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Synopsis

Neutrino physics is one of the most important fields of research in the intensity frontier
of high energy particle physics. Following the discovery of neutrino oscillations, under-
standing the neutrino properties, specially its mass and mixing through the oscillation
experiments, have been one of our main priorities for the last few decades. To accomplish
that goal, lots of experimental efforts have been put together in the atmospheric, accel-
erator, solar and reactor sectors. All these greatest efforts have established the 3-flavor
(Ve, Vu, and v¢) regime of neutrinos very firmly which involves two distinct mass-squared

Am3,| = |m% —m?| or |Am3,| = |m} —m3|, and solar

splittings (atmospheric splitting,
splitting, Am3, = m3 —m?), three mixing angles (612, 613, 6»3), and one CP-phase Scp,
where, m, my, and ms are the masses of three mass eigenstates vy, V,, and v3 respectively.
However, despite the greatest experimental efforts, there are two fundamental oscillation
parameters, namely 6,3 and d¢cp remain poorly determined. In addition, although the sign
of Am%l is known to be positive, but the sign of Am%1 remains unknown and this is known
as mass hierarchy (MH) problem. It can be either positive (m; < my < m3), known as
normal hierarchy (NH) or it can be negative (m3 < m; < mjy), denoted as inverted hierar-
chy (IH). On the other hand, any value of dcp other than O or 7 will lead to the discovery
of leptonic CP-violation (CPV). Now concerning the value of 6,3, current global neutrino
data and the recent result from the NOVA experiment [1] hints towards non-maximal 83
with two nearly degenerate solutions: one < 7/4, termed as lower octant (LO), and the
other > 1 /4, denoted as higher octant (HO). The identification of the 6,3 octant is a cru-
cial goal in neutrino physics due to its deep implications for the theory of neutrino masses
and mixing. From a phenomenological perspective, the information on the 6,3 octant is
also a vital input. In fact, it is well known that the identification of the two unknown
properties MH and CPV is strictly intertwined with the determination of 6,3 because of
parameter degeneracy. A rich experimental program is already underway and, at the fore-

front of intensity frontier, the ongoing and upcoming future generation LBL experiments
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are expected to play a bigger role to identify all these unknown properties, and to refine

the estimates of the known mass-mixing parameters.

All of the above discussions lie within the standard 3 x 3 unitary mixing scheme,
where it is assumed that the only relevant interactions of neutrinos with the matter occur
through the standard model weak interactions. However, there may be large number of
possibilities for which the standard framework needs to be modified and in addition, some
new interactions may also arrise. We call these possibilities as new physics. For example,
Non Standard Interaction (NSI), CPT violation, presence of long-range force, existence
of sterile neutrino, unitarity violation of leptonic mixing matrix, and many others. All of
them may pose a great challenge to disentangle their effects from the so-called standard 3v
neutrino oscillation picture. In this thesis, we discuss two of those new physics scenarios
namely, presence of an eV-scale sterile neutrino and presence of long-range force along

with their impact in long-baseline neutrino oscillation experiments.

Impact of an eV-scale sterile neutrino in LBL experiments: Let us now
start our discussion with sterile neutrino. The standard 3-flavor framework is a very very
successfull framework in explaining almost all the neutrino data available so far. How-
ever there have been few anomalies observed at the short-baseline (SBL) experiments,
which cannot be accommodated in the 3-flavor scheme. All of them indicate towards the
existence of at least one new heavy mass eigenstate V4 which gives rise a much larger
mass-squared difference O(eV?). This hypothetical fourth mass eigenstate known as ster-
ile. It is assumed to be weakly mixed with the active neutrino flavors (V,, vy, Vr), and it is
separated from the standard mass eigenstates (|, v2,v3) by a large O(eV?) splitting, giv-
ing rise to the hierarchical pattern |[Am3,| < |[Am3,| < |Am3,|. The 3+1 scheme involves
six mixing angles and three (Dirac) CP-violating phases. In this scheme, the mixing can
be parameterized as, U = R34 o R14 Ry3 ng Ri>,

where, R; (R,:j) is areal (complex) rotation in the (i, j) plane. The details of the parametriza-
tion of U can be seen in [2]. Hence, in case of discovery of a sterile neutrino, we would

face the formidable challenge of identifying six more properties namely, 3 mixing angles
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(014, 624, and 634), 2 CP-phases (814 and 834), and the sign of Amﬁl, in addition to those

involved in the standard 3-flavor framework.

It is now interesting to ask if there exists any extra mass eigenstate(s) in Nature
then does it affect the standard expectations of the so-called 3-flavor phenomena like
MH determination, CPV discovery, and Octant discovery which are expected to be well
addressed by the long-baseline (LBL) experiments in near future. Therefore, in view
of the potential discovery of a light eV-scale sterile neutrino at the SBL experiments, a
reassessment of the performance of the planned LBL projects appears to be mandatory.
To accomplish that goal, a few attempts have been persued in the literature and as a
consequence, few interesting outcomes have come out from that studies. However, the
knowledge is not fully complete and it requires an extensive study to investigate the known
and unknown features in LBL setups assuming full exposure of each experiment. In
this direction, we present a detailed and prospective study of the physics potential of the
two currently running LBL setups T2K and NOVA, and one future generation highly
sophisticated experiment DUNE in presence of an eV-scale sterile neutrino, taking into
account the future full exposure of each experiment. All our findings have been published
in the following journal articles [3, 4, 5]. The important observations arising out of these

studies can be stated as follows:

In our work [3], we have explored the physics potential of T2K and NOVA in
presence of an eV-scale light sterile neutrino assuming an expected full exposure regime
of each experiment. We start with a detailed discussion of the analytical and numerical
behavior of the 4-flavor v, — Vv, and V;; — V, transition probabilities. Along with the off-
axis event spectra for both the experiments, we have also represented the bi-probability
and bi-events plots for the first time in more general 3+1 scheme, commonly used in the
3-flavor framework. Without going into the details of chi-squared measurement, these
representations give us a bird-eye view of the physics potential of these experiments.
After having a rough overview, we have performed an elaborative study to assess the

sensitivity of both these experiments (taken alone or in combined mode) in the context
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of mass hierachy and CP-violation dicovery. We found that in 3+1 scheme, both the CP-
violation induced by the standard CP-phase 8,3 = O¢p, and the neutrino mass hierarchy
discovery potential of these two experiments gets substantially deteriorated with respect
to the standard 3v scheme. The degree of loss of sensitivity depends on the value of
the unknown CP-phase ;4. We have also assessed the discovery potential of total CP-
violation (i.e., induced simultaneously by the two CP-phases 0;3 and &;4) taking into
account the combined data of both these experiments. The most important message from
this assessment is that if we do not know the exact source of the CP-violation (induced by
013 or O4) then we may have chance to observe CP-violation at more than 30 confidence
level which is ofcourse a strong indication of the new physics. Now likewise the CPV
discovery analysis, it is also important to analyse how good these experiments are in
reconstructing the true values of such CP-phases irrespective of the fact that these phases
may or may not contribute to the CPV discovery. In this regard, we have found that the
typical (1o level) uncertainty on the reconstructed phases is approximately 40° for ;3

and 50V for 84.

After exploring the physics potential of T2K and NOVA, in [4], we have inves-
tigated the impact of an eV-scale sterile neutrino at the more sensitive future-generation
LBL facility DUNE. We have mainly addressed two fundamental issues namely MH and
CP sensitivity in detail. We have started our discussion by introducing the theoretical
framework and presented a detailed discussion of the behavior of the 4-flavor v, — v,
transition probabilities both in vacuum and in matter. From these discussions we realize
that apart from 64 and its associated CP-phase 04, the impact of the active-sterile mix-
ing angle 634 and its associated CP-phase 034 can be significant for the DUNE baseline
which we have clearly shown in the bi-probability and bi-events plots. After having all
those discussions in detail, we have presented the results of the sensitivity study of the
mass hierarchy in the 3+1 scheme. We found that the discovery potential of the neutrino
mass hierarchy (MH), remains well above the 5¢ level if all the three active-sterile mix-

ing angles are relatively small (014 = 04 = 634 = 9%). In contrast, if the third mixing
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angle 634 is taken at its upper limit (634 = 30%), the MH sensitivity can drop to 40 level.
From the analysis it is clear that the spectral information of the wide-band beam in DUNE
plays a fruitful role in preserving a good MH sensitivity even in the 3+1 scheme. We have
also assessed the sensitivity to the CPV induced both by the standard CP-phase 6,3 = d¢p
and by the new CP-phases (84 and 034 in our parameterization). We have found that the
performance of DUNE in claiming the discovery of CPV induced by 0;3 is appreciably
degraded with respect to the 3-flavor case. In particular, the maximal sensitivity (reached
around 8;3 = £90°) decreases from the 50 to the 40 level if all the three new mixing an-
gles are small (814 = 04 = O34 = 99) and can drop almost to the 3o level for 634 = 300,
The sensitivity to the CP-violation induced by the new CP-phase 614 can reach the 36
level for an appreciable fraction of its true values but never reaches the 4o level. The
sensitivity to the third CP-phase &34, which arises exclusively through matter effects, is
appreciable only if 634 is large. Now as a most general case we have also evaluated the
capability of DUNE in reconstructing the true CP phases specially in [8;3 — 614] plane.
We found that the typical 10 level uncertainty on the reconstructed CP-phases is approx-
imately 20° (30°) for 83 (8}4) in the case 634 = 0, whereas the reconstruction of 84 but

not that of 6,3 appreciably degrades if 6834 is large.

Now concerning to octant issue, in [5], we have addressed for the first time the
impact of a light eV-scale sterile neutrino in identifying the octant of the mixing angle 6,3
in the context of DUNE. Here our main goal is to discriminate one octant from another
assuming that we generate data with some true choice say LO (or, HO) and then we dis-
tinguish it from the test choice HO (or, LO) respectively. We commence our discussions
with a detail theoretical framework in the context of 6,3 octant which is then followed up
by the bi-events plot cultivation. From the bi-events plot, the message is very clear and it
says that in 3-flavor scheme, the two ellipses (running parameter is d;3) corresponding to
LO and HO respectively are well separated from each other in [v,, V.| appearance events
plane, whereas the blobs (the ellipses becomes blobs in 3+1 scheme due to two running

parameters 03 and dy4) corresponding to LO and HO respectively overlap with each other
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in 3+1 scheme in the same plane. This gives us a rough idea that the sensitivity of discrim-
inating one octant from another gets lost in 3+1 scheme with respect to 3-flavor scheme
due to octant and CP phase degeneracy. To justify this result, we have shown our results
in further details in chi-squared level. All the results confirm that the sensitivity to the oc-
tant of 6,3 can be completely lost in the presence of active-sterile oscillations and this can
be attributed to the following reasons. In 3+1 scheme, the v, — V, transition probability
acquires a new interference term which was first identified in [2]. This new interference
term can perfectly mimic a swap of the 6,3 octant, even when we use the spectral infor-
mation from both the neutrino and antineutrino channels. This is a very very important
result we have obtained in this thesis. We have checked that this result is also valid for
any accelerator based LBL experiments like T2K, T2HK, NOVA, and others. It remains
to be seen if other kinds of experiments, in particular those using atmospheric neutrinos,
can lift or at least alleviate this octant and CP phase degeneracy. Our educated guess is
that this would prove to be very difficult since obtaining a satisfying 6,3 octant sensitivity
with atmospheric neutrinos is a very hard task already in the 3-flavor framework, and in

the enlarged 3+1 scheme, the situation should naturally worsen.

As a whole it is worth to mention that we have addressed various issues in detail in
presence of one eV-scale sterile neutrino and we hope that all our works would certainly

give much deeper insight in exploring the light sterile neutrino in LBL experiments.

Long-range force and its impact in LBL experiments: Let us now discuss
another new physics issue namely the impact of long-range force (LRF) in long-baseline
experiments and in that regard we have considered two LBL experiments DUNE and
LBNO as case study. As long as this new physics is concerned, it arises as a cosequence
of the addition of an extra U (1)’ gauge boson along with the standard SU (2) @ U (1) gauge
group. If the mass of this new gauge boson is light enough then the range of the force
induced by it may have terrestrial range and the force is known as long-range force. The
concept of LRF in particle physics was first introduced by Yang-Lee [6] and Okun [7]. It

has been noticed that there are three leptonic combinations of U(1)" symmetries possible,
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namely L, — Ly, L, — L¢, and L, — L, which can be gauged in an anomaly free way with
minimal matter content and they lead to new non-universal flavor-diagonal neutral current

(FDNC) interactions.

