between
the T2HKK designs, although they all show an increase in CPV and MCP fraction
over the T2HK design. T2HKK expects a CPV fraction of over 50% after less than
4 years, while T2HK requires around 10 years for the same sensitivity (and 2-tank
T2HK around 7 years). MCP fractions of greater than 30% are possible after 5 and
11 years for T2HKK and T2HK, respectively. Compared with the results shown
in the upper panels in Fig. 20 in Ref. [65], we find the same ranking of designs.
However, we also find sensitivities around 20 higher near § = +m/2. We suspect
this quantitative difference is due to our priors, as in Ref. [65], it is pointed out
that priors for §, fo3 and Am3, are not implemented. However, we use priors on
all variables apart from J, and our simulation has slightly less leeway to accommo-
date degenerate solutions, and a correspondingly improved ability to exclude CP
conserving parameter sets. It is interesting to point out that, for both DUNE and

T2HK, differences in design have a greater impact on the highest sensitivity to CPV
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and MCP, as seen in Fig. [7.2] than on the long-term average performance encapsu-
lated in the CPV/MCP fraction at 50. This can be seen in Fig. as the width
of the sensitivity curves remaining unchanged, while the peak is raised or lowered.
The sensitivity of the peak corresponds to different rising behaviour in Fig. [7.3], but
the curves can be seen to quickly plateau for T2HK. For DUNE, this effect is less
marked, and suggests increasing run time would still lead to increases in sensitivity.

On the right panel, we show the performance for the combination of DUNE data
with the T2HK variants. As in the bottom-left panel, we see that the T2HKK
designs perform similarly, with T2HKK2.0 performing marginally better. The in-
clusion of DUNE data here makes little change to the sensitivities. In fact, as we
define cumulative run time as the sum of the individual DUNE and T2HKK run
times, we see an apparent decrease in performance. Scaled appropriately for parallel
data collection, we find that DUNE + T2HKK expect a 56 CPV fraction of greater
than 50% after around 2 years compared to 4 years for T2HKK alone. We note that
there is a notable change in the performance of the T2HK design with two tanks at
Kamioka operated for the duration of the experiment. Without DUNE data, this
configuration performs more poorly than the T2HKK designs; however, with the
inclusion of DUNE data, it becomes the best option. This can be understood as
DUNE resolving the degeneracy and T2HK maximising its CPV measurement by a
large increase of data at shorter baselines.

To conclude this section, we note that almost all of the experiments, when run-
ning in isolation, can expect the exclusion of one of CP conservation or maximal CP
violation for all values of § at 40 and 50 for DUNE and T2HK variants, respectively.
This can be seen clearly in Fig.[7.2] where the intersections between CPV and MCP
lines are above the 3 or 5o horizontal lines. This is true for all alternative designs,
while the combination of DUNE and T2HK ensures that one of these facts would
be established with a significance greater than 6. The exception is for T2HK alone

which, due to the degeneracy, falls short in some some regions of parameter space.
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Figure 7.4: The 1o precision on ¢ for variants of DUNE (top row) and T2HK (bottom
row). In the left column, these designs are considered in isolation while on the right,
we combine variant designs of one experiment with the standard configuration of the
other. Our configurations are described in Section [A.I]l These plots assume normal

mass ordering and the remaining true parameters are specified in Table

7.3 Precision on ¢

We show the difference in Ad for the alternative designs in the left column of Fig.[7.4]
We find that for DUNE, the 3-horn design works similarly to 2-horn design; although,
the 3-horn design performs slightly better in the 2nd and 4th quadrant and for
maximal CP violation, while the 2-horn design expects smaller Ad in all other cases.
These designs expect a precision on ¢ somewhere between 8 and 18° after their full
data taking period. The performance of the nuPIL design depends significantly on
the true value of §. For values near maximal CP violation 6 = £7, nuPIL performs
worse than the standard design. This can be understood due to the narrowing of

the beam, which when focused on first maximum, has insufficient events from other
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energies to mitigate the poor sensitivity around maximal CP violating phases. On
the top-right panel of Fig. we show the impact that the DUNE redesigns have
on the combination of DUNE and the standard configuration of T2HK. As shown
in Ch. [0 data from T2HK improves the resolution on § for DUNE, and we see a
correspondingly small impact of alternative beam designs for DUNE. Notably, we
do however see the worsening of performance around maximal CP violating values
of ¢ for the combination of nuPIL and T2HK.

The expected sensitivity of Ad for the alternative designs for T2HKK are shown
on the bottom-left panel of Fig.[7.4 Here we see that all designs with a far detector
allow for a significant improvement in the precision on ¢, generally seeing the best
performance coming from the 1.5° or 2.0° off-axis angle fluxes. We see a slight loss
of performance for larger off-axis angles, which may be associated with the peak of
the flux falling beyond the second maximum into a region of hard to identify, fast
oscillations. Our result for Aé is very close to that shown in the upper panels of
Fig. 23 in Ref. [65], and we agree on the ranking among alternative designs. This
is notable, given the differences induced by our priors in other variables of interest,
but is explained by the fact that our priors differ in their global structure more
than in their local structure. It is this local structure which dictates AJ, as at
low significance the Gaussian approximation works well and multiple minima are
irrelevant. On the right panel of Fig. [7.4] the combination is shown with different
T2HKK fluxes and the standard DUNE configuration. Once again, we see that
T2HKK dominates the combination, and therefore the shapes of these curves closely

follow those on the left panel.

7.4 Optimal configuration

In the preceding sections, we have studied how the alternative designs of T2HKK
and DUNE could impact the physics reach for key measurements, considering both
the experiments in isolation and in certain combinations. We have seen that for
DUNE, the 2-horn and 3-horn designs perform similarly, with the greatest difference

occurring for the measurements of the mass ordering and Ad. Both designs still
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Figure 7.5: The minimum mass ordering sensitivity for the combination of DUNE
with the 3 horn flux and T2HKK1.5° (red) and T2HKK2.0° (blue) compared with
the standard configurations of DUNE with 2-horn flux and T2HK with a single tank
at Kamioka (green). The configurations assumed here are described in Section
and the true oscillation parameters are given in Table .

expect very high significance measurements of the mass ordering. However, as we
see in Fig. the 3-horn design can achieve marginally better values of Ay when o
in the 2nd and 4th quadrants, which is where T2HK performs worse than DUNE. We
therefore take the 3-horn design to be the optimal choice for T2HK, with the 2-horn
a close second. T2HKK in contrast performs best with a flux positioned between
1.5 and 2.0° degrees off axis. Here it maximizes its sensitivity to CP violation, its
ability to exclude maximal CP violation and to make precision measurements of &
around CP conserving values. Whereas so far we have only considered alternative
designs for one experiment in combination with the standard design of the other, in
this section we report the physics reach of the optimal combination of DUNE 3-horn
and T2HKK1.5° (and T2HKK2.0°).

In Fig. [7.5] we show the minimum sensitivity expected for the mass ordering
for this optimal configuration of DUNE + T2HKK. A 40 measurement is expected

after less than a cumulative year, which increases to 50 no more after 1.5 years. In
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Figure 7.6: Left: the CPV and MCP sensitivity for the combination of DUNE with
the 3-horn flux and T2HKK1.5°(2.0°). For reference, we also show the combination
of the two standard designs: DUNE with 2 horn beam and T2HK (green). Right:
the fraction of § parameter space for CPV (MCP) sensitivity over 5o for the same
configurations as on the left panel. The configurations assumed here are described

in Section and the true oscillation parameters are given in Table .

Fig.[7.6], we show the significance at which we can expect to exclude CP conservation
(solid) and maximal CP violation (dashed). These are expected to reach a maximal
significance of 110 and 120, respectively. The advantage of the combination is
clearer when the performance is viewed in terms of the minimal run time required
for the exclusions to be made at 50. The combination of DUNE + T2HKK expects
to have greater than 50 exclusion of CP conservation for more than 25% (50%) of
the parameter space after 2.5 (5) years of cumulative run time. For the exclusion
of maximal CP violation, longer run times are required: about 6 years ensures
the exclusion for more than 25% of values of §. For the precision on 4, shown in
Fig. [7.7, we see that the optimal combination of DUNE + T2HKK could expect a
measurement around a CP conserving value with an uncertainty of only 4.5°. This

worsens for maximally CP violating values of ¢ to around 10°.

April 5, 2018



7.4. Optimal configuration 86

25

3-horn DUNE + T2HKK1.5° ——
3-horn DUNE 4 T2HKK2.0° ——
2-horn DUNE + T2HK

0 | | |
-1 -0.5 0 0.5 1

True §/7

Figure 7.7: The 1o error on ¢ for the combination of DUNE with the 3-horn flux and
T2HKK1.5°(2.0°) shown in red (blue). For reference, we also show the combination
of the two standard designs: DUNE with 2-horn beam and T2HK with one tank
(green). The configurations assumed here are described in Section and the true

oscillation parameters are given in Table .
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Chapter 8

Littlest Seesaw

The minimal two right-handed neutrino model with normal hierarchy which can
accommodate the known data of neutrino mixing involves a Dirac mass matrix
with one texture zero and a characteristic form known as the Littlest Seesaw model
(LS) [23]. The Littlest Seesaw model may be embedded in unified models of quarks
and leptons in [105]. It leads to successful leptogenesis where the sign of baryon
asymmetry is determined by the ordering of the heavy right-handed neutrinos, and
the only seesaw phase 7 is identified as the leptogenesis phase, linking violation of
charge parity symmetry (CP) in the laboratory with that in the early universe [106].

The Littlest Seesaw model can be understood as an example of sequential dom-
inance (SD) [107] in which one right-handed neutrino provides the dominant con-
tribution to the atmospheric neutrino masgl leading to approximately maximal
atmospheric mixing, while the other right-handed neutrino gives the solar neutrino
mass and controls the solar and reactor mixing as well as the magnitude of CP
violating effects via §. SD generally leads to normal ordering and a reactor angle
which is bounded by 613 < mo/mg [20], proposed a decade before the reactor angle
was measured [1]. Precise predictions for the reactor (and solar) angles result from

applying further constraints to the Dirac mass matrix, an approach known as con-

'With the lightest neutrino massless, m; = 0, we refer to the two non-zero masses as the
solar neutrino mass and the atmospheric neutrino mass, corresponding to the square roots of
the experimentally measured solar and atmospheric neutrino mass splittings mo = \/W%1 and
ms = \/W?n respectively.
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strained sequential dominance (CSD) [108]. For example, keeping the first column
of the Dirac mass matrix proportional to (0,1,1)T, a class of CSD(n) models has

emerged [23,102,{103}/108,109] corresponding to the second column proportional to
V2 my

3 m3”

(1,n, (n—2))T, with a reactor angle approximately given by [104] 613 ~ (n—1)
The Littlest Seesaw model corresponds to n = 3 with a fixed seesaw phase n = 27/3.

In addition, it was recently realised that the alternative form of the Littlest
Seesaw model with second column (1,1,3)T and seesaw phase n = —27/3 (also
proposed in [23]) may be enforced by an Sy x U(1) symmetry, putting this version of
the Littlest Seesaw model on a firm theoretical foundation [110] in which the required
vacuum alignment emerges from symmetry as a semi-direct model [111]. In general
the Littlest Seesaw model is an example of trimaximal TM; mixing [112}/113], in
which the first column of the tri-bimaximal mixing matrix [114] is preserved, similar
to the semi-direct model of trimaximal TM; mixing that was developed in [115].
To fix the seesaw phase, one imposes a CP symmetry in the original theory which
is spontaneously broken, where, unlike [116], there is no residual CP symmetry in
either the charged lepton or neutrino sectors, but instead the phase 7 in the neutrino
mass matrix is fixed to be one of the cube roots of unity due to a Z3 family symmetry,
using the mechanism proposed in [117].

As explained in more detail later on, the Littlest Seesaw model predicts all
neutrino masses and mixing parameters in terms of two or three parameters, and it
has been shown that the model is in agreement with all existing data, for a suitable
range of its internal parameters [103]. The model makes some key predictions
about the neutrino mass spectrum, that the lightest neutrino is massless m; = 0
and that normal ordering obtains Am32, > 0, which offer a means to exclude it via
the observation of neutrinoless double beta decay, the measurement of the beta-
decay end-point, or from cosmological measurements, as well as any measurement
of NO from neutrino oscillation searches. However, it also provides a rich set of
predictions and correlations for the mixing angles and phases.

In this chapter, we firstly introduce two models studied — LSA and LSB, before
presenting the sum rules predicted by LS. Finally, we see how these models fit with
the current global-fit data.
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8.1 Littlest Seesaw models of neutrinos

Sequential dominance models of neutrinos arise from the proposal that, via the
type-I seesaw mechanism, a dominant heavy right-handed (RH) neutrino is mainly
responsible for the atmospheric neutrino mass, a heavier subdominant RH neutrino
for the solar neutrino mass, and a possible third largely decoupled RH neutrino for
the lightest neutrino mass [107]. This leads to the prediction of normal neutrino
mass ordering and, in the minimal case containing just the dominant and subdom-
inant right-handed neutrinos, the lightest neutrino must be massless. Constrained
sequential dominance (CSD) constrains these models further through the introduc-
tion of flavour symmetry, with the indirect approach used to fix the mass matrix from
vacuum alignments of flavon fields [108]. A family of such models, parameterized
by n, either integer or real using the flavour symmetry groups S, or A4 respectively,
predicts the CSD(n) mass matrix for left-handed neutrinos [23,[104]. This model is
also known as the Littlest Seesaw (LS) model since it provides a physically viable
seesaw model with the fewest number of free parameters. After integrating out the
heavy neutrinos, the resulting left-handed light effective Majorana neutrino mass

matrix?| in the charged-lepton flavour basis is given by

000 1 n (n—2)
m'=m, |0 1 1| +me”| n n?  nn-2)|, (8.1.1)
011 (n—2) n(n—2) (n—2)>

where in addition to n there are three free real parameters: two parameters with the
dimension of mass m, and m,; which are proportional to the reciprocal of the masses
of the dominant and subdominant right-handed neutrinos, and a relative phase 7.
A second version of this model has also been proposed, based on an Sy x U(1)
symmetry, where the second and third rows and columns of the mass matrix are

swapped [110]. In this paper, we discuss both these versions for the case where

2We follow the Majorana mass Lagrangian convention —%ﬁm”l/i.
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n = 3, with the two versions of the model denoted as LSA and LSB;

00 0 131

miga=ma [0 1 1| +me” |3 9 3|, (8.1.2)
01 1 131
000 11 3

migg=mq |0 1 1| +me” |1 1 3. (8.1.3)
01 1 339

Although, in the most minimal set-up, the relative phase 7 is a free parameter, it
has been shown that in some models the presence of additional Z3 symmetries can
fix the phase € to a cube root of unity [116], with n = 27/3 the preferred value for
LSA and n = —27/3 for LSB as determined by current data [103]. This restriction
gives the model greater predictivity by reducing the number of free parameters to
two, and we will give these cases special attention while also showing some results
for the case with 7 left free.

Diagonalizing the mass matrices above leads to predictions for the neutrino
masses as well as the angles and phases of the unitary PMNS matrix, Upyngs, which

describes the mixing between the three left-handed neutrinos

mq 0 0
UgMNsmVUPMNS =10 me 0 |, (8.1.4)
0 0 ms

where Uppnns has been defined in Sec. [2.2.3] All of the parameters in this decompo-
sition are therefore predicted in terms of the 2 (or 3) real parameters in Eqgs.
and (8.1.3). Due to the minimal assumption of only two right-handed neutrinos,
the lightest neutrino is massless m; = 0 and the mass-squared differences, which are
the only combinations of masses accessible to neutrino oscillation experiments, are
predicted to be Am3; = m3 and Am3, = m3. Of the remaining mixing parameters,
012, 013, 023 and ¢, are also experimentally accessible via neutrino oscillation, while
the Majorana phases 3; and (35 are not.

As will be seen in more detail in the next section, due to their similar forms,

LSA and LSB make similar predictions. However, the process of diagonalization
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reveals that the octant of 93 is reversed, along with the sign of d, while all other
parameters are unchanged. Changing the sign of 1, however, also reverses the sign
of ¢ with no other effect, and so with the sign of 7 not fixed by the model the only
physical difference between LSA and LSB is the octant of 3.

8.2 Sum rules of LS

It has already been shown that, since the first column of the LS mixing matrix
Upnmns is equal to that of the tri-bimaximal mixing matrix, L.S (both LSA and LSB
for all values of ) obeys the TM1 sum rules [104}/110]

1 1 /1—3s° 21
tan 0y = E\/l — 352, sinfy = —813, cos By =

ﬁ C13 50_13’
(8.2.5)

t 2053(1 — Hs2.
cosd = — 2 23( 13) (8.2.6)

2v/25131/1 — 352,

where s;; = siné,; and ¢;; = cos;;, and the forms in Eq. (8.2.5)) are equivalent.

For LSA with n = %” or LSB with n = —%’r, there are several additional sum
rules. A set of these additional sum rules can be derived using the fact that the
only two remaining input parameters m, and m; have dimensions of mass, so all the
mixing angles and phases must depend only on the ratio r = :Z—Z Exact expressions
for the mixing angles and Dirac phase as a function of r can be found in Appendix|[C]
along with new exact sum rules derived using these expressions. These results make
clear the difference between predictions of LSA and LSB; while #,5 and #;, remain

unchanged, cos 26,3 and cos d differ by a change of sign.

An exact expression for the Jarlskog invariant J was given as [104,|110]

24m3m3(n — 1) sinny

(8.2.7)

2 .
J = 812C12513C13523C23 sind = F 5 5 5
MM Amzs

with negative sign taken for LSA and positive for LSB. For both LSA with n = %’T,

and LSB with n = —2?“ we find the new relation

maoms = 6mgemg,. (8.2.8)
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Using this relation and inserting n = 3 into Eq. (8.2.7)) leads to the new relation for

J— _ VAmy Amg, (8.2.9)

3\/§Am§2

the Jarlskog invariant J

and hence the sum rule,

VA, Ay (8.2.10)

2 2 ’
3V/3Am3,519C12513C73523C03

sind = —

which is valid for both LSA with n = %’T and LSB with n = —%’T.

8.3 Probing LS with existing data

Existing measurements of the neutrino mixing parameters have been shown to be in
good agreement for CSD(n) for the n = 3 case [103]. The best-fit value of 7 is found

to be close to +£2¢

5> with the positive sign for LSA and the negative sign for LSB,

which has been theoretically motivated as one of the cube roots of unity required
due to an additional Z3 symmetry as part of a larger GUT model [104]. In this
section, we study both the case where 7 is fixed by symmetry and the case where it

is left as a free parameter of the theory.

8.3.1 Predictions of oscillation parameters with fixed n =
+27/3

In the n = 3 case of LSA with n = %” (or LSB with n = —%’T), all neutrino masses,
mixing angles and phases are fully determined from the two remaining parameters
mg and m;, and the three most precisely measured of these parameters, 63, Am3, and
Am3,, currently provide the strongest test of the LS model. Figure shows how
these parameters vary in the m, —m; plane, along with the regions corresponding to
the 1o and 3o ranges for these parameters from the NuFit 3.0 (2016) global fit [2],
assuming normal mass ordering and a lightest neutrino mass of m; = 0. The SD
proposal requires m, to be significantly larger than m,; and for this portion of the

parameter space the approximate proportionality relations of ms ~ my and ms ~ m,

can be seen, verifying the approximations previously derived in [104].
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Even at 1o the three allowed regions coincide at a single point, as can be seen
in Fig. 8.2 and so this benchmark point can be used to make predictions of the
remaining angles ¢, and 693 and the Dirac phase §. As described in Section [8.2|these
parameters, along with 03, depend only on the ratio r = my,/m,; this dependence,
given by the relations in Eq. , is shown in Fig.|8.3| with the 1o and 30 NuFIT
3.0 ranges and reference point at my/m, = 0.1. For o3 and 0, the predictions of
both LSA and LSB are shown. At this point it can be seen that while both 6,3 and
015 lie within their 1o ranges, 093 lies just outside its 1o range, and a prediction on

the value of the Dirac phase is made of § ~ —90°.

613 [°] ms [meV]
[ [ [

30 35 40 45 50 55 60 65

4 6 8 10 12 14 16

(c)

15 20 25 30 35 15 20 25 30 35 15 20 25 30 35
m, [meV] m, [meV] m, [meV]

Figure 8.1: Predicted values from LSA with n = 2% (or LSB with = —2F) of
oscillation parameters depending on the input parameters m, and m;. Regions
corresponding to the experimentally determined 1o (solid lines) and 30 (dashed

lines) ranges for each parameter are also shown.

Combining these results for all parameters which have been experimentally mea-
sured, displayed together in Fig. it is seen that the prediction for 65 lies just
within current bounds. However, there is tension at the 1o level for 63, due to
the allowed regions of LS parameter space requiring values close to maximal, while
current data points towards larger deviations from the maximal value. The experi-
mental measurements of 6,3 do not yet give consistent indications of its value; while
the latest results from NOvA disfavour maximal mixing at 2.50 |118], results from

T2K remain fully compatible with maximal 653 [119]. As a result, while the com-
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4.0

B 63
Am3,
H AmZ,

15 210 215 3IO 35

m, [meV]
Figure 8.2: Regions in the m,-m; plane with fixed n = 27/3 (n = —27/3) for LSA
(LSB) corresponding to the experimentally determined 1o and 3¢ ranges for 63,

2 2
Ams, and Amg;.

bined fit for fs3 is in tension with the LS models at 1o, the allowed range at 20 is

far wider, crossing both octants and the maximal value of 45°, including the values

preferred by the LS modeﬂ

8.3.2 Predictions of oscillation parameters with 1 as a free

parameter

In the versions of the LS models with 7 as an additional free parameter, the mixing
angles and phases now depend on both the ratio » = m;,/m, and 7. The masses
ms and my depend on all three input parameters; however, their ratio ms/ms (and
therefore the ratio Am3,/Am3,;) will depend only on r and 7. As previously, the
strongest contraints come from the very precise measurements of ;3 and the mass-
squared differences Am3, and Am3,. Figure shows the regions corresponding
to the 1o ranges for all the mixing angles, 6 and my/ms, where we see that all

the five regions come close to overlapping around n = +27/3 for LSA and LSB,

3For a more detailed discussion of the current status of experimental measurements of 6as,
see H
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Figure 8.3: Predicted values from LS with fixed n = 27/3 (n = —27/3) for LSA
(LSB) of the mixing angles and delta as a function of the ratio my/m,. Horizontal
bands show the experimentally determined 1o and 3¢ ranges for each parameter. A

reference point giving a good prediction for all parameters is shown at r = my,/m, =

0.1.

respectively. That two input parameters should give a good description of five
observables, within their one sigma errors, is ostensibly a remarkable achievement,
indeed perhaps better than might be expected on statistical grounds. However, due
to the very tight constraints on 7 from 63 and ms/ms, we still find some tension
with the value of 023 even when allowing n to vary. As with the case with 7 fixed,

this tension exists only at the 1o level, where close to maximal 6o3 is excluded.

8.3.3 Fitting LS models to global fit data

In order to provide a more concrete measure of the agreement between the predic-
tions of the model and existing data, as well as to make further predictions of the less
well measured parameters, we have performed a y? fit to the four cases discussed
above: LSA and LSB with n fixed and free. As a proxy for the full data sets of
previous experiments, our fits use the results of the NuFIT 3.0 global analysis [2].
We use the y? data provided by NuFIT, for the case where normal mass ordering

is assumed, combining both the 1D y? data for each mixing parameter with the 2D
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LSA i . . . . . . . LSB

4.0

1.0

16 18 20 22 24 26 28 30 32 34 16 18 20 22 24 26 28 30 32 34
Mgy [MeV] m, [meV]
912 923 1] 913 Am% 5] Am§1
Figure 8.4: Regions in the m,-m; plane with fixed n = 27/3 (n = —2x/3) for
LSA (LSB) corresponding to the experimentally determined 1o ranges for solar and
reactor mixing angles and mass-squared differences. The 63 regions shown are in

tension with other measurements, however, extending to 20 these regions become

far larger, covering the entire parameter space shown in these plots.

x? data to include correlations between parameter measurements
X%it(@) = Z X%D(ei) + Z (X%D(eiu 0;) — X%D(Hi) - X%D(ej)) g (8.3.11)
0;€0 0;#0;€0
where the first sum in this expression combines each of the 1D y? data into a first
approximation of the full 6D y? while the second sum provides corrections to this
coming from the 2D correlations between each pair of parameters.
We then apply this result first to the standard mixing case, then to the LS model

case as follows:

e For the case of standard mixing © = Opyns = {612, 013, O3, Am3,, Am3,, 0}
and we simply combine the NuFIT 3.0 results as shown above, in order to
include correlations, and use it to calculate x? (Opuns) = X3, (©) for this

case.

e For the LS model we use instead © = Opg = {m,, my,n} (or Ors = {mq4, mp}

when fitting with 7 fixed), which is then minimised over the LS parameter
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Figure 8.5: Regions in the m;/m,-n plane corresponding to the experimentally
determined 1o ranges for all mixing angles, ¢ and the ratio of neutrino masses

ma/mg for LSA (left panel) and LSB (right panel).

space using the analytic relations to calculate standard mixing parameters

from LS parameters, and hence calculate x? (Ors) = x%(©) for this case.

Our test statistic for a particular LS model is then given by:

VAX? = min [x* (Ors)] — min [x* (Opns)]- (8.3.12)

L OpMNS

The best fit LSA and LSB points for fits with 7 left free or with n fixed at 23” are
given in Table The number of degrees of freedom (d.o.f.) is either 3 or 4, which
is just the difference between the number of observables (which we take to be the
parameters in Opyng) and the number of LS parameters (namely the parameters in
Ors, which is either 3 or 2, depending on whether 7 is free or fixed). For LSA we
find a best fit with Ax? = 4.1 (3 degrees of freedom) with 7 free and Ax? = 5.6 (4
degrees of freedom) fixing n = 2?”, while for LSB we find better fits, with Ay? = 3.9

(3 degrees of freedom) and Ax? = 4.5 (4 degrees of freedom) for 7 free and n = —3¢
respectively.

Figure shows the best fit points with 1o and 30 contours of the fits in the
m, — my plane for fixed n and in the » — 7 plane for free 1. The significance at
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LSA LSB NuFIT 3.0
n free 7 fixed 1nfree 7 fixed global fit

My [meV] 27.19 2674 2695  26.75

my, [meV] 2.654  2.682 2.668  2.684 —

n [rad] 0.680r  27/3 —0.673w —27/3

012 [°] 3436 34.33 34.35  34.33 33.561077
013 [°] 8.46  8.60 8.54  8.60 8.467912
O3 [°] 45.03  45.71 44.64 4428  41.6713

5 [°] -89.9  -86.9 91.6  -93.1 —261"3]

Am2, [1075%eV?]  7.499  7.379 7447 7390 7497017
Am32, [1073eV?] 2500 2.510 2500 2512 2.524100%9

Ax?/d.of 41/3 56/4 39/3 45/4 —

Table 8.1: Results of our fit of existing data to LSA and LSB with 7 left free and for
n = % for LSA and n = —2F for LSB. The results of the NuFIT 3.0 (2016) global fit

to standard neutrino mixing are shown for the normal ordering case for comparison.

which a LS model is allowed is determined from the distribution of the Ax? test
statistic, where No has been calculated assuming the that Wilks’ theorem applies.
Note that despite LSA predicting values of 6535 which lie outside its individual 1o
range reported by NuFIT 3.0, there are still regions not excluded at 1lo. This is
due to the high predictivity of the model; by predicting many parameters from
few input parameters there is a greater chance that one of these may lie outside
its experimentally determined range. Statistically, this comes from the increased
number of degrees of freedom of the y2-distribution which approximates our test
statistic Ay

Our fit can also be used to identify the regions of standard neutrino mixing
parameter space predicted by LS, once existing data has been taken into account.
This corresponds to mapping the regions of LS input parameter space allowed by
our fit onto the standard mixing parameter space. Figure shows the predictions

of LS (for the fixed n case) in the planes made from each pair of mixing angles and 4.
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Since these values all depend only on the single parameter r, the predictions of LS
form lines of allowed solutions in each plane, corresponding to sum-rules between
the oscillation parameters. For example, Fig. [8.7al corresponds to the TM1 sum
rule in Eq. , while Figs. to correspond to those in Eq. or to
combinations of these sum rules. It can be seen that very strong restrictions are
placed on the allowed values of the less well measured parameters, 615, 023 and 9.
For the remaining angle, 6,3, around two thirds of the NuFIT 3.0 range remains
viable in LS.

Figure [8.8] shows the allowed regions of parameter space for pairs of variables
including the mass-squared differences. In these plots, as the mass-squared differ-
ences can depend on both m, and m,; independently, we see regions of allowed values
instead of lines. For each of these planes, any point will fully determine both input
parameters m, and m;, and so these contours correspond exactly to the equivalent

regions shown in Fig. 8.6l In addition to the tight constraints on 63, o3 and §

already mentioned, in Figs. 8.8b and [8.8¢| it can be seen that the allowed range

of 0,3 is correlated with that of both Am2; and Am3,, suggesting that combining
future measurements of these parameters could provide a better probe of LS than
the individual parameter measurements alone. The ability of future experiment to
exclude the model then depends on both the predictions of the model seen here,
combined with the sensitivity of experiments to measurements of the parameters in

the region of interest predicted by LS, which is the focus of the next chapter.
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Figure 8.6: Results of the fits to LS of the NuFIT 3.0 (2016) global neutrino oscil-
lation data. Left: LS fit with fixed n = 27/3 (n = —27/3) for LSA (LSB). Right:

LS fit with 7 as a free parameter.
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Figure 8.7: Allowed values for LSA (red) and LSB (blue) with n = 27/3 and n =

—2m /3 respectively, showing all possible values (dotted) and the lo range (solid).
These lines of allowed solutions correspond to the sum rules in Egs. and
(C.0.6)), or combinations thereof. Also shown are the 1o (solid) and 3¢ (dashed)
regions from the NuFIT 3.0 2016 global fit (grey).
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Figure 8.8: Allowed 1o (solid) and 30 (dashed) regions for LSA (red) and LSB (blue)

with n = 27/3 and n = —2n/3 respectively. Also shown are the current allowed
regions from the NuFIT 3.0 2016 global fit (grey).
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Chapter 9

Littlest Seesaw in future

experiments

In order to understand the potential for future experiments to exclude the LS models,
we have performed simulations of a combination of accelerator and reactor experi-
ments, modelling the experimental data expected over the next two decades. In all
our simulations we assume that the mass ordering is known to be normal ordering,
as this is a requirement of the LS models; a measurement of inverted ordering would
immediately exclude the models.

Our combination of experiments include detailed simulations of the T2HK and
DUNE long-baseline accelerator experiments, which aim to provide precision mea-
surements of Am3;, fa3 and 4, together with basic constraints on 613 from the Daya
Bay short baseline reactor experiment and on 615 and Am3; from the JUNO and
RENO-50 medium baseline reactor experiments. The studied experiments have been
introduced in Chp. [3] We have used complete simulations of the latest designs for
both DUNE and T2HK where we have assumed both experiments run for 10 years.

9.1 Statistical Method

To determine the statistical significance with which the LS model could be excluded
based on simulated data, we perform a minimum-y? fit to both standard three

neutrino mixing and to the LS model. As in section [8.3.3] for the case of standard
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mixing we use © = Opyns = {012, 013, 023, Am3,, Am3,, 0}, while for LS we use
O = Ors = {ma, mp,n} (or Ors = {my, mp} when fitting with 7 fixed). Our test

statistic for the significance to exclude the LS model is then given by

VAX = /min[x* (O1s)] - min_ [x* (Opaivs)] (9.1.1)

OPMNS

The significance at which LS is excluded is then determined from the distribution of
the Ay? test statistic; where we give sensitivities in terms of No, this quantity has
been calculated assuming the that Wilks’ theorem applies. Wilks’ theorem states
that when comparing nested models, the Ay? test statistic is a random variable
asymptotically distributed according to the y2-distribution with the number of de-
grees of freedom equal to the difference in number of free parameters in the models.
In this case we treat the LS models, with two or three free parameters, as sub-models
of standard neutrino mixing with six free parameters, leading to a y2-distribution
with 4 degrees of freedom when 7 is kept fixed or 3 degrees of freedom when 7 is
left as a free parameter. We have verified via Monte-Carlo simulations that the
distribution of our Ax? test statistic is well approximated by these distributions.
In applying the above formula, the x?(©) is minimised over the parameters © in

our fits and is built from three parts;
X*(©) = xip(©) + x&(©) + P(0), (9.1.2)

with x{5(0) for the full simulations of the long-baseline experiments DUNE and
T2HK, for which more details are given in App.[A.3] And y%(©) for the constraints
from reactor experiments Daya Bay and JUNO, and P(0) for a prior intended to
include information from the results of existing experimental measurements.
For the reactor experiments we simply assume independent Gaussian measure-
ments such that
(Sin2 6,5 — sin? 9_13)2 (sin2 6,5 — sin® 9_12)2 (Am%1 - W%J 2

2
0313 0312 02Am§1

where 013, 612 and Amj; are the true parameter values and 0,5, 0p,, and 0,3, the

corresponding experimental measurement uncertainties.
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The prior P(0©) provides information from existing experimental measurements
and is calculated using the results of the NuFIT 3.0 global fit in the same way as
our fit in Section [8.3.3] so that P(©) = y%,(0) as defined in Eq. (8.3.11)).

In all our simulations, the true parameters are taken to be the best-fit values

from the appropriate LS fit results given in Table 8.1} except where stated otherwise.

9.2 Results

The sensitivity to exclude either version of the LS model is shown as a function of
the true value of each parameter in Fig. for true values, with the range selected
along the horizontal axes to be that given by the currently allowed at 3o by the
latest NuFIT 3.0 global fit. In each case, the parameters not shown are assumed to
take their best-fit values from the fit to LS described in Section [8.3.3

From the upper panels in Fig.|9.1] we see that 6,5, 623 and 0 provide the strongest
tests of the model, with there only being a relatively small portion of the presently
allowed true parameter space where the model would not be excluded. This is due
to the strong predictions of these parameters by the LS models, as discussed in
Section [8:3.1] Note that these parameters are those that will be measured most
precisely by the three next-generation experiments used in our simulations, JUNO,
DUNE and T2HK. For these three parameters, the effect of allowing n to vary
does not much change the sensitivity, other than the additional solution (currently
disfavoured by experiment) with § = +90° which occurs when changing the sign of
7. For 015 in particular there is no effect of allowing 7 to vary. This is due to the sum
rule in Eq. which relates 615 with 6,3 independently from the value of n; the
precise measurement of ¢35 then fixes the value of 615 to a narrow range such that
a measurement of #15 outside of this would exclude the LS model regardless of the
LS parameter values. Similarly the precise measurements of 613, Am3, and Am3,
strongly constrain the magnitude (but not sign) of 1, so that the LS allowed regions
of the other variables are not significantly changed when 7 is allowed to vary, with
the noted exception that changing the sign of n allows the sign of  to also change.

From the lower panels in Fig. [9.1, we see that the sensitivity to exclude LS
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from measurements of 613, Am3; or Am3; is much less than for the other three
parameters and the sensitivity is also significantly reduced when allowing 7 to vary.
By the converse argument to that used above, this is due to these three parameter
measurements driving the fit to m, and my, (and 1), and so a measurement of these
parameters will tend to move the fitted LS parameter values rather than exclude the
model, particularly when fitting the extra free parameter . However, a particularly
small measurement of 63 or particularly large measurement of Am3,, relative to
their current allowed range of values, may still exclude the fixed n version of the
models.

The results shown in Fig. [9.1] show only the dependence of the significance to
exclude LS on the true value of each variable individually. However, the sensitivity
will generally have a strong dependence on the true values of the other parameters.
The significance to exclude the LS models depending on the true values of each pair
of variables, for the cases where 7 is kept fixed, is shown in Figures and for
LSA and in Figs. [0.3] and [9.5] for LSB.

Each panel of Figs. and includes two dimensionless variables (i.e. angle
or phase) which both depend only on the ratio of LS input parameters r = my,/m,,
and so, in a LS model, a measurement of any one of these parameters corresponds
to a measurement of r = m;/m, (see Fig. . Combining two of these parameter
measurement therefore give two measurements of r = my/m,, with any conflict
between them providing strong evidence to exclude the model. For this reason the
significance to exclude the models is close to being simply the combined significance
from individual measurements implied by Fig. (9.1}

By contrast, each panel of Figures [0.4] and shows the results for the pairs of
variables including at least one dimensionful mass-squared difference. Here we can

see in Figs. [9.4b] [9.4¢| and [0.4i] for LSA, and in Figs. [0.5b], [0.5¢| and [9.51 for LSB,

there is a strong correlation between the measurements of 613, Am3, and Am3,. This
shows clearly that, although individual measurements of these parameters cannot
exclude a LS model (since the parameters of the LS model could be adjusted to ac-
commodate any of them individually) a combined measurement of two of them could

serve to exclude the model. This is the reason for presenting these combined sensi-
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tivity plots. Of the three parameters for which such combined measurements provide
the strongest test of the model, each pair includes measurements from different ex-
periments, with 63 coming mainly from the short-baseline reactor measurement
such as Daya Bay, Am3, from the medium-baseline reactor measurement such as
JUNO, and Am3; from the long-baseline accelerator measurement such as DUNE
and T2HK. This demonstrates a strong synergy between all these experiments in

attempts to exclude the LS models.
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Figure 9.1: The predicted sensitivity of future experiments to excluding LSA (red)

and LSB (blue), shown as a function of the true value of each parameter. Solid

curves correspond to the case with 7 fixed at n = %’T for LSA or n =

2w

3 for

LSB, while dashed curves correspond to the case with n left free. The ranges of

true parameters shown in the plots corresponds to the current three sigma allowed

NuFIT 3.0 regions.
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Figure 9.2: The predicted sensitivity of future experiments to excluding LSA, with
n fixed at n = %’T, shown as a function of each pair of true parameters. The ranges of
true parameters shown in the plots corresponds to the current three sigma allowed

NuFIT 3.0 regions.
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true parameters shown in the plots corresponds to the current three sigma allowed

NuFIT 3.0 regions.
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Figure 9.5: The predicted sensitivity of future experiments to excluding LSB, with n
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Chapter 10

Nonstandard Interactions (INSIs)
in Matter

Nonstandard interactions (NSIs) are the four-fermion interactions involving neutri-
nos that cannot be explained by the standard model (SM) [31]. NSIs can occur
at the source, detector of neutrinos and in matter during the propagation, and are
therefore taken as NSIs at the source and detector and in matter respectively. We
have not yet discovered hints for NSIs at the source and the detector with high
precision [31}36]. However, the weaker bounds for parameters on matter effect NSIs
are found in the current global fit results [39].