For an example, the LRF between the electrons inside the Sun and the neutrinos in
Earth can generate a flavor-dependent long-range potential V,, /., Which can give rise to
non-trivial three neutrino mixing affects in terrestrial experiments, and could influence the

neutrino propagation through matter. This potential for L, — L, symmetry can be written

as,
2NiO o
V. — +g2/ N, o Ny
ee 4 RES el Rg = Veu,
2NIO ®
g N N
ala 4w RES €ﬂRES et
VTT — O

ey is the effective gauge coupling parameter of L, — L, symmetry, NS ~ 10°7 is the
total number of electrons inside the Sun, and Rgg ~ 1.5 % 1013 cm is the distance between
Earth and Sun. So the potential due to Sun can be written as,

O NS Ot X 1077
REs 7.6 x 1026 GeV 1

N 11 Cept
~13x 107 eV (5% )

The sign of this potential is opposite for antineutrinos, and affects the neutrino and an-
tineutrino oscillation probabilities in different fashion. The key point here is that for
long-baseline neutrinos, Am?/2E ~ 2.5 x 10713 eV (assuming Am? ~ 2.5 x 1073 eV?
and E ~ 5 GeV) which is comparable to V,, even for ot ~ 10732, and can influence
the long-baseline experiments significantly. For the Fermilab-Homestake (1300 km) and
CERN-Pyhisalmi (2290 km) baselines, the Earth matter potentials are also around 10~'3
eV (see Table 1), suggesting that Ve can also interfere with Ve, and Am%1 /2E, having
substantial impact on the oscillation probability. In [8], we have explored few interesting
possibilities which can be studied in these LBL experiments in presence of LRF. All our

findings are briefly described below.
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st Am? Veu (eV)
Setup | 1¥ Osc. max. (GeV) | =i (ev) | Vee (eV) G =107 [ g =107
DUNE 2.56 48x10713 | 1.1x1071B3 | 1.3x10713 | 1.3x10714
LBNO 4.54 27x1071B [ 1.3x10713 | 1.3x10713 | 1.3x1071

Table 1: Comparison between different potential strengths faced by the neutrinos.

To start with, first we derived the very simple and compact analytical expressions
of vy — V, appearance and v;, — vy, survival oscillation probabilities in presence of both
LRF and Earth matter effect. There we have also shown the running behavior of all the
standard oscillation parameters as a function of neutrino energy, which is quite helpful
to have better understanding about the numerical behavior of all the results. Following
that we have extended our discussion by making detail spectral analysis of both the ex-
periments DUNE and LBNO with and without the presence of LRF which shows a clear
distortion of spectrum between the two cases. This is more evident when we draw the
bi-events plot taking the effective gauge coupling strength ot = 1072 as a benchmark
value. The behavior of the bi-events ellipses are different for both the cases with and
without the presence of LRF. In the very next we have asked an obvious question, namely
how good these experiments are in constraining this new physics. In that regard we have
put bound on the coupling strength @, arising due to L, — L, symmetry. We found that
for dcp (true) = —90° and for NH true, the expected bound from the DUNE (35 kt) set-
up at 90% C.L. is oty < 1.9 X 1073, The same from the LBNO (70 kt) experiment is
Oy < 7.8 1074, suggesting that the constraint from LBNO is 2.4 times better than
DUNE. We have noticed that these limits are robust with respect to the true choice of d¢p
and mass hierarchy. This future limit from the DUNE (LBNO) experiment is almost 30

(70) times better than the existing bound from the SK experiment [9].

We have also studied in detail the CP-violation discovery reach of DUNE (35 kt)
and LBNO (70 kt) in the presence of LRF. We have seen that the chance of CP-violation

(CPV) discovery gets substantially deteriorated as compared to the standard expectation
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depending on the true value of . At 30 with o, (true) = 1072 and true NH, the CPV
coverage in O¢cp(true) is 41% (30%) for DUNE (LBNO) while in SM case, the coverage is
48% for DUNE and 55% for LBNO. In case of true IH, the impact is even more striking.
For example, if a, (true) = 1072, the 30 C.L. CPV coverage in dcp(true) is 37% (12%)
for DUNE (LBNO), while in the ‘SM’ framework, DUNE (LBNO) can do so for 53%
(60%) values of true 6cp. As the true value of oy approaches toward 1072, the CPV
coverages in §cp(true) fall sharply for both the set-ups, and ultimately around ¢t (true) =

2 x 10732, the coverages almost become zero.

Finally, we have investigated the possibility of mass hierarchy determination in
presence of LRF. In the standard case, due to the large Earth matter effects, DUNE and
LBNO both can resolve the issue of mass hierarchy at very high confidence level. How-
ever, if LRF exists in Nature, then for DUNE, the MH sensitivity remains above the
standard expectations provided the true value of ¢, <5 x 10752, and for LBNO, the MH
discovery reach does not go below the ‘SM’ value as long as o (true) is smaller than

10752,

It is worth to note that although we have presented all the results considering the L, — Ly
symmetry, similar analysis can be followed for the L, — L or other kind of anomaly free
leptonic symmetries. We have seen that even if the mass of the new gauge boson is very
light due to the long-range nature of this new force, and the value of the gauge coupling
parameter is very low, it can have significant effect on the standard neutrino oscillation
physics. As a consequence, we can either constrain or discover this new physics using
the neutrino oscillation data. Another noteworthy point to make is that this is one of such
new physics examples where the behavior for neutrinos and antineutrinos is different and
for that we do not need to invoke the scenarios like CP or CPT violation. This special
characteristic emphasizes the importance of analyzing this double behavior separately.
We hope that our rigorous efforts would certainly help to explore this new physics in

detail in near future.
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Chapter 1

Introduction

Studying the properties and interactions of neutrinos have been a very very interesting
and exciting area in particle physics, astroparticle physics and cosmology ever since Pauli
proposed its existence in 1930. Last few decades or so have been a revolution for neutrino
physics from the perspective of experimental hunting. Inspite of their very very weakly
interacting nature, we have so far gathered a good amount of knowledge about them
from all three sectors: cosmology [1, 2, 3], particle [4, 5, 6] and astroparticle [7, 8, 9, 10]
physics. Neutrino cosmology offers a profound inter connection between the two exciting
branches of physics namely neutrino physics and cosmology and the tremendous success
of the standard Big Bang model of cosmology has established the fact that neutrinos play
an important role in the anisotropies of the cosmic microwave background radiation, in
the primordial nucleosynthesis, in the formation of the large scale structures and so on.
Data from different cosmological observations have given a good idea about the scale
of absolute value of neutrino masses. The most recent data from the measurement of
temparature and low multipole polarization anisotropies of the Cosmic Microwave Back-
ground (CMB) combined with the baryon acoustic oscillation and galaxy clustering data
from Baryon Oscillation Spectroscopy Survey (BOSS) gives an upper bound on the sum
of three active neutrino masses ) m, < 0.183 eV at 95% confidence level [11]. However

the further inclusion of high multipole polarization data makes the limit more stronger to
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Chapter 1. Introduction

0.176 eV. It is believed that the decays of heavy Majorana neutrinos might have also cru-
cial role in making the universe matter dominant over antimatter via leptogenesis mecha-
nism. Many theorists strongly believe that KeV-scale heavy neutrinos may be one of the
major candidates of the dark matter problem [12] even though there is no cosmological
evidence till now. Nonetheless, a substantial amount of data from different running and
future experiments in the sector of neutrino cosmology is expected to help us in knowing
the above unknown issues and provide us more compelling information about the neutrino

masses, mixing and CP-violation.

Apart from the cosmological observations, understanding the neutrino properties,
specially its mass and mixing through neutrino oscillation phenomenology have been one
of our utmost priorities for the last few years, and to accomplish that, lots of experimental
efforts have been put together in the atmospheric, accelerator, solar, and reactor sectors.
More than fifteen years ago, pioneering observations of neutrinos originating from natu-
ral sources (the sun core and the earth atmosphere) led to the first evidence of neutrino
oscillations establishing the massive nature of these fundamental particles. Such a dis-
covery, recently awarded with the Nobel Prize [13], has been the first of a long series of
milestones in our understanding of neutrinos, whose properties have been gradually clar-
ified by the subsequent findings of several other experiments performed with man-made

neutrino sources (reactors and accelerators).

The two apparently disjoint effective 2-flavor descriptions initially introduced to
explain separately the solar and the atmospheric neutrino anomalies have been gradu-
ally recognized as two pieces of a single and more complex mosaic, which is currently
accepted as the standard picture of neutrino oscillations. Such a 3-flavor framework in-
volves two distinct mass-squared splittings (atmospheric splitting, |Am3,| = |m3 —m?| or
|Am§2| = \m% — m%| , and solar splitting, Am%1 = m% — m%), three mixing angles (6, 03,
0,3), and one CP-phase Ocp, where, my, m;, and mj are the masses of the three neutrino

mass eigenstates vy, v, and v3 respectively.
The latest fundamental step in the establishment of the 3-flavor scheme has been
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accomplished very recently (during 2012), with the determination of the long-sought third
mixing angle 013 by means of dedicated reactor experiments [14, 15, 16]. This discovery
has not only opened the way to the measurement of the last unknown 3-flavor parameters:
the CP-phase dcp and the neutrino mass hierarchy (MH), i.e. the sign of Am%l but also
brought us into the precision era. The sign of Am%1 can be either positive, known as nor-
mal hierarchy (NH) or negative, denoted as inverted hierarchy (IH). On the other hand,
any value of Ocp other than O or 7 leads to the leptonic CP-violation (CPV). A rich exper-
imental program is underway to identify these two unknown properties, and to refine the

estimates of the known mass-mixing parameters [17, 18, 19, 20, 21].

Apart from the above mentioned two fundamental unknown parameters, there is
another oscillation parameter widely known as atmospheric mixing angle 6,3 which is
also poorly determined at present. Current global neutrino data [22, 23, 24, 25] and the
recent result from NOVA experiment [26] hints towards non-maximal 6,3 with two nearly
degenerate solutions: one < 7/4, termed as lower octant (LO), and the other > 7 /4,
denoted as higher octant (HO) (see chapter 4 and chapter 8 for details). The identification
of the 6,3 octant is a crucial goal in neutrino physics due to its deep implications for
the theory of neutrino masses and mixing (see [27, 28, 29, 30, 31] for reviews). Notable
models where the 6,3 octant plays a key role are <+ T symmetry' [34, 35, 36, 37, 38,
39, 40, 41], A4 flavor symmetry [42, 43, 44, 45, 46], quark-lepton complementarity [47,
48, 49, 50], and neutrino mixing anarchy [51, 52]. From a phenomenological perspective,
the information on the 6,3 octant is also a vital input. In fact, it is well known that the
identification of the two unknown properties (MH and CPV) is strictly intertwined with
the determination of 6,3 because of parameter degeneracy issues [53, 54, 55, 56, 57, 58,

59, 60, 61].

At the forefront of the intensity frontier, ambitious next-generation long-baseline

I'As shown in [32, 33], in the 3+1 scheme, the condition 6,3 ~ 45° implies an approximate realization
of U <+ T symmetry, similarly to what happens in the standard 3-flavor scheme. Therefore, establishing that
6,3 is maximal (non-maximal) would imply that i <> T symmetry is unbroken (broken), irrespective of the
existence of a light sterile neutrino.

Page 3 of 221



Chapter 1. Introduction

(LBL) neutrino oscillation experiments are under consideration [17, 18, 19, 20, 21], whose
mission will be that of deciphering the fundamental properties of these elusive particles,
and exploring the interactions to which they participate. The main objectives of the LBL
experiments are to determine the leptonic CP-violation (CPV), to identify the neutrino

mass hierarchy (MH), and to pin point the correct octant of 63.

In general, LBL experiments are sensitive to the mass hierarchy” because of their
long-baseline nature which is well complemented by the high matter effect. The more the
baseline is, the more is the advantage to unravel the correct MH. Similarly, the LBL ex-
periments are also regarded as the high-precision neutrino interferometers, such that they
are the best place to study CPV, whose manifestation is intimately related to interference
phenomena. This is clearly the case of the standard 3-flavor CPV, which is observable
through the interference of the oscillations driven by the two distinct (atmospheric and
solar) frequencies. Several non-standard neutrino properties are also the sources of addi-

tional CPV, and the LBL. machines would naturally have a pivotal role in these searches.

As already mentioned above, not only the determination of MH and CPYV, but
also one of the most promising options to identify the 6,3 octant is also offered by the
long-baseline (LBL) accelerator experiments. In these setups, a synergy between the
vy — V. appearance and v, — Vv, disappearance channels exists [53, 56], which confers
an enhanced sensitivity to the 6,3 octant. The v, — v,; survival probability, at the leading
order, depends on sin22923. Then, it is sensitive to deviations from maximality but is
insensitive to the octant. On the other hand, the leading contribution to the v, — Vv,
probability is proportional to sin® 6,3, and is thus sensitive to the octant. The combination
of these two channels provides a synergistic information on 6,3. A residual degeneracy
persists between the 6,3 octant and the CP-phase dcp, but it can be lifted with a balanced

exposure of neutrino and antineutrino runs [58].

Even though the attempt to unravel the properties of neutrino is a great success so

21t is worth mentioning that medium baseline reactor experiment JUNO [62] having 53 km baseline can
determine MH using the shape of the spectral information.
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far, there may be still many surprises waiting for us in the days to come in which neu-
trino oscillation experiments can play much much bigger and broader role. If specifically
mentioned, then all of the above discussions lie within the standard 3 x 3 unitary mix-
ing scheme, where it is assumed that the only relevant interactions of neutrinos with the
matter occur through the standard model weak interactions. However, there may be large
number of possibilities for which the standard framework needs to be modified and in ad-
dition, some new interactions may also arise. We call these possibilities as new physics.
For example, non-standard interaction of neutrino (NSI) [63, 64, 65, 66, 67, 68], CPT vi-
olation [69, 70, 71, 72, 73, 74, 75], presence of long-range force [76, 77, 78, 79, 80, 81],
existence of sterile neutrino [82, 83, 84], unitarity violation of leptonic mixing matrix
[85, 86, 87, 88, 89, 90, 91] and many others which not only provocate us to think beyond
the standard model (SM) but also these new physics may pose a great challenge to disen-
tangle their effects from the standard neutrino physics. So, if they are the reality in Nature,
all these issues need to be analysed carefully with perfect framework and with sufficient
amount of data in future. In this thesis we discuss two of those new physics scenarios,
namely presence of an eV-scale sterile neutrino and presence of long-range force along

with their impact in long-baseline neutrino oscillation experiments.