NSIs in matter are customarily described by a 3 x 3 Hermitian matrix e™ added

to an effective Hamiltonian H in the flavour basis,

0 0 0 Lel e en
1
H = ﬁ Ulo Am%l 0 UJr + A Ezﬂe E;n;u 6217_ , (1001)
0 0 Am%l 62; eglu 62}’_

where ey = €, and A = 2v/2G N, E is the usual matter effect with N, the electron
number density in the Earth and E the neutrino beam energy. Because of the fact
that we cannot distinguish which particles (electrons, protons, or neutrons) in the

Earth participate in NSIs by observing oscillation probabilities, we obtain

Nuwp N
oy = Lp |ens T cos + Fdei’; , (10.0.2)

with NV, (Ng) is the number density of u (d) quarks in the Earth.
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On the other hand, NSIs at source and detector are expressed as 3 x 3 complex

d

matrices €, €%, respectively, contributing to superpositions of flavour states,

o = (e + S esl)) il = o (sl + S elatal), (1003)
: : -

d
B

where n}, = \/Zﬁ |0ap + €542, 1% = \/Za 0ap + €557 (for a # B # v # a) are
normalisation factors. Replacing A with —A and €™ with e™4*, we obtain those
for antineutrinos.

Under the symmetry of SU(2), in principle the tight constraint from SM charge
leptons propagates to NSIs. This is true while we only consider dimension-6 opera-
tors for new interactions. In this chapter, we argue the allowance of sizeable NSIs
in matter, without breaking any symmetry of the SM. After this chapter, we will
not specify the super-script ™ on €, to denote the NSIs taking place in matter,
but simply use €,5. In the first section of this chapter, we adopt the approach of
effective field theory, obtaining the operators of the dimension < 8 for NSIs. We
will see that in the framework of EFT, after the breaking of electroweak symmetry,
NSIs in matter can be independent of the constrain from the charged lepton sector
and NSIs at the source and the detector. In the next section, we review the current

global-fit results for matter-effect NSIs.

10.1 NSIs in the EFT approach

In this work, we assume that NSIs arise from effective higher-dimensional operators

and these operators satisfy the following conditions.

e Lorentz invariance and the SM gauge symmetry SU(2)y, x U(1)y are required

around and above the electroweak scale.

e Since neutrino oscillation experiments cannot test lepton-number-violating
(LNV) or baryon-number-violating (BNV) processes, we require lepton and

baryon number conservation in the effective operator 1}

!This does not mean that the lepton number or baryon number cannot be broken in the UV-
complete scale, as will be discussed in Sec. W
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e We will only focus on operators involving four fermions. The simplest opera-
tors have the dimension d = 6, and the operators with d > 6 are formed by 4

fermions and d — 6 Higgf?l The SM fermion contents are denoted as

Eg = (er, ur, )", Ur = (ur,cr,tr)", Dr = (dr, sr,br)",

L= (Ly, Ly, L3)", Q= (Q1,Q2,Q3)", (10.1.4)

where Ly = (Ver,er), Lo = (v, pn), Ls = (v, 1), Q1 = (u,dy), Q2 =
(cL,s1), Qs = (tr, br).

e In processes of neutrino production and detection, at least one L must be
involved in the relevant operators, while in the neutrino propagation, at least

two Ls must be involved in the relevant operators.

e Furthermore, we will impose one more requirement: we only consider NSIs
which avoid the strong constraints from 4-charged-fermion interactions, e.g.,
rare lepton-flavour-violating decays of leptons and hadrons. Since left-handed
charged leptons and neutrinos belong to the same electroweak doublet in the
SM, any NSI effects from higher-dimensional operators are related to an inter-
action involving at least one charged lepton. Once all final and initial states
of the latter interaction are electrically charged fermions, i.e., charged lep-
tons and quarks, the operator and the relevant NSI parameters should have
been strongly constrained by these “visible” processes. For example, the
operator (Lyur)(Qrur) = (Terpr)(drur) — (epur)(Urugr) and its conjugate
can lead to NSI processes 77 — u'v, and v, + (A, Z) — u= + (A, Z + 1)
over the standard neutrino production process 7t — pty, and detection
process v, + (A, Z) — p~ + (A, Z + 1), respectively, where (A, 7) is a nu-
cleus with atomic mass number A and proton number Z. But this operator
also results in the rare decay 7° — p*e™, which gives strong constraints to

the coefficient of (Liur)(Qiur). Another example is that the non-standard

2Qperators modifying neutrino kinetic terms may also contribute to the NSIs through the
non-diagonal Z mediation. These effects are small, < 1073, from the constraints of the PMNS

non-unitarity [38}[120], and will not be our case here.
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v, + (e,u,d) = v, + (e,u,d) propagation in matter may be constrained by
u+ (e,u,d) — e+ (e,u,d) in the p-e conversion measurement. In order to
find possible sizeable NSIs, we should not focus on interactions which have the

correspondence with “visible” processes.

The following classes of operators and their conjugates are allowed by the first

four requirements,
LERDrQ, LERQUy, LLFF with F = L, Fr,Q,Ug, Dg (10.1.5)
for d = 6 and

LLDRURHH*, TERURQHH, TERQDrHH, LERLERHH,
LERDRQH*H, TERQURH*H, LLFFH"H (10.1.6)

for d = 8. Here we have not written out the necessary I' matrices, gauge in-
dices and flavour indices. The lepton and baryon number conservations forbid
any dimension-7 operators involving 4 fermions. After the Higgs gets the VEV
(H) = (0,1)T(2v/2Gr) /2, these operators are classified into two types, those pre-
serving electroweak symmetry and those not. Taking the last requirement into

account, we extract the following operators:

e The first class are

gacgbd(LaafyuLbB) (LcwfyuLdé) )
5ac5bd(L_aa’YuLbﬁ)(L_c'yfyuLdé)HTH, (1017)

where o, 3,7,0 = 1,2, 3 are flavour indices, a,b,c,d = 1,2 are SU(2)r, doublet
indices, and non-vanishing entries of ., are given by €19 = —e9; = 1. Specifi-
cally, we denote the flavour indices in the lepton sector as (1,2,3) = (e, u, 7).

Using the relation €464 = 0up0cd — 0eadpe and the Fierz identity, we ex-

pand the first term of the above equation and obtain (Lea*Lag)(LeyYuLes) —

(LaafyﬂLa(;) (Lcyf)/y,Lcﬁ% i.e.,

(Tar. ¥ var) (EqivuEst) + (7" vs) (B Esr)

~(Vary"vsr) (Eyuyu Esr) — (7507 ver) (Banyu B, (10.1.8)
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which we denote as O} 5. Note that Ols. 5 = —Olg.s = —Os.5 = Olsop
is satisfied. This term can lead to NSIs of neutrino interacting with the elec-
tron v,e — vge during the neutrino propagation, but have no influence on
4-charged-lepton interactions such as the scattering pue — ee or the rare decay
it — eee, and thus are not directly constrained by the latter. The second term
in Eq. gives no more information than Oéﬁw, which is not necessary

to be considered separately.

e The second class of operators are:

(LaHA"H'Ly) (UsnyuUsw), (Lo HY"H'Lg)(DyrvuDsw), (LoHA"H' L) (Eyr,Eon),
(LaHy"H'Lg)(Qy7,Q5), (LaHy"H'Lg)(Lyy,Ls).
(Lo HA" Log) Qo1 HQs), €ve(LaHA"Lis)(QyHY,Qes),
(Lo Hy"H' Lg) (D g, Usw), (LaHo™ Egr)(QyHo Usr),

(Lo HEsR)(DyrH'Q5), (LoHEsr)(Q,HUsg). (10.1.9)

After the Higgs gets the VEV, the above operators are effectively reduced to

11 4-fermi interactions,

(Zary"veL) (UsryuUsw), (Zary*vsr) (DyrvuDsw), (Vary"ve) (ByryuEsw),
(Tary*vse) (UL yuUst + Dyiyu Do), (Zary*ver) (Truvet + By Est),
(Tary"vsL) (UsvuUse) + (Zary* Esr ) (D7, Ust),
(Tary"vs1) (D13 Do) — (Tar" Es) (D17, Us),
(Zarr" Ep) (DoruUsr), (Zaro™ Egr) (D10, Usk),

(Zar Bsr)(DorUse), (Zar Egr)(DrLUsw). (10.1.10)

In the above operators, the first 5 terms, denoted by Oi’;’;‘?ﬁ, respectively,

contribute to NSIs in matter during neutrino propagation. The next 2 terms,
denoted by O;’Sﬁ/ 5, contribute to both NSIs at the neutrino source and detector,
and NSIs for neutrino mediation in matter, and correlate them together. And
the final 4 terms, denoted by (’)ggg;l 12 , respectively, contribute to NSIs at the

source and the detector.
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Label Before EW breaking After EW breaking observation|
(Tar " ver) (Eyi 7 Bor)
o €acEbd(Laa V" Lug) (LeyYuLas), ey veL) (EaLyuEsL) \
€acevd(LaaV" Log) (LeyyuLas) HTH —(Tary"vsL) (B E)
—~(7"vpL) (BarvuEs)
O | (LaH~"H' L) (U, Usr) (Tar " veL) (Usr 7 Usr) M
03 (Lo Hy"H' Lg)(Dyr7,Dsr) (Zar"vL) (DorYuDsr) M
o* (LaHy"H'Lg)(EyRvu Esr) (Tar"vsL) (Eyr Y Esr) M
o’ (LaHY"H'Ly)(Q7,Qs) | (ary"vpr) (UsiyuUst + DoyryuDi) M
0° (Lo H~A"H' Lg)(Lyy,Ls) (TarLy"vsL) (T yuvsn, + By Bst) M
O | (Tall L) @ T1Q) et SALD
+(Zar" Esv) (DyLyuUse)
O | oo Tl L) (Qr H,Qos) Py ) (P2, Do) SM,D
—(Tat* Epr) (D1, Us)
0% | eye(LaHY" Lig)(QrHY,Qus) (Zar " EpL) (Dyr Y, Usr) S.D
OV | (LoHo™ Esr)(QyHo,,Usg) (Tano" Egr) (D10, Usr) S,D
o (LoH Egr) (Dy H'Qs) (Zar.Esr) (D, Us1) S.D
o (LaH Egr)(QyHUsr) (Zar.Esr)(DrUsr) S,.D

Table 10.1: Higher-dimensional operators (d < 8) which may contribute to NSIs in
neutrino oscillation experiments. S, M, and D represent NSIs at a source, in matter

and at a detector, respectively.

The effective Lagrangian describing neutrino NSIs for neutrino propagation in

matter, produced at the source and measured at the detector can be expressed as

£N31—2\/_GFZ P 30600505 + ., (10.1.11)

where two same flavour indices should be summed. Operators in Eqgs. ((10.1.8]) and
(10.1.10) form a full list of NSI operators from d < 8 operators before electroweak
symmetry breaking. We have checked that all the other NSIs from d < 8 operators

can be represented as a linear combination of these Oaﬁvé Matching with the
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effective NSI matrix €™ in Eq. (10.0.1)), we obtain

N, N,
€ap = €ap T (2 + F)GZ,B + (1 + 2F>6i5 (10.1.12)

with /N, the neutron number density and

1 4 6
€a8 = Capi1 T Capr1 T Capins
2 5 7
€ag = Captn T Capr1 T Capins
d 3 5 8
€ap = Capil T Capi1 T Capin - (10.1.13)

Here in the leptonic flavour space, we have identified the generation indices «, § =

1,2,3 with the leptonic flavour indices e, u, 7. For Oéﬁw, it is easy to confirm

1
ael

Chgys = —Chgas = Casypr and thus cly)) and ¢p.q; always vanish. In other words,
O} 4,5 will not contribute to the first column and first row in ¢™. The relation
between the NSI parameters at the source and the detector €, egﬁ and the higher-

dimensional operators is given by
12 12
). d PR d,
€= NP, eg=> NP, (10.1.14)
p=T7 p=T

where NP and N9 are order-one coefficients, related to the number densities of
electron and neutron. In this work, as we focus on matter-effect NSIs, textures of
NSIs in the neutrino production and detection based on the the flavour symmetry

and residual symmetries will not be shown in the main text but in the appendix.

10.2 Current Status of NSIs

Current global fit [39] for conventional parameters includes solar, reactor, atmo-
spheric, and LBL neutrino data. The authors point out that they focus on the
results for matter-effect NSI constraint; while the NSI effects during the production
and detection need included for fitting, they do not fit for NSI with electrons. With
the assumption of real off-diagonal NSI terms, the current global fit to standard NSI
parameters €, 5, which is for matter-effect NSI with u and d quarks, gives the bounds
at 90% C.L. in Tab. [13.2] Found are two solutions— Large-mixing-angle (LMA) and

Large-mixing-angle-dark (LMA-dark) solutions. LMA solution is the solution that
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is compatible with the SM prediction. LM A-dark solution contains a nonzero NSI
parameter €4% ~ 1 with Am3, — —Am3; A 012 — 015 + 7/2. In this chapter and
the next chapter, we will only consider the LMA solution.

We estimate the combination of matter NSI effects with electrons, and wu, d
quarks in earth, by simply timing a factor 3. In Tab. [10.3] we use the results for
€ap: as the results for eiﬁ are similar. We find wider spaces for ee, ey, and er
components. For €., the precision at 90% C.L. is of the level about 75% of weak
interactions, while those are about ~ 20% and ~ 40% for ey and er components
respectively. A few percentage is also seen for the other two parameters.

Following with the previous section, we conclude that while matter effect NSIs
can be disentangled from the limits for NSIs at the source and detector of neutrinos
and for the charge lepton sector by including dimension-8 operators, the sizeable
matter effect NSIs are allowed by current global fit results. This expects the detec-
tion of matter NSI effects for DUNE. In the next section, we will discuss how matter
NSI effects can affect to the probabilities, the precision on €,; and the exclusion level

to the SM prediction for DUNE.
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best fit LMA LMA@LMA-Dark
ey =el —e, | 0.298 [0,0.51] [—1.19, —0.81]
¢l =t —¢u, | 0.001 | [-0.01,0.03] [—0.03,0.03]
e, —0.021 | [-0.09, 0.04] [—0.09,0.1]
v 0.021 | [~0.14,0.14] [—0.15,0.14]
€ —0.001 | [-0.01,0.01] [~0.01,0.01]
ed,=el —el, | 031 [0.02,0.51] [—1.17, —1.03]
e =l —¢el | 0.001 |[-0.01,0.03] [—0.01,0.03]
e, —0.023 | [~0.09, 0.04] [—0.09,0.08]
ed 0.023 | [-0.13,0.14] [—0.13,0.14]
el —0.001 | [—0.01,0.01] [—0.01,0.01]

Table 10.2:

Current global fit results [39] for e

u,d
af

The first second column gives

the best-fit value, while the third and the fourth ones show the bounds at 90% C.L..
In these results, the authors assume off-diagonal elements €, are real, and only

consider matter effect NSIs.

best fit LMA LMA@PLMA-Dark
an=en—em | 0894 | [0,153] [~3.57, —2.43]
e =em —en | 0.003 | [~0.03,0.09] |  [~0.09,0.03
en ~0.063 | [~0.27,0.12] (~0.27,0.3]
em 0.063 | [-0.42,0.42] |  [-0.45,0.42]
em ~0.003 | [~0.03,0.03] | [~0.03,0.09]

Table 10.3: Current global fit results for €5, by using the result for €5 Ref. [39].
The first second column gives the best-fit value, while the third and the fourth ones
show the bounds at 90% C.L.. In these results, the authors assume off-diagonal

elements €, are real, and only consider matter effect NSIs.
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Chapter 11

Matter effect NSIs in DUNE

Sizeable NSI in matter are thought to be detectable or measurable in DUNE. That
is greatly because of sizeable matter effects, in addition to the benefit of the con-
trollable systematics and its high statistics. The reason why T2HK is not focused
for measuring NSI effects in matter is as we see in Ch. [3|its shorter baseline and the
lower neutrino energy lead matter effects negligible. The phenomenology of matter
NSI effects has been well developed. We present our approximation equations for
the neutrino oscillation probabilities with nonzero €y in App. g From these ap-
proximation equations, we know which NSI effect is dominating the whole impact
on the oscillation proability by comparing the size of their coefficients. We find
that €., €. (€,-) are (is) the most influential to (dis)appearance channel for DUNE
experiment. From this chapter we explore the physics chance for DUNE to reach
beyond the standard oscillation in neutrino oscillations. In this chapter, we are in-
terested in the exclusion level for DUNE to the SM prediction — no NSI occurs.
This refers to the signal beyond the SM. It is worthy to point that an analogy of
the relation between this quantity to the precision of matter-effect NSI parameter is
that of CPV or MCP sensitivity to Ad. We firstly numerically demonstrate impact
of matter NSIs for DUNE — the difference of the probabilities between with and
without matter NSIs. In the following section, we review the current studies on the
precision of NSI matter effects measuring for DUNE. In the final section, we extend

our discussion to ask how DUNE can exclude the SM prediction — no NSIs occur.
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11.1. Probabilities at DUNE 123

11.1 Probabilities at DUNE

We define v oscillation probabilities with matter NSI effects €™ = £™ for the v, — v3

channel in the way,

Pxst(Va = Vg)|em—e = Prst(Va — Vg)|em—0 + 0 Pxsi(Va — V3)|em—¢, (11.1.1)

where Pysi(Va — Vg)|em—o is the probability for the standard oscillation, and § Pxsp(ve —
vg)|em—gm is the difference between the probabilities with €™ = ¢ and without any

NSI effects.[] In the other word, 6 Pxsi(Va — vp)

em—gm is the collection of the whole
influence of all matter NSI effects on the probability v, — 3. In the following, we
study the effect of each element of €™ on the probability through this difference.
Therefore, the subscript in the follow is ey = £, instead of €™ = &™, in order

to denote which element is studied. How 6 Pxsi(va(Pa) — v5(7))|em,~0.05 behaves

in energy for DUNE are shown in Figs. [11.1] and [11.2] For each line, we set one

of NSI parameters to be 0.05, and also compare 6 Pys; with the 2-horn optimised
fluxes of DUNE, which roughly emphasis (anti)neutrino energy around 2 — 3 GeV.
In these figures, the normal mass ordering, 6 = 270°, and ¢,z = 0 are assumed.
We find that for the disappearance (appearance) channel, the largest value of § Pysr
is (are) for non-zero €,, (&, and e.;). Among these elements, €., causing the maxi-

Y

mum 0 Pxst(Vu(Pu) = Vu(P)le,,—0.0s S 0.03 at some (anti)neutrino energies, is most

influential, while for €., and €., 6 Pxsi(v, (7)) — ve(Te)) 5 can reach 0.01

Ceuler) =0.0

(0.005) for the (anti)neutrino model. These elements are expected to be easier to
be detected or measured; this implies that these off-diagonal elements are easier
~0.05 ~ —0P|

to be detected. It is interesting point out that JP| —o.05 for these

€ep €er

four channels, which implies the correlation between these two parameters; how-
ever, though it is not shown here, this correlation is vanished for § = 0. Further,
there is a wide window in the higher energy > 4 GeV to optimise the sensitivity for

flavour-transition NSI effects in matter.

IThe same definition applies to the antineutrino mode.
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Figure 11.1: The difference of probabilities in the energy between with and without
NSI effects for the neutrino (upper) and antineutrino (lower) modes in the disap-
pearance channel, assumed normal mass ordering, 6 = 270°, and ¢,.3 = 0. For each
line, only one of NSI parameters is set to be 0.05, while the other are null. The grey
shadow refers to the v (7) model of the 2-horn optimised flux of DUNE in the left

(right) panel.

11.2 The Precision of DUNE on Matter Effect
NSIs

The precision on the measurement of €f; is widely studied for DUNE. These works
can be taken as answering if there is no detectable matter NSI effects, how many
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Figure 11.2: The difference of probabilities in the energy between with and without
NSI effects for the neutrino (upper) and antineutrino (lower) modes in the appear-
ance channel, assumed normal mass ordering, § = 270°, and ¢, = 0. For each
line, only one of NSI parameters is set to be 0.05, while the other are null. The grey

shadow refers to the v (7) model of the 2-horn optimised flux of DUNE in the left

(right) panel.

models can be excluded. This is interesting as including the effects of €, in neutrino
oscillations is equilibrium we enlarge the number of parameters and may open new
correlations. Of course, the performance of DUNE does not only depend on the ex-
perimental design, but also the impact of parameters on the oscillation probabilities.

In this section, we will review the current works on this issue.
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In Ref. [121], the author performs the precision on €y, and the exclusion contour
for any two of parameters. We take the results and show in Fig. [I1.3] Although
the author does not extract €, from all three diagonal elements like we do in this
thesis, the ee and pp components in Ref. [121] share the same properties to ee
and 77 in parameterization used in this thesis respectively. In this paragraph, we
summarise the conclusions in the parameterization used in Ref. [121]. As mentioned
by the author, we see two important degeneracies between two NSI parameters: the
first one is observed in the projection on uu elements; the other one is seen on the
e —€.. plane. These correlations have been also seen in Ref. [122]. In addition,
two more correlations are seen between or among the standard oscillation and NSI
parameters. The first is between €,, and 63 shown in Fig. 3 in Ref. [121], while
the other one is among the CP phase 9, €. and €, in Figs. 4 and 5. Although
lots of correlation have been seen, the author also points out that the LMA-dark
solution can be excluded by DUNE. Finally, the author emphasises the precision on
off-diagonal NSI parameters at the level of O(0.05 — 0.5).

In addition, the impacts on oscillation probabilities of all possible NSI effects—
at the source and the detector, and in matter, have been studied in Ref. [123]. From
their results, we find that with the previous results as priors, the influence of NSI
effects at the source and detector are smaller on that in matter, except for €2, for

pes
which the difference is by ~ 50%.

11.3 NSI signal sensitivity

We study the NSI sensitivity Ax%¢; — how much an experiment can exclude the
standard model prediction (the matrix €™ = 0). In other words, this definition
implies the statistics significance of finding any matter effect NSIs which cannot be

described by the standard model.

JIQ\ISI = AX12\ISI = {@r;lhidils} {X2|All €ap=0 — X%,f,} ) (11.3.2)

where mingg,, s} {X° (All €43 = 0)} is the minimum value of x* value for the SM

prediction over all oscillation parameters Opyins, and xi ; is the x? value for the best
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Figure 11.3: Taken from Ref. [121], the precision and correlations of measurement

of the parameters for NSIs in matter.

fit. In this chapter, x? ; = 0. We let all mixing angles and mass square splittings vary
with Gaussian priors, which are adopting the current version of global fit results,
and provides the precision of a-few-percentage level. ¢ is free to vary. However,
we fix the matter density at the true value, as its uncertainty does not have any
significant influence to the results.

Finally, we are interested in the statistical significance \/Ax3¢; < 3 (1) for
off-diagonal (diagonal) elements. Therefore, for the flavour-changing elements, we

ers(onsi=A4)

define the width de,p(A0) = ;‘;‘3 (UNSI:A), where e:é_)(aNSI = A) is the

positive (negative) value of €,5 at ong1 = A.
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Results

Fig. demonstrates the NSI signal sensitivity for DUNE, varying one true value of
€ap Within [—0.1, 0.1], with 0 = 270° and ¢,.3 = 0; we show for both mass orderings
— the normal (solid) and inverted (dashed) mass orderings. Obviously, DUNE has
the higher sensitivity to detect the flavour-transition NSI effects in matter. The
sensitivity at 30 can be reached around for €., ~ 0.05 and €., ~ 0.05; moreover,
for €,, it can achieve this significance easier around €,, ~ 0.03. When diagonal
element are at +0.1, the ongr are 0.6 (1) and 1.6 (1.7) for ee and 77 components for
normal (inverted) mass ordering, respectively. This result implies that DUNE has
a better sensitivity to flavour-transition NSI effects. In [122], the authors study the
same quantities for three special cases, in different scenarios, and demonstrate their
results in Tab. II in their paper. By our simulation with the same prior for oscillation
parameters, we find the same rank of the exclusion level among these three cases as
theirs with the ~ 20 difference, which is because that in our simulation the detector
is set heavier and the flux, which is more peaky at the first maximum than that in
their work, leads more events.

We have not seen any interesting correlations between two elements of €™, except
for ey and er components Fig. [I1.5] This correlation depends on the value of §.
The Fig. shows the contour of 3o significance on €., and €., plane, for 6 = 270°
and 0 = 0. We see the correlation along with €., = €., for the CP-viloation case,
but this correlation does not appear for § = 0. The correlation can be explained by
the conclusion §P(e., = 0.05) ~ —0P(e., = 0.05) for Figs. and which is
not seen for ¢ = 0. This implies that with § = 270° for increasing values of €., and
€.r simultaneously, the sensitivity climb slower than the case that one increases but
the other decreases.

We study the variation of NSI signal sensitivities against the phase of off-diagonal
element ¢, in Fig. . We find the periodic behaviour for all three elements with
the frequency of 1/7. Changing the value of § shifts the peaks in ¢,p for de.,(30)
and 5687(30).E| However, the location of peaks of de,,(30) is independent of 4. The

2The peaks also depend on the value a3, Am3,. Because these two parameters are measured
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Figure 11.4: This figure shows the square root of the NSI signal sensitivity ong for
DUNE with varying every €,s within [—0.1, 0.1].

variation of de,.(30) is the larger than the other two, and is between ~ 0.03 (at
¢ur = £0.5m) and 0.2 (at ¢, = 0 and £x). The smallest one is de.,(30); dec.(30)
is peaking around 0.1 for ¢, ~ —0.47 and ~ 0.67, while between these two peaks, it
sits at the bottom de.,(30) ~ 0.04. Finally, de.,(30) climbs from the value, slightly
above 0.04 at ¢., = —0.27 and 0.87, to the height ~ 0.2 where ¢., ~ £0.57.

Fig. we present d€,q(10) and de,.p(30) against 0 over [—m, 7|. The largest
variation is seen for €.(1o) roughly between 0.15 (around £0.57) and 0.35 (around
0, 7). In the following, de..(30), ranging from 0.55 to 0.15, behaves the same
against d. The similar behaviour is also seen for §é,,(10), varying within 0.06 and
0.07. de,(30) climbs up to 0.06 around —0.87 and 0.27, and down to 0.05 around
—0.37 and 0.77. However, dé,.(10) is a constant around 0.03 to 9.

In Tab. [11.1} we show the sizes of deqz4(30) and déqq(1o). We include T2HK
and T2HKK1.5° data during fitting, and observe the improvement about ~ 10% im-
provement on the size for all components. We find that a bigger improvement is by
doubling DUNE exposure by about 10% (ep and et) to 30% (ee, 77, and p7). This
implies us that the statistic error is still largely dominating in the NSI signal detec-

tion performance. Though it is not shown here, for the phenomenological interest,

in a high precision, their impacts are not relevant.
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Figure 11.5: The contour presents the NSI sensitivity Eq. |[11.3.2{ for DUNE in the

area —0.3 < €., < 0.3 and —0.4 < €., < 0.4 at ong1 = 1 significant level for 6 = 270°
and = 0.

we have further inspected the change with reducing the uncertainty of oscillation
parameter to 0.1%, i.e. we downsize the width of the priors to 0.1%. We have not
found any significant changes to NSI sensitivity, but some minor improvements to
some NSI effects by reducing the uncertainty of 63, 693, and Am3,. This indicates
us that the current understanding on oscillation parameters is precise enough to
detect NSI effects for DUNE. We also give the prior for § with width of 1°, we still

see bare changes for all elements, except for ee component with very minor change.
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deqp(30)

True ¢4/

Figure 11.6: The variation of the half size of €,x3 at the NSI signal sensitivity

+ =3)—¢_ =3) .
onst = 3 over —7 < ¢ozp < m. The parameter de,pg = ap(ONST )QEQB(UNSI ) is

defined, where ) onst = 3) is the positive (negative) value of €,5 at ong1 = 3.
af B

Normal mass ordering and 6 = 270° are assumed.

d€ep(30) | O€er(30) | d€ur(30) | dece(lo) | derr(L0)
NO, b.f. 0.045 0.051 0.028 0.164 0.061

+T2HK 0.042 0.047 0.025 0.137 0.051
+T2HKK | 0.041 0.046 0.025 0.131 0.051
exposurex?2 | 0.039 0.044 0.020 0.125 0.044

Table 11.1: Size of NSI sensitivity < 30 (< 1o0) for off-diagonal (diagonal) elements
for different scenarios. ‘NO, b.f.” is the size for DUNE with 3.5+ 3.5 years run time,
with the true value Tab. assumed normal mass ordering. The improvement by
including T2HK or T2HKK1.5°, and by doubling the exposure of DUNE are also

present.
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Figure 11.7: The variation of the half size of €45 (€aq) at the NSI signal sensitivities

5 =3)—e,, =3) .
onst = 3 (1) over —m < 6 < 7. The parameter de,p = “ag (NSt )zeaﬁ(aNSI ! s
defined, where El_g_)(O'NSI = 3) is the positive (negative) value of €,5 at ongr = 3.

This definition is also applied for d€,,, but the NSI signal sensitivity is at ongr = 1.

Normal mass ordering and ¢,-5 = 0 are assumed.
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Chapter 12

NSI Textures under Flavour

Symmetries

In this chapter, we discuss the flavour dependence of matter-effect NSIs under the
flavour symmetry Ay or Z — 2. If flavour symmetry is a true symmetry behind,
it will automatically constrain NSIs. As a consequence, interesting relations of
NSI parameters €, are obtained, which may be helpful for solving the parameter
degeneracy problem in the studies of NSIs. In Sec. we follow the general set-
up that NSIs are resulted from heavy mediators. Both higher-dimensional operators
in the EFT approach with respecting to the electroweak symmetry and ultraviolet

(UV) completions will be discussed in Sec. [12.2]

12.1 Predicting Textures by Flavour Symmetries

12.1.1 NSI textures predicted by A,

We consider how neutrino NSIs from the higher-dimensional operators are con-
strained by flavour symmetries. For definiteness, we only focus on textures realised
in the tetrahedral group A4. A4 is generated by two generators S and 7 with the
requirements S? = 72 = (87)% = 1 and contains 12 elements. It has 4 irreducible
representations: three singlet representations 1, 1’, 1” and one triplet representa-

tion 3. Kronecker products of two irreducible representations are reduced in the
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following way:

1 % 1(/,//) — 1(/,//)’ 1 x1 = 1//7 1" x 1" = 1/7 1 x 1" = 1’
3x10M =3, 3x3=1+1+1"+35+ 34, (12.1.1)
where the subscripts g and A stand for the symmetric and anti-symmetric compo-

nents, respectively. We work in the Altarelli-Feruglio (AF) basis [27], where T and

S are respectively given by

1 0 0 ~1 2 2
1
T=|lowo|. S=35|2 12| (12.1.2)
0 w 2 2 -1

This basis is widely used in the literature since the charged lepton mass matrix
invariant under 7 is diagonal in this basis. The products of each two triplet repre-

sentations a = (ay,as, a3z)’ and b = (by, by, b3)T can be expressed as

(ab)r = aiby + asbs + asbs, 2a1b1 — asby — azbs
(ab)y = asbs + a1by + azby (ab)ss = % 2a3bs — a1by — asby |
(ab)1r = asbe + arbs + asby 2a9by — asb; — a1bs
agbs — asby
(ab)s, = % aiby — azby | - (12.1.3)
asb; — a1bs

We require that the higher-dimensional operators are invariant under the sym-
metry A, and consider what kinds of NSI textures we could gain from the symmetry.
As we only care about matter-effect NSI textures, we limit our discussion on the
operators O]

The results also depend on how the representations of the fermions could be
arranged under A4. In order to get large mixing angles, in most flavour models,
the lepton doublets L = (L, Ly, L3)T are often arranged as a triplet 3 of Aﬂ. We

follow the same arrangement. Besides, we do not specify the representations for

n the appendix B of [133], one can find the NSI textures at the source and detector from the

operators O7712,
2In the AF basis, the conjugate of L should be arranged as L = (L, L3, L2)T.

April 5, 2018



12.1. Predicting Textures by Flavour Symmetries 135

the other fermions in the flavour space. In other words, the right-handed charged
leptons, left-handed quarks and right-handed quarks could be any irreducible rep-
resentations of Ay, 1,1’,1” or 3. It is worth noting that we do not specify if A4 can
be responsible for the quark mixing in this work. If all quarks are arranged as the
singlet representation 1, quark flavour mixing is totally independent of A;. We scan

for all these possibilities, and find the following NSI textures:

1 00 2 0 0
Thu=l=1010 |, Te=]10 -1 0 )
001 0 0 -1
00 O
Ts=]101 0 : (12.1.4)
00 —1

In the following, we explain how to get these textures.
The first operator ¢} g.;Oh 3.5, i.-€., the dimension-6 €,c£p4¢h 5.5 (LaaY"Ltg) (LeyyuLas),
satisfy the anti-permutation property of two leptons and two antileptons, as shown

in Eq. (10.1.8), which results in cjg, = ¢},; = 0. There are 5 independent Ay-

invariant operators:

(LL)1(LL)1, (LL)1(LL)1w, (LL)sg(LL)sg,

(LL)s,(LL)s, , (LL)s,(LL)s, - (12.1.5)

Here, we have ignored the unnecessary flavour-independent notations, including the
SU(2)y, indices, I" matrices and the Higgs field. The representations in the sub-
scripts are understood as in Eq. (12.1.3). Taking account of the CG coefficients in

Eq. (12.1.3]), we obtain

C;lmn = 071—7—11 ) Coet1 = C}x,en = 0 for a # 8, (12.1.6)

for the first 4 operators which lead to the NSI texture

000
To=]0 10 [oc2Ty—Ti. (12.1.7)

0 01
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The last operator gives vanishing ¢}, and thus does not contribute to NSIs.
For the second one in Table[10.1] ¢2 5,502 5.5, i.e., the dimension-8 (Lo Hy*H' Lg) (Ur7,Usr),

the Ay-invariant operators depend on the flavour representation of Ug:

o If Uy is arranged to be a singlet 1) of A, there is only one A-invariant

operator
(LL)1 (UirUsr)1 - (12.1.8)

It leads to the relation of the coefficients

ol = Copnt = Gt Cagn = 0 for a# 3. (12.1.9)

Representations of Usg and Usg are irrelevant for our discussion since Usg and

Usr do not attend to the low energy NSIs.

o If Uy = (Uir, Usr, Usr)? is a triplet 3 of Ay, there are 7 independent Ay-

invariant operators

(LL)1(UrUr)1, (LL)1/(UgUr)17, (LL)1(UrUr)r , (LL)ss(UrUr)ss ,
(ZL>3A(U_RUR>357 (ZL>3S<U_RUR)3A7 (ZL)3A(U_RUR)3A' (12'1'10)

The first operator gives the same correlation as in Eq. (12.1.9)), (LL)3.(UrUr )34
and (LL)3, (UrUr)s, give rise to

2 _ 2 _ 52 2 .
Cee11l = _2%#11 = —2C11, Cap11 = 0 for a # f3;

Ciun =~y Coenn = Ciﬁll =0fora#4, (12.1.11)
respectively, where all non-vanishing values are real. The rest, (LL)1/(UgUg )1,

(LL)1#(UrUR)1/, (LL)34(UrUR)s,, and (LL)s, (UrUR)s, have no contribution

2
to Cop11-

The correlations of the coefficients ¢, directly determine the flavour structure of
matter-effect NSIs. In detail, Eq. (12.1.9)) directly gives rise to T, and Eq. (12.1.11])
leads to T15 and T;3. The discussion of Oiﬁwé applies to (’)igg s- In other words, the

NSI textures Tq1, T2 and Ty3 can be derived from

(LL)1(FF)y, (LL)s(FF)s,, (LL)s,(FF)s, , (12.1.12)

respectively, where F' represents any fermions in the SM.
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12.1.2 NSI textures predicted by the residual symmetry of
Ay

In most A4 flavour models, the full A4 symmetry is not preserved at low energy.
Instead, there are some residual symmetries roughly preserved, Z3 in the charged
lepton sector and Z5 in the neutrino sector. They are often realised by two flavons

getting the following VEVs
p=(1,0,00"v,, x=(1,1,1)"0,, (12.1.13)

respectively [26,127,[30]. Additional interactions, e.g., higher-dimensional operators,
may lead to small deviations from the above directions, which are usually regarded
as subleading corrections and will be ignored in this thesis. Note that the conjugates
of ¢ and y are identical with ¢ and y, respectively, and thus are not necessary to
be mentioned in the rest of this thesis. We consider that the operators 02675(’)2575

are effectively realised from

ep P’ p

o’afys . “apys o Xor o? (12114)
Yo

¢ o’ affvd afyo *
Ux

These operators are Ay-invariant before flavons get VEVs. Taking the VEVs in
Eq. (12.1.13), we obtain ¢,z ;Of 5 5 with

— PP XoP XoP XoP
Chgys = Clagys OF g s+ Colans + Chagas (12.1.15)

a

is not Ay-invariant any more, but preserves only a Z3 or Z5 symmetry, since ¢ and
X preserve Z3 and Z, symmetries, respectively. The Zs-invariant operators O will
not give as anything new, but Eq. (12.1.4). The reason is that the generator of
Z3, T, is diagonal, and the predicted NSI textures must be also diagonal. In the
following, we only consider the Zs-invariant operator O anymore.

Now we focus on the Ay-breaking Zs-invariant operators xO. We first define the
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following non-diagonal textures:

0o 1 1 0o -1 -1
Tor = 1 0 1 ) Ta=] -1 0 2 )
11 0 -1 2 0
0 —-11 0 —i 1
Ts=| -1 0 0 [, T3 = 0 = |,
10 0 - 1 0
0 2+ — 0 ¢ 1
Too=1| — 0 =20 |, Ts=| — 0 0 |. (12.1.16)
i 2t 0 - 0 0

Ts, represent non-diagonal real NSI textures, while T3, represent pure imaginary

NSI textures.