Let us now first discuss some details about an eV-scale sterile neutrino. We know
that the neutrino oscillation data available till date can be well explained by the standard
3-flavor framework [22, 23, 24]. However in spite of its tremendous success and of its
beautiful structure, the standard 3-flavor framework may not constitute the ultimate de-
scription of neutrinos. A few anomalies have been observed at the short-baseline (SBL)
experiments, which cannot be accommodated in the 3-flavor scheme (see [82, 83, 84]
for a review of the topic). The two standard mass-squared splittings Am% | = m% — m% and
|Am3,| = |m3 —m7| are too small to produce observable effects in such setups and (at least)
one new much larger mass-squared difference O(eV?) must be introduced. The hypothet-

ical fourth mass eigenstate must be essentially sterile. A great number of experimental

facilities have already been planned and some of them have already started working to
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test such an intriguing hypothesis (see the review in [92]), which, if confirmed would
represent a revolution in our understanding of neutrinos, as important as the discovery of

neutrino oscillations.

At a phenomenological level, the existence of sterile neutrinos would make nec-
essary to extend the standard 3-flavor framework. The enlarged scheme must be real-
ized in such a way to preserve the very good description of all the other (non short-
baseline) data. In the minimal extension, involving only one sterile species, the so-called
3+ 1 scheme, the new mass eigenstate v, is assumed to be weakly mixed with the ac-
tive neutrino flavors (Ve, vy, V) and it is separated from the standard mass eigenstates
(vi,v2,v3) by a large O(eV?) splitting, giving rise to the hierarchical pattern [Am3,| <
|Am3,| < |Am3;|. The 3+1 scheme involves six mixing angles and three (Dirac) CP-
violating phases (see sec. 2.3.1). In this scheme, the mixing can be parameterized as,
U = R34RuuR14R»3R 3R>, where, R;j (Eij) is a real (complex) rotation in the (i, j)
plane. The details of the parameterization of U can be seen in sec. 2.6. Hence, in case of
discovery of a sterile neutrino, we would face the formidable challenge of identifying six
more properties namely, 3 mixing angles (6,4, 624, and 634), 2 CP-phases (J14 and 34),

and the sign of Amﬁl, in addition to those involved in the standard 3-flavor framework.

The 3 + 1 scheme naturally predicts sizable effects at the short-baselines, where
the oscillating factor Ag; = Am?,L/4E (L being the baseline and E the neutrino energy)
is of order one, and one expects an oscillating behavior with the characteristic L/E de-
pendency. As a result, the SBL experiments are the best place to look for the sign and
magnitude of the Amil, and for the magnitude of the new mixing angles originated due
to the mixing between the standard three mass eigenstates (V;, V2, v3) and the new mass
eigenstate v4. However, it must be emphasized that sterile neutrinos are observable in
other (non-short-baseline) types of experiments where they may manifest in a more sub-
tle way. For example, in the solar sector, a non zero-value of the electron neutrino mixing
with v4 (parameterized by the matrix element U,4) can be felt as a small deviation of the

unitarity of the (vy, v», v3) sub-system [93, 94] (see also [95]). In the atmospheric sector,
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as first evidenced in [96], at very high [O(TeV)] energies one expects a novel MSW res-
onance, which may reveal as a distortion of the zenith angle distribution. To this regard
we mention the dedicated analysis underway in the IceCube collaboration whose pre-
liminary results have been shown very recently in [97]. Complementary information on
sterile neutrino mixing using atmospheric neutrinos has been also extracted from Super-

Kamiokande [98].

Sterile neutrino oscillations can also influence the long-baseline (LBL) accelerator
experiments 3. We recall that these setups, when working in the vy — Ve (and Vv, —
V,) appearance channel, can probe the 3-flavor CP-violating phenomena encoded by the
CP-phase dcp. Their sensitivity is related to the fact that at long distances the v, — Vv,
transition probability develops a small interference term (which is completely negligible
at SBL) between the oscillations induced by the atmospheric splitting and those driven by
the (much smaller) solar splitting. As first evidenced in [104], in the presence of a sterile
neutrino, a new interference term appears in the transition probability, which depends on
one additional CP-phase®*. Notably, the size of the new non-standard 4-flavor interference
term is expected to be similar to that of the standard 3-flavor interference term. Therefore,
the sensitivity to the new interference term can disclose the possibility to explore the new
enlarged CP-violation (CPV) sector, which involves two additional CP-phases. It should

be stressed that both in the 3-flavor ° and 4-flavor © schemes, the CP-phases cannot be

3In this thesis we have mainly focused on the vy (V) — Ve(V.) channels even though we have also
added the events in our analysis coming from v, (V) — Vv, (V) channels. However, information on sterile
neutrinos can also be obtained from the LBL disappearance v;, — vy, searches and from the neutral current
data. See the analysis performed by MINOS [99, 100], NOVA [101]. Also the appearance V,, — V¢ channel
can provide information, albeit currently the low statistics limits the sensitivity. See the analysis performed
by OPERA [102, 103].

4This is true in vacuum. According to the parameterization used in [104], this CP-phase is 84. However
in presence of matter, this interference term depends on one more extra CP-phase namely &34 which may
have significant impact on the physics analysis [see chapter 7].

>In 3v framework, the oscillation picture at the SBL experiments basically boils down to the 2v frame-
work, and as a result of that SBL experiments are not sensitive to CPV.

®In the 3+1 scheme with one light eV-scale sterile neutrino, the oscillation picture at the SBL experi-
ments also boils down to the 2-flavor scheme, and therefore, one cannot observe CPV. However when more
sterile neutrinos come into play the SBL experiments can be sensitive to CPV. In this regard it is worthy to
note that the SBL experiments can access only a restricted number of the CP-phases involved in the model,
while the LBL ones are sensitive to all of them. For example, in the 3+2 scheme, the SBL experiments are
sensitive to one CP-phase over a total of five CP-phases.
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observed in SBL experiments because of the negligible values the two standard oscillating
frequencies. As a whole, we see that the SBL setups are sensitive to the new mass-squared
splitting and new mixing angles, where as the LBL setups are sensitive to the CP phases.
Therefore, in the eventuality of discovery of a light sterile neutrino (or, of any scheme
involving more than one sterile neutrino), the LBL setups would play a complementary

role to the SBL experiments due to their unique sensitivity to the new CP-phases.

It is now interesting to ask if there exists any extra mass eigenstate(s) in Nature
then does it affect the standard expectations of the so-called standard 3-flavor phenomena
like MH, CPV and octant discovery which are expected to be well addressed by the LBL.
experiments in near future. Therefore, in view of the potential discovery of a light eV-
scale sterile neutrino at the SBL experiments, a reassessment of the performance of the
planned LBL projects appears to be mandatory. To accomplish that goal, few attempts
have already been made in the literature and as a consequence, few interesting outcomes
have emerged out of those attempts. For example, 4-flavor analysis’ [104, 107] of the
latest data collected by the two currently running LBL experiments T2K and NOvA® have
already given some weak hints on the new CP-phases involved in the 3+1 scheme, and
have also evidenced the fragility of the present (weak) indication in favor of the normal
hierarchy, which emerges in the standard 3-flavor framework. In addition, in [107] it
has been pointed out that the statistical significance of the current indications concerning
the standard CP-phase dcp and the neutrino mass hierarchy is modified (reduced) in the
presence of sterile neutrinos. Now in case of octant issue, most of the octant sensitivity
studies have been performed within the 3-flavor framework (for recent works see [18,
58, 112, 113, 114, 115]). As a result there is a lack of knowledge about the situation
in presence of 3+1 scheme. Therefore, it is timely and interesting to investigate such

interesting features in LBL setups assuming full exposure of each experiment.

7Such analysis are performed for realistic values of the new active-sterile mixing angles as indicated by
the global 3+1 fits [105, 106].

81n principle (see the 4-flavor analysis performed in [108]), the new CP-phases can impact also the
Vu — Ve searches of ICARUS [109, 110] and OPERA [111]. However, the very low statistics prevents to
extract any information on the CP-phases.
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Let us now turn our focus into another new physics, namely long-range force
(LRF). As long as this new force is concerned, it arrises as a consequence of the addition
of an extra U(1)' gauge boson along with the standard SU(2);, ® U(1)y gauge group’.
If the mass of this new gauge boson is light enough then the range of the force induced
by it may have terrestrial range and the force is known is long-range force. The con-
cept of LRF in particle physics was first introduced by Yang-Lee [76] and Okun [77].
According to their proposal, composition dependent long-range force can be natural con-
sequence of gauging the baryon number or lepton number and that force can be probed
in the classic Etovos type of experiment [78]. It was noticed [79, 80, 81] long ago that
there are three leptonic combinations of U(1)" symmetries possible with minimal matter
content, namely L, — Ly, L, — L¢, and L, — Lz, which can be gauged in an anomaly free
way and the gauge bosons associated with these flavor-dependent symmetries can be very
light and neutral, leading to new non-universal flavor-diagonal neutral current (FDNC)
interactions of the neutrinos which can give rise to non-trivial three-neutrino mixing ef-
fects in terrestrial experiments, and could affect the neutrino propagation through matter
[116, 117, 118, 119, 120]. Now the question is, can we constrain/discover these long-
range FDNC interactions in upcoming long-baseline neutrino experiments? If this LRF
exists in Nature, can it become fatal in our attempts to resolve the remaining unknowns in

neutrino oscillation?

With all these keeping in mind, in this thesis we present a detailed and prospective study
of the physics potential of the two currently running LBL setups T2K [121, 122] and
NOvVA [123, 124], and two future generation highly sophisticated experiments DUNE [125,
126] and LBNO [127, 128] in presence of an eV-scale sterile neutrino'® and long-range

force, taking into account the future full exposure of each experiment.

9details of theoretical description is given in appendix A.

1001d works on sterile neutrinos at LBL can be found in [129, 130, 131, 132, 133, 134, 135, 136, 137].
More recent studies focusing on the future LBNE/DUNE experiment [125] have been recently performed
in [138, 139, 140]. In principle, the CERN-Pyhisalmi bascline of 2290 km actively studied under the
umbrella of the LBNO collaboration [141, 142] can also be very sensitive to these issues. The same is also
true for the future T2HK experiment [ 143, 144], which is a bigger version of T2K.

Page 9 of 221



Chapter 1. Introduction

This thesis is organized as follows.

In chapter 2, we lay the foundation of our discussions by introducing the basic understand-
ing of neutrino oscillations starting from 2-flavor framework followed by the 3-flavor and
4-flavor framework respectively. In chapter 3, we extend our discussions by introducing
some experimental motivations for choosing an eV-scale sterile neutrino in our analy-
sis. Here we devote few sections for the discussion of different anomalies (for example,
LSND, Gallium, MiniBoone, and reactor anomalies) observed in different experiments.
Before going into the discussions of experimental setups, analysis details, and obtained
results in the next few chapters, in chapter 4, we give a detail discussion on the current
status of the oscillation parameters involving in 3-flavor as well as in 3+1 framework.
Following that, in chapter 5, we give the experimental details of all the LBL setups like
DUNE, LBNO, T2K, and NOVA, and also we present the details of the simulation method

used for all the numerical analyses presented in this thesis.

In chapter 6, we explore the physics potential of T2K and NOVA in presence of an eV-
scale light sterile neutrino assuming an expected full exposure regime of each experiment.
In section 6.1, we present a detailed discussion on the behavior of the 4-flavor v, — v,
and V;, — V, transition probabilities. For the first time we extend the bi-probability and
bi-events representation, commonly used in the 3-flavor framework, to the more general
3+1 scheme. Following that, the next few sections are devoted for the presentation of the
results of the sensitivity study of T2K and NOVA. Specifically, we elaborate the details of
CPV discovery followed by the CP-reconstruction capability, and MH discovery potential

of these two experiments. Finally we summarize our findings.

In chapter 7, we investigate the impact of an eV-scale sterile neutrino at the more sensitive
next-generation LBL facility DUNE. In section 7.1, we start our discussion by introducing
the theoretical framework and present a detailed discussion on the behavior of the 4-flavor
vy — V, transition probabilities in vacuum and also in matter. In section 7.2, we describe
the details of the statistical method used for all the analyses. In section 7.3, we make some

important considerations at the level of the bi-probability and bi-events plots and at the
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level of the energy spectrum, and then we present the results of the sensitivity study of the
mass hierarchy in the 3+1 scheme. In section 7.4, we discuss the results concerning the
CPV discovery potential and the capability of reconstruction of the CP-phases. Finally

we summarize our results.

In chapter 8, we explore the impact of eV-scale sterile neutrino on the measurement of
octant of 6,3. In section 8.1, we start our discussion with the details of theoretical frame-
work for understanding the octant issue in 3-flavor as well as in 4-flavor framework. In
section 8.2, we then present all the numerical results. There we first discuss the bi-events
plot and then present the octant sensitivity plots of distinguishing one octant from another
in presence of 3v as well as 3+1 scenario. Finally in section 8.3, we summarize all our

results.