For cﬁ}iﬁ,yaxa/@émé, there are 9 Z,-invariant operators that can contribute to

NSIs:

. (12.1.17)
Due to the antisymmetric property between « and v and that between § and ¢,
Cog11 = Coer1 = 0 for all cases. The other coefficients satisfy the following relations,

respectively. Taking the CG coefficients in Eq. into account, we obtain
20,1m11 = 207,11 = C,lnn = Ci,ul (12.1.18)
for X((ZL);,,S(EL)M,,IN)?,, X((fL)gs(ZL)3S)3S, X((ZL)3A(ZL)3A)3S and
Cimn = —Cr s C;lnn = 071';111 =0 (12.1.19)
for X((ZL)3A(EL)1,1/,1//)3, X((ZL)3S(EL>3A)3S7 X((ZL)3S(ZL)3A)3A. The first two
relations give

000
1
§(2T11 —Ti+2Ty +2Ty) = 0 1 2 (12.1.20)

0 21
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and Ty3, respectively.
For CziymgXa’ (93575, i.e., the first dimension-8 operator (L_alf['y”ﬁTLg)(UvR%UgR),

depending on the representation of Ug, there are several Zs-invariant operators:

e If Uy is a trivial singlet 1, 1/, or 1”7 of Ay, there are two Z,-invariant operators
X(LL)ss(UirUir )1, X(LL)3, (U1rUk )1 - (12.1.21)

They lead to the correlations of the coefficients

2 _ 2 _ 2 2 2 _ 2 .
Ceell = cuTll - CT,ull 2C,uu11 - 267'7'11 - 2ce,u11 - 2Cuell - 2C€T11 - _2CT6117
2 _ a2 _ a2 _ 2 _ 2 _ 2
_C,uull =Crr11 = Ceull - C,uell = —Cer11 = ~Cre11s
2 _ 2 — 2 —
Cee11 = Cer11 = Cre11 = 07 (12122)

respectively. They give rise to two textures To = Tio+ Too and Tz = T3+ Tog,

respectively.

e If Uy is arranged as one component of a triplet Ug = (Ujg, Usr, Usg)? ~ 3 of

Ay, there are 6 independent Zs-invariant operators contributing to NSIs,

X(ZL>3S<U_RUR)17 X(ZL)3A(U_RUR)17 X((ZL)3S<U_RUR)3S)3S
X((LL)3s(UrUr)ss) 4, » X((LL)3,(UrUR)ss) 5,
X((LL)SA(URUR)gs)gA . (12.1.23)

The first two give the two correlations as in Eq. (12.1.22). The rest four give

rise to
Cgell QCwn = 203711 = 2%711 = QCmn = 466#11 4%@11 eTll 4CT6117
Ciun G = QCeun 2%811 ==2c2 1, =2 415 Con = Coi1 = Coepy = 0;
iCZTn = _iczun 2@%#11 22%311 2@'03711 2lcrel1a Czen = Cfmn = 03711 =0;
iCE/m = _icien = iczrll = _7:072'611 )
Coet1 = Ciun = Fre1 = Ciren = Cz,ul =0, (12.1.24)

respectively, where all non-vanishing values are real, required by the Hermitean

April 5, 2018



12.1. Predicting Textures by Flavour Symmetries 140

of the Lagrangian. They give rise to

4 1 1
2T —Te=11 -2 -2 |,
1 -2 =2
0 1 —1
2Ti3—Ts=| 1 2 0 |, (12.1.25)
-1 0 -2

and T3y and Ts3, respectively.

The similiar discussion applies to O@3~® and the same textures as predicted by 02
are obtained from these operators.

Nine textures T,,, in Egs. and form a complete basis for a
Hermitian 3 x 3 matrix. Any two of these textures are orthogonal in the Hilbert-
Schmidt inner product, tr(T! T,m) ¢ Oy Onn. Matter-effect NSIs contribute to

the effective Hamiltonian term via the matrix

e= > T/ Nonn, (12.1.26)

m,n=1,2,3

where N,,, are normalization factor Ny; = v/3, Ni2 = V6, Ni3 = V2, Nyy = Nyy =
V6, Noy = N3s = 2¢/3 and Ny3 = N33 = 2. The relations between €ap and Quy,y, are
shown in Table [13.1] andthe following properties are satisfied
tr(ee™) = > e’ = D o, (12.1.27)
a,B=e,u,T m,n=1,2,3
Note that T1; = 1 is unobservable in neutrino oscillations experiments.

We list all A4- and Z-motivated matter-effect NSI textures predicted by OP-
and Zy-invariant operators yO? in Table [12.1 where x is the flavon VEV inducing
Ay to be broken to Z;. As can be seen from the table, a NSI texture predicted by
an Ag-invariant (Zp-invariant) operator usually does not preserve Ay (Z;). This is
because the matter-effect NSIs have specified the first-generation charged fermions.
These charged fermions, if not be arranged as a Aj-invariant 1, is not invariant in Ay
or Zs, and thus the NSI texture does not respect A4 or Zy. In a specific A4 model,

the NSI matrix € could be a linear combinations of T,,,. However, it is notable
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that T3; cannot be obtained directly from the above analysis. The analysis based
on higher-dimensional operators cannot determine which texture is more important
and dominant in oscillation experiments. However, as what we will discuss in the
next section, once we consider these textures resulted from UV-complete models
and include experimental constriants, some of them are suppressed and cannot be

measured in neutrino experiments.

12.2 NSI textures realised in renormalisable flavour
models

In this section, we consider how to realise higher-dimensional operators in UV-
complete models. New particles in the UV sector lead to correlations of the NSI
textures T,,,. These particles may also contribute to some processes beyond the
4-charged-fermion interactions. Experimental constraints from these processes may

forbid some of the textures. These issues will be discussed in the following.

12.2.1 UV completion of the dimension-6 operator

We first consider the UV completion of O, 5ac€bd(L_mfy“Lb5)(L_m%Ld5). The only
way is to introduce a singly charged scalar S which is a SU(2)y, singlet with ¥ = +1
and assume that it couples to L in an “antisymmetric” form [34]. Together with the

kinetic and mass term of S, we write out the renormalisable Lagrangian terms as
L = (D,S)(D"S) — (M2)asS:Ss + Mapyean LS, Lis S, + hec., (12.2.28)

where A\ogy = —Agay. In the framework of Ay, S cannot be arranged as a singlet
representation 1,1’ or 1” of A4 since the symmetric CG coefficients of A4 and the
anti-symmetric property of A lead to S(ﬁL)l(//,/) = 0. Similarly by arranging S ~ 3,
we obtain S (ﬁL)gS = 0. The only term that can contribute to the operator in

Eq. (12.2.28) is S(LCL)s, for S ~ 3. All non-vanishing coefficients satisfy

A23 = Azt = Az12 = —Aig2 = —Aa13 = — A1 = Ao (12.2.29)
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After S decouples and by using the Fierz identity, we obtain O! and the resulted

NSI parameters are obtained as

1
€= —go(M2)"IAT |
of \/iGF 5( S) ae

where each \,s is the 1 x 3 matrix given by A\og = (Aap1, Aas2, Aags)-

(12.2.30)

The structures of €4 are fully determined by the flavour structure of M 2. We

will see how to constrain the M g structure.

e An Ay-invariant mass term for the charged scalar can only take the form
pE(S*S) 1 = ps Yy, SiSe with pZ > 0, leading to the charged scalar mass
matrix MZ = p%1. From this mass matrix, we obtain the texture e = agT),

2
with ag = \/gg .
F

e In order to obtain non-vanishing off-diagonal NSI entries, A4 has to be broken.
As shown in the last section, the key is to introduce a flavon with the Zs-
preserving VEV x. We add the following renormalisable couplings to the
Lagrangian,

M Bns (s sha), - Tema(xiss,) | a2

where hg and ha are real dimensionless coefficients as required by the Her-

miticity of the Lagrangian. Then, the S mass matrix is modified to
Mg /us =1+ hsTy + haTs. (12.2.32)

And the resulted NSI matrix becomes
0 0 0
1
Ee:Oé(] T/12+§ 0 hs—h% th—i-h% +
0 2hg+ h% hg — h%

0 0 0

1

3 0 V3ha —h3% h% , (12.2.33)
0 h% —V/3ha — 3

where ag = |Ao|?/[V2GruZ(1 — h3 — h3)]. € contains three real parameters

€ups €-r and |e,r|. The renormalisable quartic terms ((Xx)38(5*5)35> and
1
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( (Xxx)35(S*S)s A) are also allowed by the symmetry, such terms do not modify
1

the flavour structures of M2 and € except redefinitions of hg and ha.

However, sizeable NSI textures are hard to be realised in this approach due to
the strong constraint from the radiative charged LFV measurements. Although
the tree-level 4-charged-fermion interactions have been avoided, radiative decays
E, — Egvinvolving S and neutrinos in the loop could be triggered by the interaction
LCLS, and the relative branching ratios are o \G}l)\m(]\/[g)_l)\;wﬁ where vy # a, 3.
General upper bounds of 7 — ey and 7 — 7y branching ratios are around 1072 [124]
and [125], and that of u — ey is 4.2 x 1071 [126]. Without flavour symmetries,
the coefficients A\,g, and mass terms (M2),g are free parameters, and 7 — ey and

i — ey do not provide direct constraints to NSIs [34]. Once the flavour symmetry

is included, relations such as Eqs. (12.2.29)) and ((12.2.31)) are satisfied. In the limit

hs, ha — 0, all radiative decays are forbidden. However, off-diagonal NSIs are also
forbidden in this case, which are less interesting in oscillation experiments. On the
other hand, by assuming hg or hy ~ O(1), very strong constraint, |e5,| < 7 x 107,

is obtained from the upper limit of © — e7.

12.2.2 UV completions of dimension-8 operators

In the following, we will only consider NSIs from UV completions of dimension-8
operators. Before performing a detailed analysis, we directly point out our main
result that, in UV-complete models with the Z5 residual symmetry, only linear
combinations of the following NSI textures with coefficients at the percent level are

still allowed by experimental data,

2 -1 -1 2 -1 -1
T L 1 2 1 Ty = L 1 2
1=3| ~ — 2= 3 -1 - 5
-1 -1 2 -1 2 -1
0 —1 1 0 — ¢
Ty = L 1 1 0 Ty = L 0 ' (12.2.34)

3 \/g - y 14 \/§ 1 —1 . L.

1 0 -1 —1 ¢ 0
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We refer them to major NSI textures. They are combinations of some T,,,, T; =

%(21-11 — Tgl), T2 = %(Tlg + ng), T3 = \/Lg(Tlg + ng), and T4 = \/Lngl. The rest

NSI textures Ty, T3, T2, T3z and their combinations are strongly constrained by
current data. We do not expect that they have any detectable effects in the future

neutrino oscillation experiments and regard them as minor NSI textures.

Major NSI textures realised in UV-complete A; models

We consider how to realise the major NSI textures in the renormalisable A, models
and consider their experimental constraints. The following mathematical features

of T; will be helpful for our later discussion.

o T, (for i =1,2,3,4) form the following “closed” algebras,

TZQ = Tl ) TlT’L = TZ b T2T3 = _ZT4 )

ToTy=iT3, T3Ty=—iT,. (12.2.35)

e Given two 3 X 3 coupling matrices or mass matrices M; = agl + Zle a; T;
and My = Byl + Z?Zl 5;T;, their product M; M, is a linear combination of 1
and TZ',

MMy = apfBol + (apfr + a1y + a1 b1 + aofla + asfs + aufs) Ty
+(wfa + ey + a1 fa + azf + iz — iasfs)To
+(wfs + asfo + a1 fs + asfr + icafy — iy fP2) T3

(B + o + a1 By + auBy +iasfy — i f3) Ty (12.2.36)

e If M is reversible, the inverse matrix M;*

_ oy |detA det A
Mt = cetdy - T
! det A [ ol * (ao H: ol !
—agTy —azTs — 044T4} : (12.2.37)
where det My = ag(ad +2apa; +a3 — a3 —aZ—a?), is also a linear combination

of 1 and T,.

By setting some of a; or ; to zero, the following corollaries are obtained:
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e 1 and T, form a closed algebra, if M7, M, are linear combinations of 1 and Ty,
their product and inverse matrices (if reversible) are also linear combination

of 1 and T;.

e 1 T, and T, form a closed algebra, if M, M, are linear combinations of 1,
T, and Ty, their product and inverse matrices (if reversible) are also linear

combination of 1, Ty and To.

e 1 T, and T3 form a closed algebra, if M, M, are linear combinations of 1,
T, and Ty, their product and inverse matrices (if reversible) are also linear

combination of 1, T; and Tj.

Before electroweak symmetry breaking, the operators 0?76 take the form as
dimension-8 operator (LH~y*H'L)(F~,F). A popular way to realise large NSIs is in-
troducing a vector boson Z’. Then, the 4-charged-fermion interaction (Fy*F)(F~,F)
is unavoidable. In order to be consistent with experimental data, the coupling must
be very small. Here, we will carefully avoid the 4-charged-fermion interactions newly
introduced after the decouple of the new particles in the UV sector. Thus, interac-
tions mediated by Z’ will not be considered.

We focus on O* by using a singly charged scalar ¢ and a neutral fermion N to

realise major NSI textures. The renormalisable interactions are given by

L = (Du0)'(D"¢) = (M3)apdads + NiN — MyasNar Nor
—Kapy BarNoLd, — YagLaH Ngr + h.c. (12.2.38)

where D, = 0, + ieA,. The charged scalar is a SU(2)y, singlet with ¥ = —1.
In order to distinguish it from S in the last subsection, we denote it as ¢. There
is no lepton-number-violating (LNV) coupling in the above interactions. For the
neutral fermion N, we require a vector-like mass term MyNgNy, as shown in the
above. If there is an additional small LNV mass term ,uN_SNL and hierarchical
masses y//Gr < My, we recover the inverse seesaw model [127]. But here we
do not specify if N is related to the origin of active neutrino masses. No matter
whether there is a small LNV mass term, we can always arrive at a dimension-8
operator ~ %(ZH ER)(E_RFI L) after the decouple of the charged scalar and
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Figure 12.1: Diagrams to realise sizeable NSI textures corresponding to dimension-8

operator O* in leptonic A, models.

sterile neutrinos, from which we obtain O*. Once the flavour structure is included,

the 3 x 3 NSI parameter matrix €® is expressed as

e 1 — — —
€ = ez (yMNlﬁe)(Mg) 1(yMN1/$e)T, (12.2.39)
F

where k. is a 3 x 3 matrix defined via (kqs)gy = Kapy for o =e, i, 7.

We will discuss how the A, symmetry can constrain NSIs in this renormalisable
model. We first consider Aj-invariant NSI textures without the involvement of
flavons. In the flavour space, since we have arranged L ~ 3, the fields Ny, Ny
and ¢ must be triplets to ensure the invariance of Lagrangian in A,. We follow the
setup of most A4 models that Eiy is fixed as a singlet 1 of A4. An invariant mass
term for the charged scalar can only take the form pZ(¢*¢)1 = 3>, ¢;¢: with
“?ﬁ > 0, i.e., the charged scalar mass matrix M; = uél. Similarly, to be invariant
under transformations of Ay, the Dirac mass matrix of the sterile neutrinos My

and the Yukawa coupling between L and Ng, y is also proportional to an identity
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matrix, My = un1, y = yol. The structures of the couplings y and « depend on

representations of Fr. The interaction between involving ¢ and N are given by
koBrr(NLo*)1 + yo(LHNg)1 + hec. . (12.2.40)

Thus, both coupling matrices x and y appear to be proportional to the identity
matrix, kK = Kol, y = yol. After ¢ and N are integrated out from the Lagrangian,
we obtain that the O* takes the (LL); (FF); form as listed in Tablefor F = Eg.
Finally, we obtain the NSI texture is €¢ = a1, where

2
ap = %. (12.2.41)
Since 1 is an identity matrix, € in this special case has no observable signatures in
neutrino oscillation experiments.

The involvement of x breaks A4 to Z5 and modifies the correlation relations of
NSI parameters. In order to realise relatively large and measurable NSI effects, we
only consider the contribution of renormalisable couplings of y. There are cases, as

shown in Figure[12.1] (b) and (c), where x couples to ¢ and N, modifying their mass

matrices, respectively.

e The charged scalar ¢ mass matrix modified by the coupling between y and ¢.

We add the following renormalisable coupling to the Lagrangian,

Z—f [gfs (x(6"0)s. ) %fA (X(¢*¢)3A)1] 7 (12.242)

where fs and fa are real dimensionless coefficients as required by the Her-
miticity of the Lagrangian. The relevant higher-dimensional operators after ¢

and N integrated out take the forms as x(LL)s.(FF)y and x(LL)s, (FF)1,

respectively. The modified ¢ mass matrix turns out to be
MZ/ps =1+ fsTo+ faTs. (12.2.43)

Terms such as ((xX)ss(¢*9)ss)» ((XX)3s(¢*®)s, ), are also renormalisable and

should be considered for completeness. These terms will not induce new struc-

tures different from Eq. ((12.2.43)).
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e The Dirac mass matrix of NV is modified by couplings between y and N. The
related renormalisable Lagrangian term is given by

UN 2 —_— 2 N
E ggs (X(NLNR)3S)1 — ﬁgA(X(NLNR)?)A)l + h.C., (12244)

where gs and g, are in general complex parameters. Dirac mass matrix My

is modified to
My/pn =1+ gsTa + gaTs. (12.2.45)

Taking the flavon-modified mass matrices of ¢ and N into account, we state that
the final detectable (i.e., ignoring the undetectable 1) NSI matrix €® in Eq.
is always a linear combination of T; for ¢ = 1,2,3,4. This is guaranteed by the
algebra of T; and can be straightforwardly proven by implying Egs. and
(12.2.37). From Table , one can expect that the textures Ty o Tio 4+ Top and
T3 o< T3+ To3 will be predicted. The other two textures, Ty o« 21—Ty; and T4 o T3y,
which are not predicted from higher-dimensional operators, are obtained from the
inverse transformations of M j and My, and matrix product To,T3 = —iT4. Ty and
T4 appear at the second order of fs, fa and gs, ga. If fs, fa, gs, ga << 1 is satisfied,
the T, and T, parts are negligible compared with the Ty and T3 parts. However,
these coefficients, as coefficients of renormalisable terms, may take O(1) values, and
thus in this case, T; and T4 may have comparable NSI effects to Ty and Tj.

Taken the Ay — Z, effect into account, the flavour structures of NSIs can be

further simplified in the following scenarios:

e With the assumption of additional symmetries, Y may only couples to x, not to
N, i.e., ga,gs = 0. The resulted detectable NSI matrix is explicitly expressed

as
€ =ao [(f§ + f2)T1 — fsTa— faTs] . (12.2.46)
Here, only Ty, Ty and T3 appear, and ag has been redefined.
e On the other hand, if x only couple to N, we obtain the following NSI matrix

e = ao{[— 2+Igs]*+ lgal®)(lgs|” + [ga*) + 4Re(g§ + g3) + 4[Im(g594)]*| T

—2Re(gs)To2 — 2Re(ga)Ts — 2Im(gsga) T4} - (12.2.47)
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where g has been redefined. It is a linear combination of all four T;, but T, is
important only if both |gs| and |ga| are sizeable and there is a relative phase

between gg and ga.

e If the anti-symmetric couplings fa and ga are forbidden, the NSI matrix can
be simplified to a linear combination of T; and T,. On the contrary, if the
symmetric couplings fs and gg are forbidden, the NSI matrix is a linear com-
bination of Ty and T3. These two cases are valid if the flavour symmetry
Ay is replaced by Sy. In Sy, there are two triplet irreducible representations,
and the symmetric and anti-symmetric products 35 and 34 corresponds to
two different representations. By arranging y to be one of the triplets, the
anti-symmetric (or symmetric) products can be forbidden, and thus only the

symmetric (or anti-symmetric) couplings are left.