In chapter 9, we start section 9.1 with a discussion on flavor-dependent LRF and how it
arises from abelian gauged L, — L, ; symmetry. This is followed by a brief discussion on
the current constraints on the effective gauge couplings ¢ (7 of the L, — Ly ; symme-
try from various neutrino oscillation experiments. In section 9.2, we study in detail the
three-flavor oscillation picture in presence of long-range potential. We derive the com-
pact analytical expressions for the effective oscillation parameters in case of the L, — Ly
symmetry. Next, we demonstrate the accuracy of our approximate analytical probability
expressions by comparing it with the exact numerical results. We also discuss some salient
features of the neutrino and antineutrino appearance and disappearance probabilities (cal-
culated numerically) for the DUNE and LBNO baselines in the presence of long-range
potential. At the beginning of section 9.3, we study the impact of the long-range potential
due to L, — L, symmetry on the expected event spectra and total event rates for the DUNE
and LBNO experiments. In section 9.4, we describe our simulation strategy. Next, we de-
rive the expected constraints on ¢, from DUNE and LBNO in section 9.5.1, and estimate
the discovery reach for @, in section 9.5.2. In section 9.5.3, we study the possibility of
CP-violation search in presence of LRF. Section 9.5.4 is devoted to assess the impact of

LRF on mass hierarchy measurements. Finally, we summarize our results in section 9.6.
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In chapter 10, we make conclusions of our findings and comment about the future out-
looks. At the very end in appendix A, we present the detail derivation of the long-range
potential arising because of the inclusion of an extra U(1) L,-L, gauge group on top of

SM gauge group.
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Chapter 2

Brief description of the theory of

Neutrino Oscillation in 3+1 framework

2.1 A brief history of neutrino

In 1930, a new elusive particle was first postulated by Pauli in order to explain the energy,

momentum, and spin angular momentum conservation in f3-decay :
n—p+e +V, 2.1

Later this new particle v, was named as "neutrino” by Fermi who developed the the-
ory of B-decay. Experimental detection of neutrinos by the use of beta-capture was first
proposed by Wang Gangchang in 1942 [145]. Later, in 1956, the detection of electron an-
tineutrino was first confirmed in the Cowan-Reines neutrino experiment [146], for which
Fredrick Reines was awarded with the Nobel Prize in 1995. However the effect of neu-
trino oscillation was first recorded in Ray Davis’s Homestake Experiment in 1960, which
confirmed a clear deficit of solar neutrino flux as compared to the Standard Solar Model
prediction. This is known as solar neutrino problem. Using an analogy with the Kaon os-
cillation [147], in 1957, Bruno Pontecorvo proposed a theoretical framework of neutrino-

antineutrino transitions based on simple quantum mechanical idea. Although such transi-
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tions have not been observed yet, but the idea gave a good starting point for the foundation
of the theory of neutrino flavor oscillation which was developed by Maki, Nakagawa, and
Sakata in 1962 [148]. Later in 1967, it was more elaborated by Pontecorvo[149]. Accord-
ing to that theory, neutrino flavor eigenstates (Ve, Vy, V¢) are the linear super position of
three mass eigenstates and these flavor eigenstates convert from one flavor to another

while traveling from one space point to another space point.

In the beginning of 1998, Super-Kamiokande collaboration [150] first reported the evi-
dence of atmospheric neutrino oscillation, which led to the solution of the long-standing
atmospheric neutrino puzzle. They showed that the ratio of the muon to electron atmo-
spheric neutrino events coming from the opposite side of the Earth were different. After a
very careful analysis, they came to the conclusion that almost half of the muon neutrinos
changes to tau neutrinos while passing through the Earth. Similarly in 2001, Sudbury
Neutrino Observatory collaboration [151] reported the quantitative measurement of how
many of the V,s” coming from the Sun, change flavor to v;, and how many to v, which ul-
timately solved the solar neutrino puzzle. These revolutionary results have been awarded
recently with the 2015 Nobel Prize [13]. All these experimental evidences of neutrino
oscillation not only have confirmed that neutrinos are massive but also they have brought

us into the field of precision era.

Field SU(3)c®@SU(2)L®U(1)y | Spin | Weak Isospin I° | Electric charge Q | Color charge
Le= (Ve,e )l (1,2, -1) /2 | /2, -1/2)7T ©o,-nT None
Ly = (v, po)T 1,2,—1) /2| a/2,-1/2)" o, -1" None
Ly = (ve, 7 )] 1,2,-1) /2 | /2, -1/2)7 o, -nT None
Eg = (er, Ur, TR) a,1,-2) 1/2 0 —1 None
Ng = (v,....) 1,1,0) 1/2 0 0 None

Table 2.1: Quantum numbers of leptons in SM framework. Here, Q = I°+Y/2. Y is
the hypercharge quantum number. Vg is defined as sterile neutrino. The exact number of
sterile neutrino types is not known if it exists in Nature.

Page 14 of 221



Chapter 2. Brief description of the theory of Neutrino Oscillation in 3+1
framework

It is now worth mentioning that all the neutrinos (V,, vy, V;) confirmed by the exper-
iments are known as active neutrinos. However many theoretical models and SBL ex-
periment anomalies (for details, please see Chapter 3) prefer to the existence of another
kind of neutrino, which we call sterile neutrino. They are the hypothetical particles with
right-handed chirality, do not take part directly in any kind of SM interactions except
gravitational interaction. Their masses may have any values ranging from sub-eV to 10>
GeV. In Table 2.1, we give the details of the quantum numbers of the active and sterile

neutrinos in SM framework.

2.2 Two flavor neutrino oscillation framework:

Before going into the four flavor neutrino oscillation framework, we start our discussion
from the very basic effective two flavor neutrino oscillation. The underlying mechanism
of neutrino oscillation is based on simple quantum mechanics. Here first we discuss
the two flavor neutrino oscillation in vacuum before going into more general case of N-

flavors.

We know that the time evolution of a stationary state |y;) with energy Ej, is written as

(1)) = e 5 y) . 2.2)

Where, the state vectors at different times simply differ by an overall complex phase

factor.

In a similar fashion, the time evolution equation for two stationary neutrino mass eigen-
states |v;) and |v,) with energy eigenvalues E| and E; respectively in vacuum is given

by

E;i O
A Vi) _ & V1) . 2.3)

V2) 0 Exf \|v2)
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So, by definition the mass eigenstates evolve in time without mixing. However if there
is mixing, the eigenstates are known as flavor eigenstates which are produced in weak

interactions. The flavor eigenstates are related to the mass eigenstates as

|Ve) cosf sin6 [vi)
- . (2.4)
Vi) —sin@ cos6O [v2)
After a time t,
Ivu(t)) = —sin@e 1" |v)) +cos e B |vy). (2.5)
Now the probability of the state |v,(¢)) appearing as v, is
2
P(vy = Ve) = [{(Ve|vu(0)]". (2.6)
Let us now calculate (V,|vy(t)).
(Ve|vu(t)) = (cos 8 (vi]| +sin@ (va]) (—sin@e "1 |vy) +cos O e 2 |v,))
= —sin@cosBe E1 4 sin @ cos GeF2!
=sin@cos B (e 2 — e 1) (2.7)
So,
| (Ve Vi (1)) ‘2 = 2sin? O cos? O [1 — cos (Er — E) )1]. (2.8)
Using Eq. (2.6), we can write down
2002 (B2 En)t
P(vy — V,) =sin“20 sin — (2.9)
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If we assume the same momentum for the two highly relativistic neutrinos, then

m2

Ey=\/p>+m}~p+ L, (2.10)
2p
m2

Ey=\/p>+m}=~p+ 2. (2.11)
2p

Now we can rewrite the Eq. (2.9) as

Am?t
P(vy — V,) = sin226 sin2< ZD ) (2.12)

For highly relativistic neutrinos, assuming p ~ E > my (k = 1,2) and ¢t ~ L in natural

unit system, the above equation can be written as

2
Am L) . (2.13)

P(v, — V,) = sin®28 sin’
(Vu ¢) = sin” 26 sin ( AE
Now, expressing Am? in eV2, L in m (km) and E in MeV (GeV) respectively, the above

equation can be written as

(2.14)

1.27Am?L
P(vy — V,) = sin*28 sin’ (—m) :

E

2.3 N-flavor neutrino oscillation probability:

From the above discussion it is clear that for one flavor of neutrino oscillating into another,
at least one neutrino flavor must have some finite mass. Different experimental evidence
proves that neutrino changes its flavor during oscillation and there are at least three flavors
whose existence have also been proved experimentally. So to make the discussion more
general, we present here the theoretical framework for N-flavor neutrino oscillation. In
N-flavor framework, the flavor eigenstates (| v )) are related to the mass eigenstates (|V;))

by the following equation:

N
V) = Y Ugilvi)- (2.15)
i—1
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In general, U is the N x N complex unitary matrix. Now after a time t,
Val()) = Y Ugie ™" |vi) (2.16)
i

E; is the energy of the ith mass eigenstate |v;). The probability of oscillating the flavor

eigenstate [V (?)) into [vg) is given by

P(vg — vg) = |(vg|va ()|
2

= L Y UaiUpje ™ (vjlvi)
J

1

2
: (2.17)

=) UsiUpie ™"
i
which after a few steps straight forward calculation can be written as

P(va = V) = Y |Uail*|Upil® +2 ) Re (UZanijUZ%,-)

1

i i>j
* * . (E B E)t
4 I;Re (UaanjUBiUﬁJ) sin? ===
j
+2 Y Im (Ug,-UajUﬁl—UZgj) sin(E; — E))t.
i~
(2.18)
Now using the unitarity relation,
N
UqiUpi = Oup; (2.19)
=y

Eq. (2.18) can be written as,

2 (Ei— Ejt

P(Va = vg) = 845 —4 Y Re (U;anjUﬁiU§j> sin” =

i>j

+2 Y i (UggUaUpiUp; ) sin(E; — Ey)r.

i>j

(2.20)
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2 2

J

mz—m~

‘ Am*.
Using the relation (E; —E;) = —5 = % and replacing ‘¢’ by ‘L’, we get

Am?.L
* * -2 mij
P(Va = Vg) = 8up 4 Y Re (UgUajUpiUj ) sin ( o )

i~
. L\ Am?jL
+2Y Im (Ua,-Ua UpiUj j) sin2 | —= ).

i>j

(2.21)

This is the well known standard N-flavor oscillation probability expression.

2.3.1 Number of mixing angles and phases in case of active-sterile

mixing:

In general, for a N number of massive lepton families, mixing is expressed by a N X N

complex unitary matrix, which has N(]\g_l) number of mixing angles, MZ(N_Z) number

of Dirac CP-phases and (N — 1) number of Majorana phases. As an example for 3v

families, one has three mixing angles, one Dirac CP-phase, and two Majorana CP-phases.

However this does not hold good always, specially in presence of sterile neutrinos.
For example, if there exists one sterile neutrino, then N becomes 4. In that case, there are
six mixing angles, three Dirac CP-phases, and three Majorana CP-phases. In case of two
sterile neutrinos, there are ten mixing angles, six Dirac CP-phases, and four Majorana

CP-phases. Mixing angles can be written as,

012, 013, 014, 015, 023, 024, O5, B34, O35, Oss. (2.22)

However, since sterile neutrinos only interact through active-sterile mixing, 65 is not a

physically observable quantity.

As discussed in [152], in general, in case of Ny = (N — 3) number of sterile neutri-
nos there should be 3(N —2) = 3(N;+ 1) number of mixing angles, (2N —5) = (2N, +1)

number of Dirac CP-phases, and (N — 1) = (N, + 2) number of Majorana CP-phases.
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So for Ny = 1, number of mixing angles is six, number of Dirac CP-phases is
three, and number of Majorana CP-phases is three. Similarly, for Ny = 2, number of
mixing angles is nine, number of Dirac CP-phases is five, and number of Majorana CP-

phases is four. These results perfectly agree with physically observable scenarios.

2.4 Three flavor neutrino oscillation framework:

2.4.1 Three flavor oscillation in vacuum

Let us now turn our discussion into the most widely accepted three flavor neutrino os-
cillation framework which can describe almost all the experimental data available so far.
From the discussion of sec. 2.3.1, it is clear that in 3v framework, there are three mixing
angles and one Dirac CP-phase. Since Majorana phases do not come into oscillation pic-
ture, we do not explicitly write them in the parameterization. According to the standard
parameterization as followed in case of three flavor quark mixing matrix [153, 154], the

unitary matrix U is parameterized as

U = R(6,3)R(013,0cp)R(012)

1 0 0 Cc13 0 S13€_i6CP cr2 s;p O
- 0 23 8§23 0 1 0 —s12 c¢1p O
0 —s23 23 —S13€i6CP 0 C13 0 0 1
C12C13 §12€13 size o

= | —s12c23 —c12503513€/ %P c1a003 — 512503513 €7%CF $23C13 - (223)
S12823 — C12€238513€ 07 —c1p$03 — 512023 813€0F o313

Here R(6;;,0cp) is the orthogonal 3x3 rotation matrix in the ij-plane which depends
on the mixing angle 6;; and the Dirac-type CP violating phase dcp, whereas R(6;;) is
the function of mixing angle 6;; only. Here c;; = cos6;;j, s;; = sin6;;. U is known as

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [147, 148, 155]. For 3-flavor frame-
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work,

3
Vo) = Y Ugilvi), (2.24)
i—1
where x = e ,u~, 7" andi=1,2,3.

Following [156], the 3-flavor v, — V, appearance and v, — V;; survival probabil-

ity expressions in vacuum upto second order in & and sin 6,3 can be written as

P(vy — Ve) = o sin® 2015 ¢33 A* + 4 515 535 sin® A
+ 2513 8in20)5 sin26>3 (@A) sinA cos (A+ ¢p), (2.25)
P(vy — vy) = 1 —sin*2603 sin? A+ (at A) 3, sin? 2603 sin2A
— a? A? [sin* 2615 ¢35 + 1, sin? 2623 (cos2A — s7,) |

+4s%3 S%3 c08263sin’> A —2 (aA) s138in26), s%3 sin26»3 cos Ocp sin 2A,

(2.26)

2 2
where a = 231 and A = 221 Using Eq. (2.21) for full 3-flavor probability or Eq. (2.25)
Am3, 4E p

for approximated probability, we can see that if PMNS matrix is not real then

P(Ve—Vu) #P(Vy —> V). (2.27)
Also we know,

(Ve — V) b, (Ve —> V). (2.28)
Again under CPT,

(Ve — v) LL (9 — 7). (2.29)
Similarly,

(v —ve) L (e — 7). (2.30)

So from Eq. (2.27), we can write,

P(Ve—Vu) #P (Ve — V). (2.31)
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That is CP is violated in neutrino oscillation and this is known as intrinsic CP-violation
in lepton sector. Also one important point we should keep in mind that to observe
CP-violation in neutrino oscillation, we should concentrate on the appearance channel
(o # B) only not on the disappearance channel. This is because the disappearance chan-
nel does not contain the imaginary part and as a result the difference between the neutrino

and antineutrino survival channels cancel each other.