Naively, one may expect that NSIs from the UV completion of the dimension-
8 operator is more constrained than that of the dimension-6 operator, but this
is not the case in the framework of the flavour symmetry. As required, no tree-
level 4-charged-fermion interactions have been introduced from the Lagrangian in
Eq. . The coupling FrNy,¢ can directly contribute to some radiative CLEV
processes via involving the sterile neutrino and charged scalar in the loop. Besides,
the coupling Fru¢ resulted from neutrino kinetic mixing can also induce the radia-
tive decays and 3-body decays at one loop level. All these contributions rely on the
coupling with the second or third charged lepton Esr or Esg. Since Fir, Eor and
E3R are arranged as different singlets of A4, the relevant coefficients are theoretically
independent of those involving in matter NSIs [128,/129]. As a result, this model
does not transport the tight constraint from CLFV results to NSIs, by simply turn-
ing off the couplings for the second and third generations with the sterile neutrino,
Kogy = k3gy = 0. At colliders, the charged scalar ¢ can be produced through the
electroweak associated pair production efe™ — 7*/Z* — ¢¢, and ¢ decays to a
charged lepton and an active neutrino, where the active neutrino is generated via
the Yukawa coupling with N and appears as the missing energy. LEP shows that
a charged scalar with mass < 80 GeV has been excluded, based on a combined

analysis with ¢ decaying to lepton pair and quark pair included [130]. At LHC, the
April 5, 2018



12.2. NSI textures realised in renormalisable flavour models 150

search strategy is similar to studies of direct pair production of sleptons and the
mass range between 90 GeV to 325 GeV has been excluded at 95% CL [131]. Fortu-
nately, these constraints can be safely avoided since the charged scalar required in
the UV completion here specifies the coupling with the first generation of charged
lepton. With a careful treatment of ¢ decaying e plus missing transverse momentum
or 7 plus missing transverse momentum, the authors in |132] demonstrate that the
existing LEP and LHC constraints do not exclude a singlet charged scalar as light
as 65 GeV.

The main constraint in this model is the bound of the non-unitarity of the lepton
mixing. The decouple of sterile neutrinos contributes to the active neutrino kinetic

2

mixing as W(Z]:I YA(HTL). After rescaling the kinetic terms of active neutrinos,
N

non-unitarity of the PMNS matrix is

1 _ _
1 = Vins Verins — 1 = m(?ﬂ\/fj\rl)(?JMNl)T : (12.2.48)

The non-unitarity bound from a global analysis of LE'V decays, probes of the univer-
sality of weak interactions, CKM unitarity bounds and electroweak precision data is
around 1 ~ 1073 [120]. Combining with the above constraints, we see that it is still
possible to achieve the major NST textures with coefficients ~ 7/(GrMZ) at 1072
or 1073 level. These values may be potentially measured by the next-generation
accelerator neutrino oscillation experiments.

In the above, we have constructed UV-complete models for O* and yO*. A sim-
ilar discussion can be directly extended to the ©%3® and yO?3? series by replacing
the singly-charged scalar ¢ by ¢y, pg.o Which are SU(2)y, gauge singlet, single and
doublet with hypercharge Y = —2/3,41/3 and —1/6, respectively, and replacing
the singlet F' = Eig with F' = Ujg, Dir and @), respectively. The resulted NSI
matrix is also a linear combination of the textures Ty, Ty, T3 and T4. The textures
T, To, T3 and T4 are obtained by assuming the charged fermion as singlets of Ay.
This treatment can avoid strong constraints from the second- and third-generation
charged fermions. These textures are less constrained than the other textures dis-

cussed below and thus, we call them major NSI textures.
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Minor NSI textures realised in UV-complete A, models

The minor NSI textures Tio, T13, T30, T3z and their combinations cannot be realised
in the above arrangements. This is compatible with Table [12.1] where the minor
textures are obtained by setting F' ~ 3. To achieve these textures, as shown in
Table [I2.1], F" has to be assumed to be a triplet of A4. Then F' cannot be chosen as
right-handed charged leptons and cannot be realised in the O* and YO* series. We
will discuss how to realise them in UV-complete A4 models as a complement.

To realise the Ay-invariant Ty, and Ti3, we choose F' = Ur = (Uyg, Uor, Usg)T ~
3 of A, and consider the UV completion of @2, The latter is obtained by replacing
the singly charged scalar ¢ with a fractionally charged scalar ¢y, i.e., a scalar
leptoquark, with the hypercharge Y = —2/3, and coupling to N, and Ug. The

renormalisable couplings are given by
ks (UrNL)ss 07 )1 + K™ (UrNL)s, 67 )1 + hic. (12.2.49)

Then, coupling matrix x is modified to Ky, = KZSURTlg + K,XRTlg and the Ay-preserved

NSI texture

u 1 — — —
€ G2 (yMNIRUR)(Mj)UR) l(yMNIKUR)T (12250)
% :

is obtained as a linear combination of T3 and Ty3. Finally, we include the A4-
breaking effect in the ¢y, and N mass matrices, as in Egs. and ((12.2.45)).
Non-zero T39 and T33 can be extracted out in principle.

The minor textures Tyo, T13, T3 and T3z are expected to receive stronger con-
straints. The main reason is that Ur = (Ujr, Usr, Usr) is arranged as a triplet of
A4 and constraints from the second- and third- generation charged fermions should
be included. The neutrino kinetic mixing leads to coupling U_RJ/L<;5’{]R. It further
modifies processes, e.g., (semi-)leptonic decays U, — Uprv at tree level, radiative
decays U, — Ugyy at loop level and FCNC processes U, — UsU,Us at loop level,
from their SM predictions. As a consequence, precision measurements of charm
mesons and baryons can give strong constraints to €. A detailed discussion of these
constraints is not our subject in this paper. Realisations of sizeable NSI textures

Ti2, T13, T32 and T3z via UV completions of the other dimension-8 operators are also
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hard. Those via 0578 gain strong constraints from K and B decays, and those
via O% gain constraints from E, — Ejzy decays again. Since it is hard to generate
sizeable NSI for textures Tio, T13, T2, T33 or their combinations, we refer them to

minor NSI textures.
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Chapter 13

Testing NSI textures at LBL

experiments

The long baseline experiment with the wide-band beam and sizeable matter effects is
expected to measure more than one €,3, which implies that the flavour dependence of
NSIs €™ can be inspected. As a result, an experiment of this kind is possible to study
the flavour symmetry model through the operators O'=8. In this section we will
study the matter NSI effects for DUNE experiment under the flavour symmetry A,
or Zy. NSI textures T,,, can be tested in future LBL experiments. From Sec.[12.2] we
summarise the connection of texture parameters «,,, to the conventional parameters
€qp in Table . In App. @ we do not just only show the approximation equations
to oscillation probabilities with NSI matter effects, but also demonstrate the leading-
order coefficients of each «,,,, presenting in oscillation approximation equations,
according to this table.

The current global fit for matter-effect NSIs [39] includes solar, atmospherical,
reactor and LBL neutrino data. With the assumption that all NSIs coming entirely
from up or down quarks to avoid NSIs at the source and the detector, the current
global fit to standard NSI parameters €5 and Eig has been performed in [39], re-
spectively. We adopt these results to estimate the bounds for a4, We only take
the bound for each ezgl, i.e., the results of 1-D projection. Furthermore, we neglect
underlying corrections among any two or more than two parameters, which are €.z,

or mixing angles, mass square splittings. Assuming Gaussian distributions, taken
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gee(E €ee — EW) 30412/\/6 - 0413/\/5

Er(Z= €70 — €up) —20113/V/2
€epn 21 /V6 — 22/ V12 — g3 /2 + i (—az1 /V6 + aza/ V12 + a33/2)
€er 21 /V6 — 22/ V12 + s /2 + i (31 /V6 — 3o/ V12 + 33/2)
€ 0621/\/6+20422/\/ﬁ+i(—0631/\/6—0632/\/E>

Table 13.1: Expressions of conventional parameters €, in terms of texture param-

eters ay,, according to Eqs. q12.1.4|), (]12.1.16[), (]12.1.26[).

90% C.L. limits from [39], bounds on eZ’g at 1o are shown in Table . Since in
their analysis the imaginary part is assumed to be 0 or 7, we directly translate their
bounds for a?:% and a? by setting the imaginary a/? = 0, and the results are shown
in Table . NSIs with down quarks ezg have very similar constraints as those for
€np- As we neglect some correlations among parameters, our results can be viewed
to be optimal. In Table [I3.3] we see that most parameters are constrained around

or below the a-few-percent level of weak interactions, except for o/féd, for which 1o

bounds are around 15%.

lo bounds of global fit results

€. 11[0.188,0.376] éd 110.203,0.384]
€ | [-0.003,0.012] | € | [-0.003,0.012]
e, | [-0.046,0.002] | €2, | [-0.048,0]

€v | [-0.038,0.065] | €2 | [-0.036,0.066]
€ | [=0.004,0.003] EZT [—0.004, 0.003]

Table 13.2: Taken from the current global fit results [39] for €, and eZ;. In these
results, the authors assume that off-diagonal elements €, are real, consider that
NSIs is only contributed by u (d) quarks for €45 (e25), but do not include NSIs at

the source and the detector.

In this chapter, we firstly discuss how matter-effect NSIs a,, affect neutrino
oscillations in DUNE and then, study the physics capacity for DUNE to test Ay
symmetry and Z, residual symmetry via the NSI measurement.
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1o bounds by global fit results

aty | [0.089,0.247] ady | [0.099, 0.26]

als | [-0.003,0.007] | af; | [—0.003,0.007]
oy, | [=0.045,0.049] | ad, | [-0.045,0.047]
ady | [=0.037,0.03] | ad, | [-0.035,0.0302]
ads | [=0.019,0.096] | ady | [-0.0154,0.096]

Table 13.3: The 1o bounds for a%, (af,), a¥ (af) and oY, (ad,), with fixed a% = 0
(ad, = 0), by global fit results [39] shown in Table|13.2] More details can be seen in
the text.

13.1 Oscillation probabilities in DUNE

As mentioned in the introduction, matter-effect NSIs in DUNE have been widely
discussed. Because of the propagation in such long distance of neutrino in the earth,
and also due to the high-energy neutrino beam, matter effects play a substantial role.
Before discussing its physics potential for any flavour symmetries, we firstly study
the impact of a,,, on the oscillation probability for DUNE.

We show oscillation probabilities with one nonzero ., P(v, — vg), and the
differences from those without NSIs, d Pxsi(va — v3) = P(Va — v5) — Po(Va — vp)
in Figs. [13.1H{13.3] While the curve labeled by “w/o NSI” corresponds to oscillation
probabilities without NSI effects, those labeled by T,,, corresponds to the coefficient
Qmn fixed at 0.1 and all the other NSI parameters are fixed at zeros. In Figs. [13.1
and [13.2] the Dirac phase § = 270° and the normal mass ordering are assumed,
while in Fig. 0 is set to be 0. Changing the § value does not significantly affect
the result for disappearance channels, so we do not show disappearance channels for
0=0.

In Fig. , we observe the oscillation behaviour of 0 Pygr in L/E in disappear-
ance channels, and except for ay3 it goes to 0 at the 1st and 2nd minimums. The
wide-band beam feature of DUNE provides more information about how «,,, affects
on the disappearance channels. Further, it is obvious that the disappearance chan-

nels can be sensitive to as; and aia as their impacts 6 Pygr are significantly larger
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Figure 13.1: Oscillation probabilities P(v,(7,) — v,(7,)) (left) and § Pxsi(v,(7,) —
v,(7,)) (right) against L/E [km/GeV] for the case without NSIs and those with one
NONZero «,,,. The left and right panels show v and 7 modes, respectively. The
oscillation parameters are used the current global fit results [2] (shown in Table
for the normal ordering with § = 0, and the oscillation baseline is considered 1300

km.

than the others. An interesting feature is that disappearance channels for neutrino
and antineutrino modes look similar, but d Py behaves oppositely, i.e. d Pysi(v, —
v,) = —0Pxsi(7, — 7,). This is because P(v, = v,;6,A) = P(v, — 1,; =9, —A),
and also due to the fact that the contribution of «,, is proportional to A in the
disappearance channel.

For appearance channels in Figs. and [I3.3] we see that the NSI parameters
non-trivially modify the oscillation probability for 6 = 270° and 0 = 0 respectively.
They both change the amplitude of oscillation probability and distort the oscillation
behaviour against L/E. ag9, aig; and ass (creg, g, 31 and azs) have larger imparts
on 0 Pysr than the other NSI parameters, and § Pysr around the 1st maximum reaches
up to or over 0.01 for the neutrino mode, for 6 = 270° (6 = 0). Besides, these
impacts are slightly larger in the neutrino mode than the antineutrino mode, and
this is due to our assumption of the normal mass ordering. DUNE with the wide-
band beam reads the variation of §Pyg; over the 1st maximum. As a result, the
sophisticated behaviour in the appearance channel over the 1st maximum plays a
role of distinguishing different textures. Furthermore, we cannot ignore the influence

of § in the appearance channel due to the dependence of d Pysr on 4, as analytically
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Figure 13.2: Oscillation probabilities P(v,(7,) — ve(7.)) (upper) and
dPnsi(vu(7,) — ve(7e)) (lower) against L/E [km/GeV] for the case without NSIs
and those with one nonzero «,,,. The left and right panels show v and 7 modes,
respectively. The oscillation parameters are used the current global fit results [2]

(shown in Table for the normal ordering with 6 = 270°, and the oscillation

baseline is considered 1300 km.
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Figure 13.3: Oscillation probabilities P(v,(7,) — ve(7.)) (upper) and

dPnsi(vu(7,) = ve(7e)) (lower) against L/E [km/GeV] for the case without NSIs
and those with one nonzero «,,,. The left and right panels show v and 7 modes,
respectively. The oscillation parameters are used the current global fit results [2]

(shown in Table for the normal ordering with § = 0, and the oscillation baseline
is considered 1300 km.

shown in Eq. (D.0.2)) in Appendix Dl It implies that the precise measurement of §

plays an important role of distinguishing textures.
We conclude that the wide-band-beam feature of DUNE is an advantage to
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detect NSI textures. Different NSI textures result in different distortions of the
probabilities in the disappearance channel. Therefore, we can distinguish different

textures by reading out the variation of P(v, — 1.) along energy.

13.2 Testing “A; symmetry” in DUNE

NSIs from Ay invariant operators only allow diagonal entries. After the breaking of
Ay by the Zs-preserving flavon VEV Y, textures To,, T3, or their linear combinations
is involved in the NSI matrix ™. Egs. and indicate us that accelerator
LBL experiments can be sensitive to off-diagonal terms in €™, as €,, and €., €.,
are the leading terms in the disappearance and appearance channels, respectively.
As a result, experiments of this kind can test the conservation of A4 symmetry.
Reversely, Aj-symmetry conservation could provide an explain for undiscover of
flavour-transition NSIs in matter.

Through out the study in this section, we adopt General Long Baseline Exper-
iment Simulator (GLoBES) library [48/49]. To simulate probabilities with matter-
effect NSIs, we modify the default probability engine of GLoBES, by simply adding
the matrix Ae™ in the Hamiltonian. For the simulation for DUNE, we implement the
simulation package in Ref. [52], with run time fixed by 7 years total (corresponding
to 300 MW xkton x years) and 2-horn optimised beam design with 80 GeV protons.
The other sets for oscillation parameters are described in Tab. 2.3

We study the capacity for DUNE to rule out the “A; symmetry” hypothesis.
The statistics quantity that we study is

2 2 2
AXa, = X ’a%:a?m:o — Xb.f.) (13.2.1)

where x*|,, _,. _o is the x* value with the assumption of ay, = as, = 0 (n =
1,2,3), and xj ; is the x* value for the best fit. The central values and widths
of the priors for the standard oscillation parameters, which are assumed Gaussian,
are respectively used the best fit and 1o width of NuFit results, and are given in
Tab. . The value of xj ; is always 0, as the best fit is exactly the true value. In

the following results, we allow a5 and a;q3 to be free to vary. While varying the true
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value for one of {ag1, aag, o3, 31, 30, 33}, we set true values of ayz and a3 to be
0.

We scan all possible true values for the targeted parameter to test the “Ay
symmetry” hypothesis, i.e. g, = ag, = 0 (for n = 1,2,3) in Fig. [13.4 The solid
curves and dashed curves correspond to oscillation parameters fixed at their best-fit
values and values varying in 1o ranges as given in Tab. [2.3] For any flavour model
consistent with oscillation data, the y? value is located between these two curves.
We summarise the above setting in Table [[3.4] In the upper panel of Fig. [13.4] we
see a better performance to test “Ay symmetry” for amsy, ago, oz and asz; within
[—0.1, 0.1], which is roughly 1o bounds constrained by global fit results shown
in Tab. [ this hypothesis can be excluded with the significance more than
A4 , = 9. For the other two parameters asz; and asg, with a worse performance, a
minor asymmetry feature is seen. ag; < 0 has the slightly higher significance than
az; > 0. At az; = 0.1, the exclusion level can reach 1 < Axim < 6; however, at
as; = —0.1, AX,Q44 ranges from 2.5 to 9.5. The asymmetry is in the opposite way for
32, as 1.6 < Ax?%, < 6.3 (0.4 < Ax3, <4.8) at az =0.1 (-0.1).

In the lower panel of Fig.|13.4] we fix oscillation parameters and study the impact
of § by comparing two cases with 6 = 0 and § = 270°. In general, DUNE performs
worse with § = 0, especially for ag,. However, this is not true for ag;. Strikingly,
the performance of DUNE for a3z depends on § significantly; at ass = £0.1, the
exclusion level is Ax%, < 0.5 (Ax%, > 9) for § = 0 (270°). Significant differences
for a3y are also seen for agy > 0; at AX,Q44 = 9 it shifts from a3y ~ 0.3 for § = 0
to a3y ~ 0.1 for § = 270°. We see about 50% reduction for the interval between
the boundaries at AX,244 =9 for ap3 and ag; with § = 270°, rather than those with
0 = 0. There is almost no difference for ags. Though the results are not shown here,
we find minor changes by flipping #,3 octant or mass ordering E[

We conclude this subsection that DUNE has a high potential to test textures

!The bounds in Tab. are for NSIs with u quarks only. Here, we assume only u quarks
contribute NSI effects for neutrinos; therefore, the bounds in this table need to roughly time a

factor ‘3’ before comparing the results in Fig.
2The central value of the prior for o3 or Am3; is set to be the new true value.
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Osc. Para. 19, Q13 Qop, O3p

true values fix them at B.F. fix them at 0 change one; fix the other at 0

tested values | all fixed or free  allow them varying fix all at 0

Table 13.4: The summary of the setting for the true and tested values, used for
studying Ax%,. The oscillation parameters (Osc. Para.) are fixed at the best
fit (B.F.) of the global fit results in Tab. for the true values. We study both
scenarios with fixed and varying oscillation parameters with priors; giving a specific
flavour symmetry model, the result should locate between the results for these two
scenarios. The width of priors for oscillation parameters are used the size of lo
uncertainty of global fit results in Tab. 2.3 The flavour symmetry A4 only allows
{12, ay3}, which are fixed at 0 for true values, but allowed to freely vary for tested
values. The parameters {aa,, as,} are not allowed by Ay. For their true values, we
study each of them by changing its value from —0.3 to 0.3, but fix the other at 0.

For the tested values, we fix all of them at 0.

predicted by the “A; symmetry” hypothesis, which predicts only diagonal entries of
€. For the best scenario, DUNE is predicted to have an exclusion level over x? = 9

at o1, ipg, (o, gz = £0.1.

13.3 Testing “Zy; symmetry” in DUNE

From the EFT point of view, combining dimension-8 operators with Z,-preserving
flavon VEV can predict plenty of off-diagonal NSI textures. Therefore, testing the
“Zy symmetry” by using Zs-motivated NSI textures is more complicated than testing
the “A, symmetry”. Fortunately, some of them have stronger constraints than the
others if UV completions of these operators are accounted, and only Tq, To, T3 and Ty
may reach the percent level, as shown in Section [12.2.2] To simplify our discussion,

we will only focus on these textures. We re-parametrise their linear combination as
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0.3
Ax4, to exclude the “A; symmetry” hypothesis (ag, = as, = 0)

over the true value of as, or as, from —0.3 to 0.3. a», or as, are forbidden under

the flavour symmetry A,. More details of the setting can be seen in Table

Normal mass ordering with 6 = 270° is assumed in the left panel. The oscillation

parameters are taken from the current global fit results [2] (shown in Table[2.3). In
the upper panel we show the exclusion level for all parameters. In this panel, the solid

(dashed) curves present as fixed (free) oscillation parameters; with implementing

flavour model for oscillation parameter, the results will locate somewhere between

solid and dashed curves. The lower panel shows the impact of §; the solid (dashed)
is for 0 = 270° (6 = 0) with fixed oscillation parameters.
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follows
Y r—z—1w T+ z-+itw
x— z+iw T+ 2z Y — iw (13.3.2)
T4z —1w Y+ 1w r—z

for the phenomenological benefit, where z = ' — 3"‘725, y=%4+ 22 2= 3—% and

3 3v2r
w= O‘i\/é.
Global Fit Global Fit DUNE sensitivity
w - w? - w 0.013,0.025]

y* | [-0.004,0.003] | y¢ | [-0.004,0.003] | y 0.01,0.01]
2% | [-0.002,0.005] | 2¢ | [~0.002,0.005] | z 0.007,0.017]

[_

x| [-0.034,0.013] | z¢ | [-0.035,0.012] | # | [-0.1,0.1]
[_
[_

Table 13.5: The 1o bounds for z*¢, y%? and z%? by global fit [39] shown in
Table and expected 1o bounds w, x, y, and z, for DUNE with fixed oscillation
parameters, assuming true values w = x = y = z = 0. The upper-scripts u, d denote
NSIs only with v and d quarks, respectively. For both fitting, we allow the other
NSI parameters to vary, except for w in the fit using global fit results. To avoid
conflicting to the “real €,.5” assumption of global fit, we set w = 0 in the second

and fourth columns.

Table shows the 1o constraint on z, y, z, w in Eq. (13.3.2)) from Table [13.2]

according to the same process in Section [13.2] and predicted sensitivity for DUNE
with fixed oscillation parameters, assuming w = x = y = z = 0. For both cases,
we test one parameter and allow the others to vary, except for w in the fitting with
global fit results. Keeping in mind that a rough factor ‘3’ should be multiplied to

wd and 2*? when comparing with x, y and z, we find the precision on z, y, and

2l y
z for DUNE is competitive to current global fit results. Besides, DUNE is sensitive
to the imaginary part w, but this paper is assumed zero in the global fit.

We find the result in Table imposes very restricting bounds for y and z

around zeros through the elements €., and €,,, and the possibility of nonzero z.
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This result motivates us the structure

0 =z =z
r x 0 |- (13.3.3)

z 0 =z

Two sum rules can be read out from Eq. (|13.3.3),

€op = €er = —Eee (13.3.4)

€ur = Er = 0. (13.3.5)

In the following, we study the exclusion level for DUNE to exclude the matter-
effect NSIs in the form of Eq. (13.3.3)). The statistics quantity that we study is

AXZ, = X°|, = X (13.3.6)

where x?| is the x? value assuming ™ satisfies the structure Eq. . We
simply adopt Wilks’ theorem, that the Ay? value for nested hypothesis testing
asymptotically follows the y-distribution with the degrees of freedom equal to the
difference in the number of free parameters between two models.

In Fig. [13.5] we show how much DUNE can exclude the hypothesis Eq.
(testing two sum rules together) with fixed and free oscillation parameters. With a
given flavour symmetry model, the sensitivity locates between these two curves. We
vary only the true value of a certain €., but fix the others to be zero. We use the
same setting for oscillation parameters as those in Section [13.2] For the first sum
rule, in Eq. , within [—0.05, +0.05], €., and €., can reach this significance.
The performance for ee component, which is the worst one, is strongly dependent
upon oscillation parameters, especially §. For the second sum rule, in Eq. ,
“AX2Z2 < 17 significance covers roughly —0.2 < €., < 0.2 and —0.03 < ¢,, < 0.03.
In the right panel of Fig. this is obvious that ¢ = 0 has worse sensitivity,
especially for the ee component. In Fig. [13.6, we see only €,-€., contour is along
with n = &, because the sensitivity to €. is worse. As a result, the €.-€c; (€ce€er)
contour is restricted by €., (ec,) at €., = 0 (e.r = 0), while the e,-€., contour is not

imposed by €., = €. = 0.
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Figure 13.5: x? value to exclude sum rules in Eqgs. (13.3.4) and Eq. (13.3.5) over

true value of —0.5 < €,3 < 0.5, for normal mass ordering with § = 270°, in the
upper panel. The solid (dashed) curves present as fixed (free) oscillation parameter;
with implementing flavour model for oscillation parameter, the results will locate
somewhere between solid and dashed curves. The lower panel shows the impact of

J; the solid (dashed) is for § = 270° (§ = 0), with fixed oscillation parameters.
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Figure 13.6: This figure shows €. €., (green), é..—€., (blue), and €., €., (fuchsia)
contours to exclude sum rules Eq. (13.3.3)) at 1o over true values from —1 to 1,
assumed the normal ordering, with 6 = 270°. Eq. (13.3.3) predicts the sum rule

€ce = €epy = €er = T.
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Conclusions

The neutrino oscillation, which implies that neutrinos have mass, is a concrete evi-
dence that the standard model (SM) is not complete. As a result, studying neutrino
oscillations is an approach to extend our knowledge of new physics. We are now
entering the era of precision measurement of oscillation physics. Most of current
problem in neutrino oscillation are expected to be solved with new proposed neu-
trino oscillation experiments. This thesis is trying to answer how much we can
extend our knowledge beyond the SM, especially the symmetry of leptonic flavour,
with the future progression of neutrino oscillations; in more detail this thesis fo-
cus on the physics potential of future long baseline neutrino oscillation experiments
(LBLs), and is separated into two halves, whether the exotic physics is taken into
account or not. The main discussion in the first half is within the scheme of the
standard oscillation, which can be described by mixing angles and mass-squared dif-
ferences. These parameters can be further simplified by a flavour symmetry theory.
We discuss the standard oscillation for two future LBLs — DUNE and T2HK, which
adopt different technologies and aim to catch different neutrino oscillation proba-
bility features. In the second half, we focus on nonstandard interactions (NSIs)
in matter for DUNE; matter effects are sizeable to the oscillation probabilities for
DUNE. These interactions in matter are not measured with high precision, like those
for other BSM signals, e.g. CLFV, etc. T2HK is not studied in this half due to its
negligible matter effects. In the following, we summarise the conclusions in more

detail.
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DUNE and T2HK will lead the way in key measurements of the neutrino oscil-
lation parameters. These long-baseline experiments will make high statistics deter-
minations of the mass ordering, have an excellent chance to establish the presence
of fundamental CP violation in the leptonic sector, and have the first precision mea-
surements of . In Ch. [f] and [6] we study the expected performance of DUNE and
T2HK. We conclude that DUNE and T2HK have a natural complementarity. Sen-
sitivity to the mass ordering will come primarily from DUNE, sensitivity to CPV
sees a larger contribution from T2HK (although due to the mass ordering degen-
eracy the sensitivity is notably improved by DUNE data), but precision on 9§ is a
bit more nuanced with wider-band information being preferred for maximally CP
violating values of §, and high statistics first maximum measurements preferred for
CP conserving values. For the measurements of the octant and maximal mixing
sensitivities, the performance of the combination generally follows the sensitivity of
T2HK. The precision on sin? a5 strongly depends on the true value of fy3, with the
worst precision close to maximal mixing.

In Ch. [7] we have also considered potential alternative designs for T2HK and
DUNE. T2HK may locate its second detector module in southern Korea, while
DUNE has been associated with two beam designs beyond its 2-horn design: a
3-horn optimised design and the nuPIL design. Although the nuPIL design is no
longer being actively pursued by the collaboration, we have shown that this novel
technology leads to interesting phenomenology which highlights the flux dependence
of an experiment’s sensitivities to key measurements. We have investigated the
ability of these designs to determine the mass ordering, to exclude CP conservation
and maximal CP violation, and to measure . These alternatives are promising
extensions of the current physics programme, and lead to modest improvements in
these measurements. We have identified the combination of DUNE (3-horn) and
T2HKK with a flux between 1.5° and 2.0° off-axis as the optimal choice; although,
the difference between the performance of the 2-horn and 3-horn designs is not very
significant.

The Littlest Seesaw (LS) models work within the framework of the Type I seesaw

mechanism, using two right-handed neutrinos to generate the left-handed neutrino
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masses. Combined with constraints from flavour symmetries, the neutrino mixing
angles and phases can be predicted from a small number of parameters. In Ch. [§
we have studied two versions of this model (LSA and LSB) which use different
flavour symmetries to enforce constraints which result in different permutations
of the second and third rows and columns of the neutrino mass matrix, leading
to different predictions for the octant of 3. Using the results of a recent global
fit of neutrino oscillation experiments, we have found that both versions can well
accommodate the parameter values as measured by experiment, with the greatest
tension on the value of o3 at the 1o level. We find that the LSB version, predicting
a value of 53 in the lower octant, to be slightly preferred.

In Ch.[9] the result presented shows that the most straightforward way to exclude
the LS model is to provide a better individual determination of the three currently
less precisely measured parameters 015, 693, and 9, which requires both medium base-
line experiments such as JUNO and RENO-50, and long baseline experiments such
as DUNE and T2HK. In addition, the LS model could be constrained by combined
measurements of the three remaining parameters Am3;, Am3, and 6,3, where an
even higher precision of the latter reactor parameter at the short baseline Daya Bay
experiment can also play an important role. We remark that, although the above
conclusions have been established for the LSA and LSB models, similar arguments
can be expected to apply to any highly predictive flavour models which determine
the oscillation parameters from a smaller number of input model parameters. We
conclude that the need for future reactor and accelerator experiments to measure
individually 619, f23 and §, plus combinations of 63, Am3, and Am2,, may be con-
sidered to be general requirements in order to probe predictive flavour symmetry
models. Therefore a broad programme of such precision experiments seems to be
essential in order to take the next step in understanding neutrino oscillations in the
context of the flavour puzzle of the Standard Model.

In Ch. [10] we introduce nonstandard interactions (NSIs), which are the inter-
actions that cannot be explained by the SM, but are thought to be via mediating
the beyond-standard-model (BSM) particle. Depending on where it occurs in the

neutrino oscillation, NSIs can be classified into NSIs at the source and detector,
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and in matter during neutrino propagation. With the knowledge of effective field
theory (EFT), we present all possible operators for NSI effects with dimension < 8,
involving SM fermions and Higgs bosons only. We find that in the framework of
EFT, after the electroweak symmetry breaks, NSIs in matter can avoid the tight
constraints from CLFVs and NSIs at the source and detector. As a result, the
experimental constraint on the parameters for NSIs in matter is in general mainly
from their measurement. We finally review the constraints by the current global fit
for matter effect NSIs in Tab. , finding the order €7y ~ O(0.01 — 0.7) at 90%
C.L., and therefore conclude that large matter effect NSIs are allowed.

Due to the large matter effects and the upgrade of precision, DUNE is expected
to detect the sizeable matter NSI effects. Many works discuss the precision of the
measurement on matter-effect NSI parameters for DUNE under the SM, which can
be understood as if there is no matter NSI effects, how DUNE can exclude a variety
of NSI models, and are reviewed in Sec. [11.2] We see the better precision of the off-
diagonal elements €7, 5, though new degeneracies are also discovered. In Sec. ,
we take another attitude to ask if there are NSI effects in matter, how DUNE can
exclude the SM prediction €™ = 0, and define the NSI signal sensitivity oyg; showing
the exclusion ability in Eq.[11.3.2] An analogy of the relation between this quantity
to the precision of matter-effect NSI parameter is that of CPV or MCP sensitivity
to Ad. We study onsz, varying the true value of each €)5. We find that DUNE has
high sensitivity for flavour-transition matter NSI effects. In our simulation, oxng;s
can reach around 3¢ while €eps €ep ~ 0.05 or € ~ 0.03. We also see that oyngr
depends on the phases, 0, ¢cy, Ger, and ¢,,-. While § ~ £7/2, ong; can be the best.
This is just opposite for ¢, for €,, the sensitivity reaches the peak (bottom) while
its phase goes to 0, m (£7/2). The worst sensitivity for eu and er components take
place where ¢, ~ —0.47, 0.6m and ¢, ~ £0.57 respectively. We also discover the
correlation between €., and €.,, which depends on the true value of 6. We see this
correlation for 6 = 37/2, but do not observe it while § = 0. We investigate that
the improvement by increasing the exposure can be more significant than those by
including T2HK or T2HKK1.5° data for most of €,s.

NSI effects are flavour-dependent, and therefore can be correlated by the the-
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ory of flavour. In Ch. we firstly follow the general approach used in flavour
models, the three lepton doublets are arranged as a triplet of A4. For any other
SM fermions, we perform a scan of all possible representations in the flavour space.
Including a flavon with a Zs-preserving VEV, Ay is broken to Z,, and we can obtain
Zy-motivated relations of flavour dependence of NSIs. We expand each relation in a
basis of matrices, which are called “textures”. We focus on textures for matter NSI
effects. The matrix €™ is accordingly the combination of textures. Both A4- and
Zy-motivated textures have been systematically searched in Sec. with the main
result listed in Table Then, we consider how to realise these operators listed
in Tab. by introducing new particles in renormalisable models. Extra experi-
mental constraints on new particles may suppress the NSI effect. Specifically, those
on charged scalars forbid observable NSIs from UV completions of the dimension-6
operator. This is because only SM lepton doublets, which are arranged as a triplet
of A4, are involved in these operators. Thus, couplings for e, i and 7 are correlated
with each other and radiative decays of u and 7 lead to strong constraints on the
NSI coefficients. This problem can be avoided for UV-complete models based on the
dimension-8 operators O?~5 where the fermion F' can be arranged as a singlet of A,.
UV completions of the latter are unavoidable to introduce other dimension-6 oper-
ators which further lead to non-unitary effects of lepton flavour mixing. This is the
main constraint on NSIs from UV completions of the dimension-8 operators. Includ-
ing the Z breaking effect, we obtain four textures Tq, Ty, T3 and T4 in Eq. ,
which are regarded as major textures.

In Ch.[13] we apply the A4- and Zy-motivated NSI textures to analyse how to test
the flavour symmetry by measuring NSIs in DUNE. Two applications are studied.
The first one is testing “A, symmetry”. The off-diagonal entries of the NSI matrix
are forbidden by A4 symmetry. Excluding this hypothesis can be used to exclude the
“Ay symmetry”. We find that DUNE have high sensitivity to exclude NSI effects
predicted by Ay; within 1o allowed region in global fit results, it can reach the
significance over 30. The other application is testing “Zs symmetry”. We also focus
on major NSI textures suggested by UV-complete models, predicted in Sec. [12.2.2]

DUNE can constrain NSI parameters competitively with current global data. In
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particular, it can measure the imaginary part, labelled as w, with the percentage
precision. We also suggest to text two sum rules of NSI parameters as shown in
Egs. and (13.3.5). They are weakly constrained by former oscillation data.
DUNE can reach the sensetivity at 1o for off-diagonal NSI parameters around the
percent level.

We have been exploring both left and right halves of Fig. [[.LI We summarise
two most important conclusions: 1. Solving the remaining problems and making
precision measurement of § in the standard neutrino oscillation by the combination
of DUNE and T2HK can be highly expected, and therefore, large numbers of flavour
symmetry models can be excluded in the near future; 2. DUNE has better sensitiv-
ity for flavour-transition matter-effect NSIs with higher oxg; and better resolution,
which implies the high exclusion ability for excluding the A flavour symmetry in
NSIs in matter. Based on the above conclusions, we can expect the great step
forward in the leptonic-flavour physics by the precision measurement of oscillation
parameters or matter-effect NSI parameters. These effects — the standard oscilla-
tion and NSIs — are not necessary to be correlated, if there is no interlock provided
by the flavour symmetry. As a result, processing both approaches can be considered
as a cross-check for flavour symmetry models. Thus, there is a chance to get the
confidence for a model of flavour symmetry by getting the consistent results (as
an indirect evidence), before we reach an extremely high energy at a collider and
hunt the signal of flavons. Of course, this thesis, generally discussing about how the
flavour symmetry theory can be checked by using both measurements, is not the

end story of this indirect evidence, but opens a new opportunity.
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Appendix A

More Simulation Details

A.1 Experimental run times and v : 7 ratios for
alternative designs

The previous sections have discussed our models of the experimental details of DUNE
and T2HK. However, in the present study, we consider a number of different expo-
sures for these experiments and their combination. This section is intended to clarify
our terminology and explain our choices of run time, neutrino—antineutrino sharing,
and staging adopted in the following analyses.

First, we comment that although the ratio of the run time between v and v
beam modes is also known to affect the sensitivities of long-baseline experiments,
we stick to the ratios defined by each experiment’s official designs throughout our
work. For DUNE and T2HK, the ratio of v to  are 1:1 and 1:3, respectively. We
have investigated the impact of changing these ratios, but they do not significantly
impact the results, and for both experiments the optimal ratio was close to those
assumed here. In the study for alternative designs, we stick with the same ratios as
the standard configurations of DUNE and T2HK.

Most of our plots deal with three configurations labelled as DUNE, T2HK and
DUNE + T2HK, and the sensitivities shown assume the full data taking periods
for these experiments have ended. These are our standard configurations, and are

defined in terms of run times and neutrino—antineutrino sharing in the rows labelled
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A.1. Experimental run times and v :

v ratios for alternative designs 187

Label v:vat DUNE | v: v at T2HK
DUNE 5:5 0:0
Fixed run time T2HK 0:0 2.5:75
DUNE + T2HK 5:5 25:75
DUNE T/2:T)/2 0:0
Variable run time T2HK 0:0 T/4:3T/4
DUNE/2 + T2HK/2 T/4:T/4 T/8:3T)/8

Table A.1: The run times in years for each component of DUNE, T2HK, and their
combination (DUNE + T2HK) for both the standard full data taking period (top
3 rows) and when considered with variable run times (bottom 3 rows). Plots with
cumulative run time 7" on the x-axis are for the “variable run time” configurations,
whilst all other plots are for the “fixed run time” configurations. We specify the
details for configurations without staged power or mass increases when relevant in
the text. We note here that 10 years of cumulative run time for DUNE and T2HK

corresponds to 599.2 and 3403.4 kilotonx MW x years of exposure, respectively.

“fixed run time” in Table We point out that as we are interested in comparing
experimental performance, we take our standard configuration of DUNE to have
10 years runtime, equal to the baseline configuration of T2HK [59]. This does,
however, differ from the 7 years considered in Ref. [12], and our sensitivities are
correspondingly better.