So if, CP is not conserved, the oscillation probabilities for neutrinos are different

from those for antineutrinos. The CP-odd asymmetries are defined as
APy =P (Vg — Vg:L) — P (Vo — Vg3 L). (2.32)

From CPT invariance we find that AP, = —APg,. From the Eq. (2.21), it is quite easy

Am%zt e Am% 1 (2.33)
sin . (2.
2E 2E

Where, J¢) = % cos 013 8in260;, sin26;3sin26,3sin dcp is known as Jarlskog invariant.

to find that

Am3 .t
APy = APy = APpe = 4, X {sin ( ’;él ) + sin

For observing CP-odd asymmetry, following few important points can be noted as,

* It vanishes if any of the mixing angles 0, 0,3, 6>3 is zero or 909,
e If any mass square difference is zero, then AP, g becomes zero.

* Ocp must have the values other than O or, +180°.

2.5 Neutrino Propagation in Matter

When the flavor eigenstates (V,, Vy,orvey) of the neutrinos propagate through matter
they interact with the matter constituents (electrons, protons and neutrons) very weakly
through hard scattering and coherent forward elastic scattering. These interactions can be

classified into two ways: one is charged current (CC) and another one is neutral current
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(NC) interaction. CC interactions are mediated by the W* gauge bosons and NC interac-

tions are mediated by the Z° gauge boson as shown in Fig. 2.1. The potential contribution

Figure 2.1: Left figure corresponds to the charged current interaction (CC). Right figure
corresponds to the neutral current (NC) interaction of active neutrinos.

of neutral current interactions mediated by Z° bosons is same for all the three flavors and
thus leading to an overall phase and does not contribute to the probability calculation.
The only contribution comes from the charged current interaction between v, and e~ me-
diated by wE gauge bosons. For neutrinos, CC potential have the form, Ve = \/QGF N,,
and the NC potential have the form Vyc = — Gr N,/ V2, where Gr is the Fermi coupling
constant, N, and N, are the electron and neutron number densities of matter respectively.

We can write the CC potential in terms of matter density (p) as,

Ne ) p

Vee ~ 7.6
cc % (Np+]Vn x (1014gm/cc

) eV. (2.34)

In an electrically neutral, isoscalar medium, N, = N, = N,. So,

P

eV. (2.35)

For antineutrinos, Voc — —Vcec and Vye — —Vyc.
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2.5.1 Two flavor oscillation in Matter

In two flavor framework in vacuum, the time evolution Schrodinger equation in mass basis

is given by,

a vy} (2 o) (iv)
i = | ** , (2.36)

2
-\ vy) 0 2/ \|v)

where m; and my are the masses of the two mass eigenstates |v;) and |v,) respectively.

Now this above equation in flavor basis gets modified in presence of matter as,

1% 1 my O a 0 1%
PV Ly [ ut+ Vel | (2.37)

a\ | | 2E 0 m 00/ \|vp)

cosf sinO

with, U =
—sin@ cos6
Hence,
d | |Va) 1 [ m3cos’@+m3sin>0+a (m3—m?)sinBcosB Vo)
l— = — Y
dt Vg) 2E (m3 —m?)sin@cos®  misin®O+micos’0 | \ |vg)

(2.38)

where a = 2v2GrN,E = 2VccE. Here we assume that & = e~ and B = u~. For

antineutrinos, a — —a.

Now if we go to the mass basis then we see,

d | |v1) 1 [mi+acos’® asinBcosO Vi)

4 - 2.39
T 2E (2.39)

(V2) asinBcos® m3+asin®0 |v2)

That is the mass matrix is no longer diagonal now. To make this mass matrix diagonal,

the mass eigenvalues in presence of matter becomes
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1
o = 3 {(m% +m3+a) + \/ (a— Am?cos20)” + (Am?sin26)* | . (2.40)

Hence,

Amy, = (m3,, —m3,,) = \/(a—Am2 c0s20)” 4 (Am?sin20)>. (2.41)

We can also calculate the oscillation probability in matter directly with the new mass
eigenstates. Let the mass eigenstates in matter is connected to the flavor eigenstates by an

unitary matrix,
cosO, sinb,
U, = i (2.42)
—sin6,, cos0,

So, the time evolution equation in flavor basis is written as

. d | VOC> 1 m%m 0 + | VOC>
"t ~ g Un
|Vﬁ> 0 m%m |Vﬁ>
1 m?  cos® O, +m3 sin’ ), (m3,, —m?, ) sin 6,,cos 6, [Va)
2E (m3,, —m?,,) sin 0,,cos 6, m3, sin> 6, +m3, cos? 6, | \ |vg)
(2.43)

Comparing Eq. (2.38) and Eq. (2.43), we can write

Am?,sin26,, = Am?sin26

Am?sin26
or, sin26,, = —— =7 (2.44)
Am,
So the mixing angle in matter is related to the vacuum mixing angle as,
Am?sin20
$in26,, = Skl (2.45)

\/(a — Am?c0s26)” + (Am? sin26)
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Now just like the Eq. (2.14), the oscillation probability in matter becomes

Aml L
Py (Vi — Ve) = sin®26), sin> <1.27%> . (2.46)

We can now draw some important conclusions which are given below:

If a = 0, then we get the vacuum result.

If Am? = 0, then P, = 0, whatever may be the potential.

If the matter potential is very dense that is a — oo, then also B, = 0.

If Am> — —Am?, then mixing angle in matter changes and oscillation probability
will be different. So matter oscillation effects can be useful to probe the nature of

the hierarchy.

2.5.2 MSW resonance

Most striking feature of matter effects is the resonance enhancement of the oscillation
probabilities in comparison to the vacuum case. This famous mechanism is known as

MSW resonance [63, 157].

From Eq. (2.46), it is clear that probability will be maximum if, sin? 20, = 1. Then it

follows from Eq. (2.45) that @ = Am?cos26. This is known as Resonance condition.

For the resonance condition to be satisfied, mixing in matter should be maximal (Gm = 450),
no matter how small the mixing angle 6 is in vacuum. If one choose Am? > 0 for the res-
onance of neutrino oscillation then Am? < 0 is the resonance condition for antineutrino

oscillation.
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2.5.3 Three flavor oscillation in matter

In presence of matter, the time evolution Schrodinger equation in 3v flavor basis is written

as
|Ve) m: 0 0 Vee+Vve 00 |Ve)
d 1
v | = |3V 0 m 0 Ut + 0 Vwve 0 Vi)
|[Ve) 0 0 m% 0 0 Vnc Ve)

Now, after solving the above equation, the 3-flavor v, — v, appearance and vy, — v
survival probability expressions [156] in matter upto second order in & and sin 013 can be
written as

sifAA 5, sin?(A—1)A
A PRSI TR

sinAA sin(A — 1)A

2

P(vy — V,) = o? sin® 2015 ¢35

+2as13 sin20;; sin26,3 cos (A + dcp) 1 A—1) 2.47)
P(vy = vy) =
1 —sin® 26,3 sin? A+ (a A) ¢, sin® 26,3 sin 2A
) )
_ sin” AA _ sin“(A—1)A
+ 062 Sln22912 C%3 T — (OCA)2 641;2 Sll’122923 COS2A — 4S%3 5%3 W

SinAA

1 A
+o7 o sin®26), sin® 26,3 (sinA cos(A — 1)A— sin ZA)

in(A—1)A AA
T A 5%3 sin22923 (SinA cosAA% - sin2A)
inAA sin(A—1)A
— 206.5‘13 sin 2912 sin 2923 CcOoS 6CP CcOoS SH; Sm(; — 1))

2 inAA
+ 11 0513 Sin20), sin26,3 cos 20,3 cos Ocp sinA (A sinA — st cos(A — I)A) )
(2.48)
2
Here, A= %, and A = w For neutrino and inverted ordering, A — —A and

Am3 1

A — —A. For antineutrino and normal ordering, dcp — —0cp, and A — —A. Similarly

for antineutrino and inverted ordering dcp — —dcp, A — —A.
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2.6 Neutrino oscillations in 3+1 framework

In 3+1 framework, there exists an extra mass eigenstate |v4) of mass my on top of three
mass eigenstates | V1), |v»), and |v3) with masses m,, my, and mj3 respectively in 3v frame-
work. We call this extra mass eigenstate "sterile" neutrino. In this framework, the time

evolution Schrodinger equation for the flavor basis in vacuum becomes,

|Ve) m: 0 0 0 |Ve)
d Vi) :L U 0 my 0 O Ut Vi) (2.49)
ar\ vy | 2E 0 0 m 0 IVe)

|Vs) | \0 0 0 mi) | \|w)

Here U is the 4x4 unitary matrix. As from the discussion of calculation of number
of mixing angles and number of CP-phases in sec. 2.3.1, it has total six mixing angles
(612, 013, 023, B14, 024, B34) and three Dirac-type phases and three Majorana-type phases.

However Majorana phases do not come into oscillation picture.

So, a convenient parameterization of U can be,

U = R(634,034) R(624) R(614,814) R(623) R(613,013) R(612), (2.50)

where R(6;;,6;;) is the orthogonal 4x4 rotation matrix in the ij-plane, which depends
on the mixing angle 6;; and the Dirac-type CP violating phase 0;;, whereas R(6;;) is
the function of mixing angle 6;; only. The new rotation matrices in the 3+1 scheme are

expressed in the following fashion:

cia 0 0 spue O 1 0 0 0
0 1 0 0 0 Co4 0 8§24
R(614,014) = R(624) = ;
0 0 1 0 0O 0 1 0
—Sl4ei6“ 0 0 Cl4 0 —suu 0 ¢
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and,

1 0 0 0

0 1 0 0
R(034,034) = .

0 0 C34 S34e_1534

00 —S34€i634 C34

It is also important to note here that in 3v framework we denoted Dirac-type CP-phase as

Ocp, whereas, here we denote dcp as 813 just for symbolic convenience in 4v framework.

This parameterization in Eq. (2.50) has the following properties: i) When the active-
sterile mixing angles are zero (014 = 6,4 = 634 = 0), it returns to the 3-flavor matrix in
its common parameterization. ii) With the leftmost positioning of the matrix R(634,634),
the vacuum v, — Vv, conversion probability is independent of 634 and it’s associated CP-
phase 834 (see [104]). iii) For small values of 83 and of the active-sterile mixing angles,
one has |Ues|? ~ 55, [Uea|* = s34, |Upal* ~= 53, and |Ups|?* ~ 53,, with an immediate

physical interpretation of the new mixing angles.

The matrix elements of this 4 x4 mixing matrix as a function of mixing angles and phases
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are listed below:

—id —id
Uet = crac13cis, Up =s12c13¢14, Uz = s13C18€ 3, Upy = s14€ 1

is is
Uur =c12 <—Cz4 s138523€ 71 — 13514524 € 14) — 51223 C24

Uuz =S12 (—C24S13 523 €'°83 — 13814504 €' 14) + 12023024

Uus = €13523Co4 — 513514524 ¢ 1(%13=01)
Upsa = c1a524
U = —s12 (—S23 €34 — 23 524S34€71534>

+ci2 (—6‘13 24514534 € O470) _ g 301013 (623 30— e g3 50, 534> )
U, =cip (—S23 €34 — €23 524 534 €_i634>

+ 512 (—613 24514534 €/ O4704) _ g 361013 (623 34— e B 53504 S34)>
Urs = — coss13514534¢ O3 701104) 1 ¢ q <023 C34 — 523 524 534 e_i534)
Uy = clacagssge %
Usi = —s12 (—623 €34 524 + 523 534 €i834)

+ci2 (—613 C24¢34514€01 — 513613 (—Szz $24C34 — €% 093 S34))
Up =12 (—623 C34524 + 523534 €i534>

+ 512 (—C13 2434514 €0% — 513670 <—S23 $24C34 — €% 23 S34>)
U = —cpqc34813514e O37%1) ¢ <—C34 8§23 524 — €23 534 6’634)

Uss = c14024C34 (2.51)
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2.6.1 Appearance probability (v, — V,) in 3+1 scheme

Using Eq. (2.21), we can write,
Am?.L
Pue =4 Y Re (UjiUpUalU3; ) sin’ <4—£>
i>j
Am?L
2 Y tm (Ui Uiy ) sin2 | — 2= ).
+ lg;m 1iUujUeiU,j | sin ( iE

Expanding the imaginary part, we can write,

Am3 L
Plin= 2 [Im (ViU U ) sin2 ( ]25 ) + 1 (U UpUaUy ) sin 2 (&)

4E
" <\ . m2, L Am3,L
+ Im (UM4UM1U€4U61> sin 2 < 2 ) u3Uu2Ue3Ue2> sin 2 (4_22)
+ Im (Uu4U“2Ue4Uez> sin 2 “4U“3U64Ue3> sin 2 4E .

(2.52)

Now, if the new mass-squared difference AmfH is of the order of 1 eV? which is much
larger than that of the solar and atmospheric mass-squared differences involving three
active neutrinos, then Amﬁ1 ~ Amﬁ2 ~ Am}B. Therefore, we can consider all these new
mass-squared differences to be equal to Amﬁl in the above equation. Also for SBL exper-
iments, typically we have L/E ~ 1m/MeV. As a result, for this choice of L/E and for

. . .. AmiL
the three active neutrinos, the combination 7 g

,j(i>j) =1,2,3, so that all
the terms involving the sine functions of these arguments in the above equation are very
small and they can be dropped. Under these circumstances, the above Eq. (2.52) can be

approximated as

* * . Am2 L
P~ 2 Im|UppyUes (U1 Uy + UpaUgs + U3 U, 3)] sin 2 (4—2}) : (2.53)
Now from the unitarity relation UUT = 1, we can write
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So the above Eq. (2.53) boils down to

Am>, L
Pﬂlt'g = -2 Im“UM‘Q \Ue4|2] sin 2 <%> = 0. (2.55)

Let us now expand the real part as

Re % Am%ll‘ * 0\ o Am%l
Pje= —4|Re (UuzUuerzU )sm TAE +Re (Uu3Uu1Ue3Ue1) sin’

AE
* * 2 AmézllL 3
+ Re (Uu4Uu1Ue4Uel) sin” ( =412 ) + Re (Uu3Uu2Ue3U62 sin? (=22
* * ) Am4212L 421-
+ Re (UM4Uu2Ue4Uez) sin’ (=2 ) + Re (Uu4Uu3Ue4Ue3 sin” ( =52
(2.56)
Using the same approximations and unitarity relation used above we can write,
Re 2 2. o (AmgL
Pie = 4 |Upa|” [Ueal” sin —5 ) (2.57)
Adding Eq. (2.55) and Eq. (2.57) we get the appearance probability
Re Im 2 2 -2 Amézlll‘
Pue >~ Pie + Py =4 |Upa|” [Uea|*sin T
Am3,L
— 5in220),, sin’ <%) . (2.58)

Here we have defined, sin’ 204 = 4 |Ue4|2 ‘U 4 ‘ ?. This expression of appearance proba-
bility is valid for both neutrino and antineutrino in SBL experiments. For example, LSND
[158, 159] looks at the electron antineutrino appearance search, MiniBooNE [160, 161,
162] was operated in both neutrino and antineutrino appearance mode, whereas, NOMAD

[163] looks at the electron neutrino appearance search.

Let us now calculate the appearance probability in long-baseline experiments like T2K,
T2HK, NOVA, MINOS, and DUNE which is our main thrust in this thesis. To explain
most of our numerical results, we have used the expression of 4v vacuum Vv, appearance

probability as given below. As shown in [104], the 4v vacuum Vv, appearance probability
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in long-baseline can be approximately written as

Pav =~ (1514 —s34) Pav
+ 4 sin 04 sin B4 sin O;3 sin 6,3 sin A Siﬂ(A-i— 013 — 514)

— 4 8in 614 sin B4 cos B3 sin By cos By (X A) sin 4

1
+ 5 sin’ 204, (2.59)
with, o0 = i Zoand A = Am3‘ . The above equation can be approximately written as
m3
Py ~ PATM 4 pSOL o pINT 1 pINT 1 PIYT + PR, (2.60)

Where the sum of first three terms PATM, PSOL and PINT represent the 3v vacuum transi-

tion probability Pﬁ: with a suppressed factor (1 —s7, —s3,). The term PINT corresponds

to the interference between the atmospheric and the sterile frequency, whereas the term
P{NT can be ascribed to the interference between the solar and sterile frequency. Sterile

frequency does not appear in these expressions as it gets averaged out due to very fast

oscillation induce by itself. The last term PSTR is purely 4-flavor contribution.

The analysis of short-baseline (SBL) [105, 106] anomalies indicates that sin 64 and
sin B4 have the very similar size to sin 6,3 (say, order €). For the purpose of our works,
we assume

$in @14 ~ sin By ~ sin O3 ~ €, and o ~ €. (2.61)

We have defined sin26y,, as
sin? 26y, = 4|Upa|*|Upa . (2.62)
To make our analytical understanding more clear, we assume

§in 26040 = 2|Ups||Upa| = 2514524. (2.63)
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Now for particular case, if s7, = 53,, we can write
Tt R 285y~ 2 ~ sin20 2.64
S14 Shg LSy = £8514824 = Sin Le- ( . )

As a result we can express each term of Eq. (2.59) as a function of sin26,, which helps
us to realize the strength of each term. So, the Eq. (2.59) is written as
Py ~ (1 —sin26y.) PyY
+ 25in26y, sin 03 sin 63 sinA sin(A+ 013 — 014)

— 25in26), cos 6r3 sin B3 cos Oy (A A) sin b4

1
+ > sin? 204,. (2.65)

In Fig. 1 of [104], the running behavior of each term as a function of sin26y,, has been
shown. Following that we get to know that in the SBL constraint on sin26y,, the only
relevant contributions come from the three terms PA™, PINT and PINT. Other terms

have very negligible contributions.

So neglecting the poorly contributing terms, the 4-flavor transition probability can be
approximately written as

Py ~ PAM 4 pINT 4 pT, (2.66)

where, these three terms are approximately given as

PA™ ~ 45in? 0;3sin® 653 sin? A. (2.67)
P}NT ~ 8517¢12513523¢23(AA) sin A cos (A+ 613) . (2.68)
PE\IT ~ 8514524513523 SinA sin (A-i— 013 — 514) . (2.69)

It should be noted that for antineutrino, the sign before the CP-phases 0,3 and 8,4 will be
opposite to that of Eq. (2.68) and Eq. (2.69) respectively. It is also worth to mention here

that the terms PAT™ P%NT, and PE\IT are of the order of €2, €3, and €3 respectively.
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2.6.2 Survival probability (v, — v,) in 3+1 scheme

Using Eq. 2.21, we can write

Am?.L
Puy =14 Y Re (UpiU Uil ) sin? < iE )

i>j

i} L\ Aml?jL
+2 Y m (UpiUu Uiy ) sin2 | 2= ). 2.70)

i>j

. 2 2 . .
Since, Im (|Uui| |Uu j] ) = 0, we can rewrite the above equation as

. .o Aml-sz
Pug =14 ¥ Re (UpUn UiV ) sin = @.71)

i>j

Now, expanding it we get,

4FE 4F

N 5 [ Am3 L
+ |Uu4‘2 L2 [ sin? (4—21) + ‘Uu3|2 ‘Uu2|2 sin’ (4—1352>

. 5 (Am3,L 5 [(Am3;L
U U] sin? (4—22) U (U] sin? (4—23)} @72)

2 2
Puy=1-4 [‘Uuz‘z Uy |” sin’ (Am21L> U U [ sin? (M)

Now for T2K, NOVA, MINQOS, IceCube and other long-baseline experiments, the follow-

ing approximations are made:

Amy L Ami,L  AmiL . AmpL  Am3 L

~ ~ ~ 2.73
AE AE 4 4R AE (273)
and, solar term is neglected. We also use the unitarity relation,
u 2
Y Ul =1 (2.74)
k=1

So, from Eq. (2.72), we can write
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2
Py~ 1-4 (1 — ’U;ﬁ‘z — ’UM‘Z) |Uu3|2 sin® (AIZEL)
2
4 (1= [Upa]*) | Upa” sin® (A'Z—#) (2.75)
. Am? L
= 1= 4 (1= [Ups | = [Ua]*) [Upa | sin® (4—2})
2
— sin® 26, sin> <%) , (2.76)
where,

sin 20, = 4 [Upal” (1= |Ua]*). 2.77)

By using all the above approximations, we notice that the survival probability can be ex-
pressed in terms of two matrix elements Uy 3 and Uy4. We can further simplify the survival
probability expression using some approximations. The sensitivity towards the CP-phases
is very poor in this channel in vacuum. So we can safely put §;3 = ;4 = 0. Also from the
reactor analysis, constraint on the mixing angle 0y4 is very very stringent [164, 165]. As
a consequence, we can assume, sin 814 — 0 and cos ;4 — 1. With all these, the survival

probability in vacuum can be written as,

Am;‘.: L

Am3, L
Pyy~=1- cos* 6,4 sin’ 203 sin’ (4—;1) —sin? 26y, sin® (

) . (2.78)

From this expression it is clear that the long-baseline experiments [ 166, 167] are primarily
sensitive to the matrix element Uy, i.e., to the mixing angle 6,4 in the limit 64 — 0
and can shed light on the magnitude of 6,4 by looking at the survival channel. All the
probability expressions derived above are useful for the far detector analysis only and
also in vacuum. However the situation is much more complicated in presence of terrestrial

matter effect which we will discuss in the next section.

Let us now calculate the v, survival probability used particularly in the reactor experi-
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ments [164, 165]. This is written as,

4E 4F

.o (AmyL o [(Am3,L
+ |Ueal? [Uer|* sin® (4—2,1) +|Us|* [Uea|? sin’ <i>

. Am?. L _ Am?, L
Ppo=1—4 [yuezﬁ U, |? sin? <A> + U3 |? |Ue1|? sin? (ﬁ)

) Am3,L _ Am2, L
+ |Uea|? U] sin® (4—22) + |Uea|? Ue3) sin® (4—§>} : (2.79)

Reactor experiments look for electron antineutrino disappearance channel from electron
antineutrino source '. Due to very short-baseline nature of these experiments that is for
very small L/E, we can neglect the terms related to Am% 15 Am% , and Am%z. So we can

rewrite the Eq. (2.79) as

. Am2. L
P,=1-4 l|Ue4|2 U, | sin? <¢)

4E
.o (Amd,L 5 [(Am3L
+|Ueal* [Uen | sin’ (4—22) +|Ueal? [Ues | sin <4—4E*)} : (2.80)
2 2 2
Again for A’Z“ElL ~ A'Z%ZL ~ NZgL and using the unitarity condition Zﬁ:l |Uek|2 =1, the
above equation simplifies as,
2 2 .2 Am%“L
Po=1-4 (1 T ) Ups|? sin? ([ 22417 2.81)
4E
Am3, L
Poe = 1—sin28,, sin’ (%) (2.82)

where, sin’26,, = 4 |Ue4|2 (1 — |Ue4|2). Putting the value of U4 from Eq. (2.51), we

can show,
.2 .2 Am?”L
P.. = 1—sin“26)4 sin —E ) (2.83)

So the reactor experiments are primarily sensitive to the matrix element U,4, i.e., to the

mixing angle 64.

L Accelerator based long-baseline experiment T2K [168] has also constrained sin22614 using electron
antineutrino disappearance cvents observed in near detector.
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2.7 Neutrino oscillations in 3+1 framework in presence

of matter

In the previous section we have described the details of the vacuum appearance and sur-
vival oscillation probabilities in 3+1 framework. Here, we discuss the matter induced

neutrino oscillations in 3+1 framework following the exact approach presented in [104].

In the presence of matter, the Hamiltonian in flavor basis is written as,
H=UKU"+V, (2.84)
where K denotes the diagonal matrix containing the wave numbers
K = diag(0, ky1, k31, ka1) , (2.85)
with k;; = Am? /2E (i = 2,3,4) and V is given as
V =diag(Vee, 0,0, —Vye), (2.86)
where,
Vee = V2GrN, (2.87)

is the charged-current interaction matter potential of the electron neutrinos. N, is the

electron number density of Earth matter, and

v GFN,
NC — —
V2

(2.88)

is the neutral-current interaction matter potential (common to all the active neutrino species).