However, we also plot quantities against run time, and for these figures we define
the sharing of run time between components in terms of a quantity we call the
cumulative run time 7'; these are shown in the rows labelled “variable run time”
in Table [A. Dl The cumulative run time for the combination of DUNE and T2HK
is defined to be the sum of the individual experiments’ run times, 7.e. if the two
experiments were run back to back, with no overlapping period of operation, then
our definition of cumulative run time is identical to the calendar time taken for the

full data set to be collected] Of course, if the experiments run in parallel, with

'In the interests of clarity, let us point out that we use the term calendar time to denote
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A.1. Experimental run times and v : 7 ratios for alternative designs 188

identical start and end dates, our definition of cumulative run time would be double
the calendar time required to collect the data. To remind readers of our definitions,
we label this variable run time configuration as DUNE/2 + T2HK/2, as half of the
cumulative run time goes to each experiment. Note also that, as per the official
studies of each experiment, we assume 107 seconds per year of active beam time
for T2HK (2.7 x 10*' POT /year at 1.3 MW with 30 GeV protons) and combined
accelerator uptime and efficiency of 56% (1.47 x 10*' POT/year at 1.07 MW with
80 GeV protons up to the 6th year, doubling the POT thereafter) for DUNE.

The possible staging options for the two modules of T2HK and the power of
LBNF cause some added complication when plotting sensitivities against run time.
In this study, we assume that our standard configurations of T2HK and DUNE follow
the staging scenarios suggested by the collaborations: 6 years of 1-tank (187 kt of
total volume) running followed by 4 with an additional tank for T2HK (374 kiloton
of total volume), and 6 years of 1.07 MW (1.47 x 102! POT /year) followed by 4 of
2.14 MW (2.54 x 10*! POT/year) for DUNE with 2-horn 80-GeV-proton design. In
practice, we implement an effective mass for T2HK which depends on the run time

t assigned to T2HK defined by
M(t) = My |14 6(t —6)—° |

where M is the mass of a single tank, defined above as 187 kt, and ©(z) is the
Heaviside step function. We make an analogous definition for the power of DUNE,
again increasing by a factor of two after 6 years. As our definition of cumulative
run time 7" would require 12 years to pass before 6 years of data had been collected
by either of the experiments in the combination of DUNE/2 + T2HK/2, we see the
discontinuity in sensitivity due to staging appear in two different places in our plots
against run time: one for an experiment alone, and one for DUNE/2 + T2HK/2.
This can be seen clearly in e.g. Fig. [5.2] where we mark the discontinuities with

vertical dashed lines. So as to better understand the impact of these upgrades, we

the actual time passed on the calendar. This is highly dependent on staging and the relative
placements of individual experiment schedules, and is only used later in the text as an informal

means of comparison for certain staging options.
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A.2. Further details of T2HK simulation 189

also show the sensitivities against run time which would apply were they absent.
However, we stress that the full programme of upgrades is an integral part of the
collaborations’ proposals and should be taken as part of their baseline configurations.

Finally, in Ch. [f] we deviate from these configurations (and the labels in Ta-

ble|A.1) as we consider non-standard exposures for the purpose of better exploring

the complementarity of DUNE and T2HK. This be discussed in more detail in Ch. [6]

Experimental run times and v : 7 ratios

In all plots that follow, we assume that DUNE and its variants run with equal time
allocated to neutrino and antineutrino mode, while T2HK and T2HKK always follow
the 1:3 ratio of their standard configuration. We also assume that there is no staged
implementation of any of the variants of T2HKK, and that both detector modules
start collecting data at the same time. For DUNE and the lines labelled T2HK, we
assume our standard configurations which implement a staged upgrade at 6 years.
The run time configurations for these alternative designs follow those of the “vari-
able run time” options in Table [A.T] albeit with variant fluxes for each experiment.
All variants of DUNE, T2HK and T2HKK when run on their own are assumed to
have a cumulative run time of 10 years. When a variant of DUNE is run in combi-
nation with a variant of T2HK, we assume that the cumulative run time is divided
equally between the two experiments in the same way as DUNE/2 + T2HK/2 in
Table[A.I] This means that when not plotted against T, the combination of DUNE
and T2HK have T' = 20, corresponding to 10 years running time for each of the two

experiments.

A.2 Further details of T2HK simulation

Our model of the T2HK detector significantly deviates from previous work. In this
appendix, we give some further details of its implementation which where glossed

over in the main text and a comparison with the collaboration’s simulation.
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Vy = Ve | Vy =2 Vy | Uy = Ve | Uy — Uy
Signal 2.4% 2.7% 2.925% 2.7%
Background | 2.4% 2.7% 2.925% 2. 7%

Table A.2: Systematic errors used for T2HK simulation.

Energy bins

Our model of the T2HK detector(s) features 12 energy bins. Bin 1 collects all events
below 0.35 GeV. The next 5 bins are 0.1 GeV wide, collecting events from 0.35-0.85
GeV. The next two bins are 0.2 GeV wide, followed by a single bin of 0.25 GeV
width. There are then 3 increasingly broad bins, from 1.5 to 3.5, 3.5 to 6 and an
overspill bin from 6 to 10 GeV.

Channel systematic uncertainties

Our model of the systematic uncertainty at T2HK uses two general normalisation
systematics for the signal and background of each channel. The precise systematic

errors used in our simulation are given, channel by channel, in Table [A.2]

Comparison with published event rates

In Fig. we compare the event rates from our simulation to the official rates
published by T2HK. The official simulation does not use GLoBES, and our repro-
duction is a non-trivial check to show that the signal and background modelling in
our simulation is faithful. Additional checks have also been made to ensure that our
simulations are able to reproduce the final sensitivities of official simulations, once
we have modified our simulation to match the priors and chosen fitted parameters

of the official simulations.

A.3 Statistical method

Our simulation uses GLoBES [48,|49] to compute the event rates and the statistical

significance for the experiments discussed in the previous section. We now briefly
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Figure A.1: T2HK appearance spectrum from our simulation compared to official
event rates [59]. Note that the finer binning of the rates published by T2HK are
shown for reference, but this finer granularity is not used in their oscillation fits; the
binning we have used in our own fits has been chosen to match that of the official

T2HK studies

recap the salient details of the statistical model underlying the analysis.
Given the true bin-by-bin event rates n; for a specific experimental configuration,

we construct a x? function based on a log-likelihood ratio,

n;
V(0.£.6) =23 (1(0.6.6) —nnin g

) + p(&s: 05) + p(&p, 00),
(A.3.1)
where 7 runs over the number of bins, 7;(©, &, &) is the hypothesis event rate for bin
1 and F; is the central bin energy. The vector © has six components, corresponding
to each of the three mixing angles, one phase and two mass-squared splittings of the
hypothesis. The parameters & and &, are introduced to account for the systematic
uncertainty of normalization for the signal (subscript s) and background (subscript

b) components of the event rate, and are allowed to vary in the fit as nuisance

parameters. For a given hypothesised set of parameters ©, the event rate for bin ¢
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A.3. Statistical method 192

is calculated as

"77;(@7557&7) = (1 + 58) X n; + (1 + gb) X bi7

where n; and b; are the expected number of signal and background events in bin
i, respectively. The nuisance parameters are constrained by terms p(§,0) = £2/0?,
representing Gaussian priors on & and &, with corresponding uncertainties o; and
op. To test a given hypothesis against a data set, we profile out unwanted degrees
of freedom. This amounts to minimising the x? function Eq. over these

parameters whilst holding the relevant parameters fixed.

2@: i 2 i@787 — Iy 21
X*(©) {gj}g}}[;G( &, &) — ni +n;In

> + p(gsv US) + p(&” Ub)]
(A.3.2)

M
771'(@’ £s, &p)

We explain the statistical parameters of interest for each analysis in the following
sections, however, as an example we be interested in how well different hypothesised
values of 9 fit a given data set. In this case, we would compute

X*(0) = on (X*(©.&,.&) + P(©)), (A.3.3)

where the notation © # § means all parameters other than §. The function P(©)
is a prior, introduced to mimic the role of data from existing experiments during
fitting. In all fits that we perform, unless explicitly stated otherwise, we use true
values from the recent global fit NuFit 3.0 (2016) [2]. To catch the real feature of
current neutrino oscillation problems, in Chs. {7, P(©) comprises a sum of the 1D
x? data provided by NuFit for each parameter, except for §, and we switch between
NO and IO priors depending on the mass ordering of our hypothesis. This includes
the correlations which are currently seen in the global data, and our treatment goes
beyond the common assumption of Gaussian priors, allowing for both the degenerate
solution and its relative poorness of fit to be more accurately taken into account.
The values of all parameters are permitted to vary, including the different octants
for 6,3, the value of dop and the mass orderings, subject to the global constraints.
Our choice of true values depends on the mass ordering, and are given explicitly in
Table [2.3] unless stated otherwise. Note that the current best-fit values correlate

the mass ordering and the octant, with NO preferring the lower octant and 10,
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the higher octant. This affects our simulation, for example leading to poorer CPV
sensitivity for 10, and in Ch.[5land Fig. [6.1| we show results for a band of 6,3 spanning
both solutions to mitigate this asymmetry.

We point out that our treatment of the external data, which attempts to ac-
curately model the global constraints beyond the approximation of independent
Gaussians, leads to some differences between our results and those of previous stud-
ies |1259,98]. The differences can be traced to two key features: first, we take into
account the significantly non-Gaussian behaviour of the global constraints at higher
significances. This is particularly relevant for the prior on Am3, and we comment
on this in more detail in Section [5.1]and Appendix [B] The second important feature
of our priors is the strong correlation between mass ordering and the octant of fss3.
The current global data disfavours the combination of IO and first octant (NO and
second octant). This fact is reflected in our priors; although a visible local minimum
is always present, it is never degenerate with the true minimum. In previous studies,
various treatments of this degeneracy have been employed, some which do not allow
the alternative minimum, and some which do not penalise it at all. Our method
interpolates between these two extremes, and attempts to faithfully describe the
current global picture.

In Ch. EL we include two dimensional y? data from NuFit 3.0, for catching the
feature of correlations between or among standard oscillation parameters. To do
this, we implement Eq. In Chs. [I1] and [I3] we simply adopt Gaussian priors

for oscillation parameters.
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Appendix B

Mass ordering sensitivity at high

significance

The sensitivity to mass ordering is conventionally reported as the difference between
the value of a y? statistic for the true parameter set and the close degenerate set

with the atmospheric mass splitting changed by the following mapping,

This local minimum becomes a worse and worse fit as data is collected, and reaches a
Ax? value of above 8¢ within a few years of running DUNE. This method computes
the decreasing quality of a poor fit to the data; however, there are lots of parameter
sets which are poor fits to the current data, and many cannot be excluded with a
significance greater than 8¢. Statistically speaking, to establish the mass ordering
we must exclude all possible parameter sets with that ordering regardless of the
other parameter values. In some circumstances, this may mean the local minimum
identified above is not the true global wrong-ordering minimum. We find this prob-
lem is relevant for DUNE as soon as the local minimum approaches a 5o exclusion.
This is because the global prior for the solar mass-squared splitting, Am3, has a
second minimum at around this significance. The long-baseline experiments con-
sidered in this paper, offer no sensitivity to this parameter themselves, and rely
on the priors to help constrain it. We have plotted the prior that we have used
in our simulations in Fig. [B.I where the second minimum can be seen just above
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25 w w ‘ 25 ; ‘ -
global minimum DUNE(2 yr) ----- Normal ordering
local minimum DUNE§5 yr) ——m Inverted ordering -—---
20 DUNE(10 yr 2 |
~ 15
>
<
10 |
5 L
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-1 -0.5 0 0.5 1 s
True 6/7 Am3, /107°[eV7]

Figure B.1: Left: Comparison of our reported sensitivities based on the global
minimum and more common published versions which show only a local minimum.
This is due to the presence of additional wrong-ordering minima at high significance
in the global data. Right: The prior on Am3, provided by the NuFit global fit [43].
The second local minimum with a significance around 50 (Am3, ~ 1.6 x 107 eV?)

leads to the unusual behaviour in our reported mass ordering sensitivities.

the global minimum. For DUNE to exclude the wrong mass ordering at above 50,
we must ensure it considers all values of Am3, allowed by the global data at this
significance. We find that DUNE can often exclude this minimum only at lower
significance than the more obvious local minimum corresponding to the expected
degeneracy. This causes the lower significances, and discontinuous behaviour, that
we have reported in Section [5.1] On average, this reduces the expected significance
of the mass ordering measurement by around 5o.

Of course, predicting any sensitivities at high significance requires good control
over all other aspects of the statistical modelling, and we do not pretend that our
method correctly models all uncertainties up to very small fluctuations. However,
we point out this particular subtlety as a concrete example of how the oft quoted
sensitivity is not quite what it seems: it is the confidence at which we can expect to
exclude a particular local minimum, not to the best-fitting set of parameters with
the wrong ordering. The difference in these quantities starts to become relevant at
for DUNE at very modest exposures. In the left panel of Fig. we show the

difference in Ay? values for the local minimum (black) and the full set of wrong
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ordering parameter sets (green), which starts to be visible after only 2 years run
time. We hope that this example helps to highlight some of the complexities of

making precise statements with high confidence sensitivities.
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Appendix C

Exact expressions for LS sum rules

The angles and Dirac phase can then be written as

sin? 013 = s(r), tan® 15 = t(r), cos 2093 = +c(r), cosd = +d(r),

(C.0.1)
with positive signs taken for LSA and negative for LSB and where
1 5512 + 4(1 — 4r)
s(try==11- C.0.2
(r) 6( ¢«nw2+Q1—%w((rP+4a—r») ( )
1 551 + 4(1 — 4r)
tr) 4<1+VKOMP+4O—7ﬂMOM)+4@—TD> (C.03)
mahqu@wﬂ—uw+4—5¢«nm2+41—ﬁw(any+4a—r»)
) = AP + 40 = 79) (L + 40l =) + 42 (117 - 22 = 117))
(C.0.4)
d(r) = e(r)(1 = 53( ) (C.05)

2y/25(n (1 — () (1 —3s(r))
Similar expressions for the Majorana phases also possible. Combining these, ex-
pressions relating any two of the angles and/or phases can be found. The first such
relation, relating 0,3 and 6,5, is the same as Eq. , which is general for all

CSD(n). New exact relations between 613 and 63 or 015 and 6,3, as well as the

relation between ¢ and 65, true for LSA with n = 2—” or LSB with n = —2—”, are
found of the form
fx(013,023) = 0, g+ (012, 003) = 0, h(0,012) = 0, (C.0.6)
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where again the positive (negative) sign is used in the functions valid for LSA (LSB).

Exact expressions are given as

Fe(Brs. ) = 44s2,1/1 — 352, N clycos20p3  [8si;  ciycos? 20
SIS 41— 6575) F 3¢5 0082003 (/1 32, 3 3(1-3s%)’
(C.0.7)
2252,4/1 — 352 20 220
g+ (bha, O23) = 2812 a4 C8Um 452, — 008—223, (C.0.8)
2(557g — 1) Fcos20p3 /1 — 352, 3(1 — 3s1y)
552, — 1 V3 cosd 114/1 — 125%,(1 — 3s%,) sin® 0
hi(8,612) = : :
s190/1 — 352 /1 —125%,(1 —3s%,)sin’0  2(6s2, — 1)sind F 2v/3 cosd
(C.0.9)
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Appendix D

Oscillation probabilities with
matter NSI effects

To understand the impact of o2, (in the following, we simply use &) on neutrino
oscillation probabilities, we are based on the knowledge of the probabilities with
non-zero en (in the following, we simply use e,5). Therefore we firstly study the
probability including the NSI matter effects in terms of €,43, and then by using the
relations between two parameter sets Table [13.1] we can extend our understanding
on how flavour symmetry model realises at oscillation probability through matter-
effect NSI.

Assuming \/ﬁ ~ \/m ~ s13 as the 1st order perturbation terms &, we

expand the disappearance oscillation probability P(v, — v,) and appearance oscil-

lation probability P(v, — v.). These equations are given with the leading-ordering
coefficient for each €,5 to understand how each elements affect to the probability at

the leading order/l]

1Our result is consistent with those in Ref. [134].
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P(v, = v,) = Py(v, = v,) + 0Pxsi(v, — v,)
~ Py(v, = v,)

Aem cos ¢m (sm 2055 L 55 Sin A3 L + 4 sin 26,3 cos 2923ﬁ sin? A123L) (D.0.1)

2 A13L

+C;1L%e e,u|€€ﬂ| + C/:,I-L*)Q;GT|€37—| + Ci%e;eegem

P(v, = v.) = Po(v, = v.) + 0Pxsi(Vy — Ve)

~ Py(v, — ve)

Am? . (Am2,—A)L
+8$13‘Ee#|823 Amglg)—lA Sin fE

* <S§3$ €05 (0 + ey ) sin % + ¢33 8in 4 cos (5 + Gep — AT—P%IL>>

+8513€cr|C23533 AAmSIA sin (Amgé_A)L

x (A ‘247,4 cos (0 + Per) si %—sm—ms (54—@587— A’Z%L))

+Cﬁ—>e ;n‘elﬁ" + Cﬁ—)e;eegee + Cﬁ_,ewém

(D.0.2)

where FPy(v, — vp) is the transition probability for v, — vz without NSI matter
effects, and
Az = 2 E , and for the cofficient Cé’ﬁgﬁf}el’ clement s 01€ UPper index gives the order of

this coefficient, and the lower one gives the channel and the element.

It is worthwhile to note that in Eq. those with the coefficient starts from
zeroth order, for €,,, €. Nevertheless, the coefficients for €., €., €., are of the 2nd,
1st and 1st order, respectively. The contribution of €., is suppressed by the factor
(¢33 — $33). This means for the same small value of each €5, the contributions of
the others are smaller than that of €,,. On the other hand, from Eq. (D.0.2), it is
obvious that the most contribution on the transition probability is of €., and of €.,

with the coefficient of the 1st order. The others are with the 2nd order coeflicient.

We summarise what we get to the coefficient from Eq. (D.0.1)) and (D.0.2) and
Table in Tab From this table we can see which «,,, have the bigger

impact to a certain channel due to the larger coefficient. «aq3, as,, and ag, are easier

to be detected in disappearance channel v, — v,. On the appearance probability
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channel vy, — vy Vy — Ve
gee Ciﬁ,u,ee CEHe;ee
€rr Cgﬁ,u;ﬂ' Ciﬁe;‘r‘r
€epu C;liﬁu;e,u Clliﬁ@e/i
€er C}L%u,ef C;liﬁe;e‘r
Cur Cgﬁu;w C;QHe;uT
12 Ci—)p,ee CIQL—N?;@S
Q13 _\/ﬁcg—u;,TT Cﬁ—m;ee - ﬂc}%—)e;TT
(6931 \/Lgcg—m;/n lli—>€;€/i + \/LERCIIL_W?‘?T
Qo2 \/Lgcg—m;m lli—ﬂ?;@li + \/%RCL_’G?ET
23 —%RC;_WW + %RC;_}WT —%RCL_,GW + %RC}L_}E;W
Qg1 _\/LEIC}L_)MW ™ \/LGIC}L—W,GT _\/Lézclli—w%eﬂ t \/LEIC’IJ_W?”
Q32 \/%Icllt—ﬂi,elt — \/%I C/lw—m,ef L—w;w _ \/%IC}HG?”
Q33 %IC;IL—n;,e,u + %Ic,llt—nt,e’r lll—>€§€ll + %ICIIJ—W?W'

Table D.1: . The leading coefficient of each €,3 and «yj, for v, — v, and v, — v..

RC;, (ZC_, 5.5 is the coefficient for real (image) part of v in a — 3, which is

a—f;v8

of the order z.

April 5, 2018



Appendix D. Oscillation probabilities with matter NSI effects 202

P(v, — v.), ag, and as, affect more significantly. The order of coefficient in the

disappearance channel has larger impact by «, as the order is lower.
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