N, is the neutron number density of matter. For later convenience, we introduce a positive-

n_.n

definite ratio "r" as
Ve 1N,
Vee 2N,

(2.89)

Page 38 of 221



Chapter 2. Brief description of the theory of Neutrino Oscillation in 3+1
framework

In an electrically neutral, isoscalar medium like Earth matter, N, ~ N, ~ N,,, which results
r =~ 0.5. In order to simplify the analytical calculation with matter effects, it is convenient
to go to a new basis

v=0"v, (2.90)

where

U = R34(634, 834) R24(624,0) R14(614, 014) (2.91)

is the 4 x 4 mixing matrix involving the active-sterile rotations. So, the mixing matrix U

defined in Eq. (2.50) can be written as
U =UUsy, (2.92)

where Usy is the 4 X 4 matrix involving the rotations related to (1,2,3) sub-block, that is,

Usy = R(623,0)R(613,613) R(612,0) (2.93)
In the new basis, the Hamiltonian becomes
A=A A =y kUl +0'VD, (2.94)

where the first term is the kinematic contribution describing the neutrino oscillations in
vacuum, and the second one represents a nonstandard dynamical term describes the matter
interactions. Now, |k4;| is much bigger than |ky;| and |k31|. Indeed, it can be seen from
Eq. (2.94) that, (4,4) entry of H is much bigger than all the other elements and the fourth
eigenvalue of H is much larger than the other three ones. As a result the fourth eigenstate
V, evolves independently of the others. So we can write down the 4 x4 Hamiltonian as

effective 3 x3 Hamiltonian by extracting the submatrix with indices (1,2,3) from H, i.e.,

Hyy = BSN + A" (2.95)
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governing the evolution of the (V., vy, V;) system, where the dynamical part is given as

|Uel |2+V|Usl |2 rU:1032 rU;FlUﬁ
~d - -
HY' = Vee ¥ 0> 10504 (2.96)
il T r|Us3 ‘2
The sign T represents the complex conjugate of the element with the same two indices
inverted. In the above equation we have used the relations Uy, = U,z = Uyz = 0. Now
expanding the small mixing angles 6;4 (i = 1,2,3) upto first order, Eq. (2.96) can be
written as,
l—(l—r)sﬁ 814524 181483,
~d
H3‘3,ln ~ Vce i rss,  rsuSi | - (2.97)
T T sy
We notice that if we put the new mixing angles 014, 6,4, and 634 to be zero then one
recovers the (diagonal) standard 3-flavor MSW Hamiltonian. In general, in the 4-flavor

case, the Hamiltonian in Eq. (2.97) encodes both diagonal and off-diagonal perturbations.

Let us now give the scattering matrix in the new basis v for further calculation of oscilla-

tion probabilities.

_ ._ e—i['_lg,vL 0
S=e Ml : (2.98)
0 e—ik41L

which can be rotated to the original flavor basis by using the unitary transformation such
as

S=US0". (2.99)

Now after calculating the S-matrix elements it is straight forward to calculate the oscil-
lation probability. For example, a source flavor Vg is related to the final flavor vy after

traversing a distance L is given by,

VB (L) = Sﬁava(O) R (2.100)

Page 40 of 221



Chapter 2. Brief description of the theory of Neutrino Oscillation in 3+1
framework

and the 4-flavor oscillation probability is given by,

Pog =P (Vg = vg:L) = [Spal* (2.101)

Now using the relations Uy = U,3 = Uy3 = 0, one can easily calculate the two S-matrix
elements relevant for appearance (v, — V,) and survival (v, — V) probability which are
given as,

Sel.i = U@l [Uﬁlgee+l7;2§euj| +Ue4Uz4s§ss, (2.102)

where the five relevant matrix elements of the matrix U are given by

U = cua

Uy = $14524€14

Up = cu

Ot = siqe '

0”4 = (14824 . (2. 104)

It is very clear from Eq. (2.102) and Eq. (2.103) that in vacuum, both S, and S, are
independent of the mixing angle 634 and the associated CP-phase &34, whereas in matter

they are dependent on 634 and 834 through the matrix elements See, S, Sye and Sy .

Due to very fast oscillations induce by the term Ss; = e ~**1Z, one should consider average
value of the square of the sine or cosine functions associated with the large mass-squared
difference Am3, while calculating the oscillation probabilities. Although for numerical
analysis those terms get averaged out automatically by the finite energy resolution of the

detector.

As an example let us now calculate the 4v appearance probability in presence of matter
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following [104].

P4v = |S€u’2 |Uel|2 |U#1|2 |S_ee|2
+10e1 |02 |Seu

+|Tea* |Opal*. (2.105)

Now using the explicit form of the matrix elements given in Eq. 2.104, we can simplify

the probability expression as

P = clysiysaa Py
+ciqcn Py
-2 6%4 Co4 514 524 Re (e_i614 See SZIJ)
+ ST, (2.106)
with P}V = |S,.|* and P3" |Seu .
Now for small mixing angles of 614 and 6,4, we can further simplify the above equation

as

Pﬁ: = (1—s74— 524)P3v
—2514524Re (e_i614 See S:u)

+57,55,(14+P) (2.107)

In a similar fashion, we can also calculate the survival probability Pﬁﬁ by squaring the

modulous of the S-matrix element S, i.e.,
Pﬁﬁ = |Suu|2- (2.108)

All the above calculations presented in this chapter are very very useful in providing a
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very good understanding of the oscillation physics of neutrinos in two-flavor, three-flavor,
and four-flavor framework both in vacuum as well as in presence of matter. In addition
understanding the numerical results also becomes much easier with the help of these

analytical expressions.
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Experimental Motivations of the

existence of eV-Scale Sterile Neutrino

3.1 Short-baseline anomalies and indication of the eV-

scale sterile neutrino:

In this section we discuss a number of experimentally observed anomalies like reactor
anomaly, Gallium anomaly, LSND anomaly, and MiniBooNE anomaly which indicate in
favour of the existence of one (at least) additional mass eigenstate v4 with one eV-scale
order mass-squared difference (Am?). This new extra mass ei genstate is known as “sterile

neutrino”. Let us now discuss these anomalies one by one.

3.1.1 Gallium anomaly

Gallium anomaly [169, 170, 171, 172] is a short-baseline anomaly related to the deficit of
V, survival events in the Gallium detector of two radioactive source experiments GALLEX
[173, 174, 175] and SAGE [169, 176, 177, 178]. These two experiments were designed
to detect solar neutrino oscillation. Now in order to optimize these experiments, two ar-

tificial radioactive sources >'Cr and 3’Ar were used which produce electron neutrinos
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through the electron capture process
e” +2Cr = 0Cr+ve, e +374r = CL+ v, (3.1)
These electron neutrinos were observed through the process
Ve +'Ga — "'Ge + e, (3.2)

where the threshold of detecting neutrino was 0.233 MeV. The germanium-71 produced
in this reaction was first chemically extracted and then it was converted to germane
("'GeHy,). Its decay was then detected in the counters where one decay corresponds
to detection of one neutrino. The ratio of the observed (Nexp) and the calculated (Ncar)
production rate of Ge-71 was found 0.84 0.05 which is a deficit with a nominal 2.7¢

statistical significance as can be seen from the figure. One of the possible reasons may

= 4 GALLEX SAGE 1
Cr1 Cr ]
)
5 -
2 GALLEX SAGE
\g_ o * ¢ Cr2 Ar
£ ot ]
2 o
Il I
m «©
c F ‘9 7
. R=0.84+0.05
~E 1

Figure 3.1: Ratio of the observed (Nexp) and the calculated (Nc,1) electron neutrino events
in two experiments GALLEX and SAGE. The horizontal red line corresponds to the av-
erage ratio R with the red band shows the uncertainty. This figure has been taken from
[84].

be that v, is oscillating into sterile state and evading the detection process in the detector.
Since the two experiments have average baseline < L >garrex = 1.9m and < L >4 =
0.6m respectively and average energy is of the order of KeV-scale, the Gallium anomaly

can be explained by the neutrino oscillation generated by the mass-squared difference

Am* > 1eV2. (3.3)
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3.1.2 LSND anomaly

It is an excess of V, events in ¥, beam. LSND (Liquid Scintillator Neutrino Detector)
experiment [158, 159] was dedicatedly designed to search for the vV, — V, oscillation
with high sensitivity. The oscillation length of this experiment was 30 m and the V, events
traversed a distance of 30 m before they were detected in the liquid scintillator detector
in the energy range 20 < E, < 60 MeV for the energy E, of the detected positron.
V. neutrinos were produced from the u™ decay at rest and they oscillated to v, while

traversing from source to detector and detected through the inverse neutron decay process
pt—=et + v+ vy, Vetp—on+e’. (3.4)

The data obtained from the experiment reported an excess V, events over the background

)

1]

§ 17.5F ® Beam Excess
Uél 15F B plv,~veen
3 B pw,en

@ 7125¢

other

P P N PR | - L
04 06 08 1 1.2 1.4
L/E, (meters/MeV)

Figure 3.2: Electron antineutrino access in LSND. This figure has been taken from [159].

as shown in Fig. 3.2. The statistical significance of this excessive events is about 3.80.
One of the best possible reasons may be that some of the V,; neutrinos convert into sterile
states and then again come back as V, flavor leading to an excess as discussed above. Now
in order to have such kind of oscillation in this experiment, new mass-squared difference

should be

Am? > 0.1eV>. (3.5)
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However it should be noted that the KARMEN [179, 180] with baseline 18 m and almost
same energy range did not confirm the same result as LSND but could not exclude the

entire allowed region in (sin? 26, Am?) plane constrained by LSND.

3.1.3 MiniBooNE anomaly

In order to test the LSND results, MiniBooNE experiment was designed in Fermilab
with a baseline of 540 m. The experiment was operated in both neutrino [160] and
antineutrino mode [161, 162], and the collected data have been fitted by the effective
two neutrino model. The result shows that the oscillations obtained in v, — V, and
Vy — V., channel can be explained by the new mass-squared difference in the range
0.01eV? < Am? < 1eV? and the allowed region in (sin>26, Am?) plane is consistent
with the region given by LSND result. However, in the low energy regime the data is
not consistent with the fit for both neutrino and antineutrino events, whereas in the high
energy region data gives consistent result as shown in Fig. 3.3. The overall statistical
significance of excess of MiniBooNE events is 3.40 for neutrino mode and 2.8¢ for an-
tineutrino mode. To understand the physics behind this kind of excess, MicroBooNE
experiment has been designed and it is expected to provide us accurate information in

coming days.

Io Da-taI - expect‘ed backglround '
§in*26=0.004, Am?=1.0eV*
sin®20=0.2, Am?=0.1eV?

—— MiniBooNE 2v Best Fit
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[ ~° misid -
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R dirt i
(3 other 1
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+

Events/MeV
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Figure 3.3: Electron neutrino and antineutrino access in MiniBooNE. This figure has been
taken from [162].

Page 47 of 221



Chapter 3. Experimental Motivations of the existence of eV-Scale Sterile Neutrino
3.1.4 Reactor antineutrino anomaly

New analysis of reactor electron antineutrino flux [181] predicts 3% higher flux than the
earlier existing calculation. As a result one should expect more events in the detector.
But a deficit of V, events has been observed in comparison with the events expected from
the calculation of the reactor antineutrino fluxes . This is known as reactor antineutrino
anomaly [182, 183, 184]. It has been observed by many reactor based short-baseline
experiments like Daya Bay [185, 186, 187], RENO [188], Double Chooz [189]. How-
ever the statistical significance of the deficiency depends on the estimated uncertainties
of the calculated reactor antineutrino fluxes, and the situation has become more compli-
cated specially after the discovery of a S MeV bump in antineutrino reconstructed energy
spectrum observed by all the above three reactor experiments. In reactor experiments, the

electron antineutrinos are detected in the liquid scintillator detector through the process,
Vo+p—on+e, (3.6)

and the energy threshold for the detection of neutrino is 1.8 MeV. The average ratio R of
the observed events (N,y,) and the calculated events (N,,;) have been found as 0.934+
0.024 [183] as can be seen in Fig. 3.4.

Now it may happen that some of the V, neutrinos are oscillating into the sterile states and
as a result we see a deficit of V, events in the detector. Like other anomalies as discussed
above, reactor antineutrino anomaly can also be explained by the neutrino oscillation

generated by the additional mass-squared difference if,
Am?* > 0.5eV2. (3.7)

So all the anomalies discussed above stimulate us to think about the physics beyond the
standard model and all of them hint towards the existence of a new mass-squared differ-
ence of the order of eV? as one of best possible solutions and this Am? is much much
greater than the magnitude of the two already known solar (Am%1 ~ 1072eV?) and atmo-

spheric (|Am3,| ~ 1073 eV?) mass-squared splittings.
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Figure 3.4: Figure shows the ratio R of the observed events and the calculated events of
different reactor experiments as a function reactor detector distance (L). Error bars are
the uncertainties associated with different experiments. The horizontal black dotted line
denotes the expected ratio. The horizontal green band shows the average ratio (R) and its
uncertainty. This figure has been taken from [183].
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Current status of the oscillation

parameters in 3v and 3+1 frameworks

Tremendous efforts and invaluable contributions from the neutrino oscillation experi-
ments in the atmospheric, accelerator, reactor, and solar sector over the last few decades
have established the existence of three flavor framework of neutrinos beyond any doubt.
As already discussed earlier, it involves two independent mass-squared splittings (atmo-
spheric splitting |Am3,| = |m3 —m?| or |Am3,| = |m3 — m3|, and solar splitting, Am3, =
m5 —m?), three mixing angles (612, 613, 623), and one CP-phase Scp(= 813). All these
parameters have been measured quite precisely except 6,3 and CP-phase dcp. The solar
neutrino oscillation data, and the reactor based KamLAND experiment data [190, 191,
192, 193] which are sensitive to the same oscillation channel, have measured 6, and
Am%1 with a good precision as evident from Fig. 4.1. It is worth to mention here that
there is a mild tension between the measurements of Am%1 by KamLAND which prefers
the best fit value: 7.6 x 107 eV?2, and by solar neutrino data which prefers the best fit
value: 4.96 x 1072eV?, leading to a discrepancy at the 2¢ level. However, the global
analysis of all these oscillation data [193] prefers the best fit value of Am% | close to the
value preferred by the KamLAND data. Now, based on atmospheric neutrino oscillation,
Super-Kamiokande [194] has measured another two parameters, namely sin?26,3 and
|Am§2|. Accelerator based long-baseline experiment MINOS [195] has also constrained
the sin 6»3 and |Am§2| parameter space as can be seen from the red dashed curve of the

left panel of Fig. 4.2. The reactor experiments Daya Bay [196], RENO [197], Double
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Chooz [16] have measured 6,3 mixing angle very precisely. With the recent data based
on 1230 days of operation, Daya Bay [198] have given a very precise measurement on
sin®26;3 (0.0841 + 0.0027 (stat.) & 0.0019 (syst.)) as shown in the right panel of Fig. 4.2.
However despite all these utmost efforts there are two fundamental oscillation parameters
still remain poorly determined, namely 6,3 and the CP phase dcp. Very recent result from
the NOVA experiment [26] hints towards the non-maximal 6,3 with two nearly degener-
ate solutions as can be seen from the left panel of Fig.(4.2): one is 6,3 < 7/4, known as

lower octant (LO), and the other one is 6,3 > 7 /4, called higher octant (HO). In addition,
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Figure 4.1: 90% and 99% C.L. allowed region in sin® 6, and Am%l plane constrained by
solar (black lines), KamLLAND (blue lines), and global (colored regions) data. This figure
has been taken from [193].

although the sign of Am3, (m3 —m?) is known to be positive, but the sign of Am3, or Am?3,
remains unknown and this is known as mass hierarchy (MH) problem (see Fig. (4.3)). It
can be either positive (m; < my, < m3), known as normal hierarchy (NH) or it can be neg-
ative (m3 < mj < my), denoted as inverted hierarchy (IH). Now regarding the CP phase
dcp, it is worthwhile to mention that a preliminary analysis with all its latest data combin-
ing with the reactor antineutrino measurements, T2K [202] excludes the CP conserving
phases at 95% C.L for both the choices of mass hierarchies (NH or IH) as can be seen

from Fig. (4.4).

Lack of sufficient data has so far been the biggest obstacle to making any firm
statement regarding these unknown issues. Accelerator based ongoing and upcoming

long-baseline experiments like T2K [121, 122], NOVA [123, 124], DUNE [125, 126],
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Figure 4.2: (a) 90% C.L. allowed region of sin® 6,3 and Am%z. Black dots denote
the best fit values obtained by NOVA. Blue and red dashed curves correspond to
T2K [199] and MINOS [195] allowed contours respectively. This figure has been taken
from [26]. (b) Allowed region in sin®26;3 and AmZ, plane constrained by Daya Bay
data. Here, Am2, ~ cos® 815 |Am3,| + sin® 812 |Am2,| [200]. The color shaded regions
correspond to 10 (red), 20 (green), and 30 (blue) confidence regions at 2 d.o.f. The top
and right panels depict the Ay? profile along sin®26,3 and Am2, axes respectively. This

figure has been taken from [198].
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Figure 4.3: Two possible neutrino mass ordering. This figure has been taken from [201].

and T2HK [143, 144] are expected to provide very precise measurement on the parame-
ters 0,3, Am%1 (with correct sign), and CP phase dcp. Although all these individual sectors
give independent measurements of different oscillation parameters, it is highly needed to
make full 3-flavor analysis combining all the data available so far from all those sectors
mentioned above. In that perspective, global fit analyses [23, 24, 25] of neutrino and an-
tineutrino oscillation data do that job. All of these analyses agree quite well with each
other. From the very recent analysis [25], the current status of the 3v oscillation parame-

ters is shown in the Table 4.1.
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Figure 4.4: -2AInL (equivalent to A)(z) vs Ocp is shown for normal hierarchy (black curve)
and inverted hierarchy (red curve). Black (red) vertical lines correspond to 95% C.L.
allowed region of CP violating phases for NH (IH) cases. This figure has been taken
from [202].

Parameter | Best fit value | 30 range

sin? 0}, 0.320 0.273-0.379

sin” 8;3 (NH) 0.021 0.019-0.024

sin” 03 (IH) 0.022 0.020-0.024

sin’ 6,3 (NH) 0.547 0.445-0.599

sin? 6,3 (IH) 0.551 | 0.453-0.598
Scp/° (NH) 218 157-349
Scp/° (IH) 281 202-349
L. 7.55 7.05-8.14
Al (NH) 2.50 2.41-2.60
A (1) 242 231-2.51

Table 4.1: Current status of the oscillation parameters [25] in 3v framework.

Let us now discuss the current status of the oscillation parameters involved in

3+1 framework. As already discussed earlier, in presence of a sterile neutrino, there
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exists three more mixing angles (04, 624, and 634), two more CP-phases (J;4 and 934
according to our parameterization) and one large mass-squared splitting Am}u in addi-
tion to those involved in the standard 3-flavor framework. Very recent results from Ice-
Cube [166], Daya Bay [164], MINOS [167] collaboration have placed new constraints
on active-sterile mixing angles. Using the electron antineutrino disappearance measure-
ments, short-baseline reactor experiment Daya Bay along with Bugey-3 data [165] has
provided an upper bound on sin?26;, which is ~ 0.06 at 90% C.L. around the best fit
value of Am3, ~ 1.75eV? [203] as can be seen from Fig. 4.5. Extracting further informa-

tion suggests that 64 < 7° or so. Using the muon neutrino and antineutrino disappearance
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Figure 4.5: Figure shows the 90% C.L. allowed space of sin?28;4 and Am3, plane with
different combination of data set. Regions to the right of the curves are excluded. This
figure has been taken from [165].

measurements, IceCube [166] collaboration result suggests a new upper limit of ~ 0.06
on sin” 264 at 90% C.L. around Amﬁl ~ 1.75eV?, which means that 6,4 is constrained
to be smaller than 7° or so. However this is the most conservative exclusion limit on 6,4
where 034 = 0 has been assumed in the analysis. Similarly, MINOS [165, 167] collabo-
ration has put an upper bound of ~ 0.03 on |Uu4|2 (see Eq. 2.51) that is on sin? 64 (with
the approximation of 8j4 = 0) at 90% C.L around Am}t1 ~ 1.75eV? which is equivalent to
0,4 < 10° (see Fig. 4.6). In this analysis, 634 has been marginalized, and 6;4 = 0 has been

considered because of its very negligible effect on the v, survival channel of interest.
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Figure 4.6: Figure shows the 90% C.L. allowed space of sin® 6,4 and Am?, plane with
MINOS data. Regions to the right of the curves are excluded. This figure has been taken
from [165].

In addition to the information on |Uy4|*, MINOS and IceCube data also shed some
light on the another active-sterile mixing matrix element |Uz4|? (see Eq. 2.51) that is on the
mixing angle B34. Sensitivity to this mixing angle basically comes from the neutral current
event sample in case of MINOS [167] and from the matter effect of high energy neutrinos
propagating through Earth in case of IceCube [96, 204, 205, 206, 207, 208, 209, 210].
Analysis of atmospheric neutrino data of Super-Kamiokande [98] has put an upper limit
of |UT4|2 < 0.18 at 90% C.L. for Amﬁl >0.1eV2. MINOS [167] data also has constrained
sin® B34 at 90% C.L. which is < 0.2 for Amfu = 0.5eV?. Again, using three years of
IceCube DeepCore data [211], a new limit of |Ug|?> < 0.15 has been obtained at 90%
C.L. for Am?, = 1eV? (see Fig. 4.7).

Similar to the 3v global analysis, there have also been few 3+1 global analy-
ses [106, 183, 203, 213] performed in the very recent past combining all the data avail-
able so far in the atmospheric, accelerator, reactor, and solar sector. Very recently, updated
3+1 global analysis [183] of short-baseline neutrino oscillation data have provided a clear
overview on the current status of the active-sterile mixing parameters as shown in the
Table 4.2. The most important point to note from this analysis is that, the inclusion of

IceCube [166] and MINOS [167] data have helped a lot to put a stringent constraint on
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Figure 4.7: Middle big panel of the figure shows the 90% and 99% C.L. allowed parameter
space in the plane [|UM4|2, |Uza |2} for different data set and mass ordering. Regions to the
right of the curves are excluded. The top and right panels are the likelihood projection on
the active-sterile mixing matrix elements |Uu4|2 and |Uq4|? respectively. All these results
have been obtained for Am?“ = 1.0eV2. This fi gure has been taken from [211].

Parameter | Best fit value | 30 range
|Ueal? 0.020 0.0098-0.031
|Upal? 0.015 0.0060-0.026
|Uz4]? - <0.039

Am2, /eV? 1.70 < 148 [212]

Table 4.2: Current status of the active-sterile mixing oscillation parameters [183] in 3+1
framework.

|Uza]? (< 0.014), and 634 (< 7°) at 90% C.L. respectively for any values of Am?3,. How-
ever, it has been shown that the main contribution in constraining the allowed region of
|Uz4a|? for Am3, < 1.5eV? comes from the IceCube than the MINOS data. It is worth
to mention that currently the constraint on the CP phase 814 [214] is very weak, in fact
any value in between —7 to 7 is allowed at 3¢ C.L. Similarly at present we also have no
concrete information regarding the CP phase 834 which may possess any value within its

allowed range [—7, 7|.

Page 56 of 221



Chapter 4. Current status of the oscillation parameters in 3v and 3+1 frameworks

Now following all the above mentioned recent past global analyses more or less,
for the purpose of the works [215, 216, 217] presented in this thesis, we have used the
following benchmark values of the oscillation parameters as shown in the Table 4.3. How-
ever for the work [218] presented also in this thesis, we have used slightly different set of

parameter values as shown in the Table 9.2 of chapter 9.

Parameter True value Marginalization Range
sin® 0, 0.304 Not marginalized
sin?263 0.085 Not marginalized
sin? 653 0.42, 0.50, 0.58 [0.34, 0.68]
sin” 04 0.025 Not marginalized
sin” 64 0.025 Not marginalized
sin B34 0, 0.025, 0.25 Not marginalized
o13/° [- 180, 180] [- 180, 180]
O14/° [- 180, 180] [- 180, 180]
034/° [- 180, 180] [- 180, 180]
10{’?%\/2 7.50 Not marginalized
IOA_’Z’ilvz (NH) (2.475) Not marginalized
mA_";—ile (IH) -24 Not marginalized
Ae%%l 1.0 Not marginalized

Table 4.3: Parameter values/ranges used in the numerical calculations. The second col-
umn reports the true values of the oscillation parameters used to simulate the “observed”
data set. The third column depicts the range over which sin® 6,3, 8,3 (= Ocp), 014, and 934
are varied while minimizing the x? to obtain the final results.
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Chapter 5

Brief description of the Experimental

setups and definition of y?

In order to assess the physics potential of the long-baseline (LBL) experiments, we have
performed all the numerical simulations using GLoBES [219, 220] software along with
its extra tools [221]. Here, in section 5.1, we give a brief description of all the LBL ex-
periments which have been simulated for our present study. In section 5.2, we present the
definition of x2 used to get a quantitative measurement of the sensitivity of the standard
and new physics scenario. Finally in section 5.3, we present a very useful relation between
the proton beam power, proton energy, and number of protons on target. This relationship

carries a high value as it gives an overall idea about the potential of an experiment.

5.1 LBL experiments

5.1.1 DUNE:

DUNE is a future-generation highly sophisticated long-baseline neutrino oscillation ex-
periment having 1300 km baseline from Fermilab to South Dakota in USA. It is expected
to play an important role in the future neutrino roadmap to unravel the fundamental prop-
erties of neutrino [125, 126, 222, 223, 224, 225, 226, 227, 228, 229]. To accomplish its
broad and rich physics objectives as a world-class facility, it is needed to develop three

major components: a) an intense (~ megawatt), wide-band neutrino beam at Fermilab,
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b) a fine-grained, high-precision near neutrino detector just downstream of the neutrino
source, and c) a massive (~ 40 kt) liquid argon time-projection chamber (LArTPC) far
detector housed deep underground at the Sanford Underground Research Facility (SURF)
in Lead, South Dakota. The LArTPC technology is quite effective for uniform and high
accuracy imaging of massive active volumes [230]. One of the merits of a LArTPC is that
it works like a totally active calorimeter where one can detect the energy deposited by all
final-state particles, providing an excellent energy resolution over a wide range of energies
inevitable to study the first and second oscillation maxima. We assume a fiducial mass of
35 kt for the far detector in our simulation, and consider the detector properties which are
given in Table 1 of Ref. [141]. As far as the neutrino beam specifications are concerned,
we consider a proton beam power of 708 kW in its initial phase with a proton energy of
120 GeV which can deliver 6 x 102 protons on target in 200 days per calendar year. We
have used the fluxes which were estimated assuming a decay pipe length of 200 m and 200
kA horn current [231]. In our simulation, we consider a total run time of ten years which
is equivalent to a total exposure of 248 kt - MW - year, equally shared between neutrino
and antineutrino mode. We take the reconstructed neutrino and anti-neutrino energy range
to be 0.5 GeV to 10 GeV. To incorporate the systematic uncertainties, we consider an un-
correlated 5% normalization error and no calibration error on signal, 5% normalization
error and no calibration error on background for both the appearance and disappearance
channels to analyze the prospective data from the DUNE experiment. We consider the
same set of systematics for both the neutrino and antineutrino channels which are also
uncorrelated. For both v, and V, appearance channels, the backgrounds mainly arise from
three different sources: a) the intrinsic V,/V, contamination of the beam, b) the number
of muon events which will be misidentified as electron events, and c) the neutral current
events. Our assumptions on various components of the DUNE set-up are slightly differ-
ent compared to what have been considered for the Conceptual Design Report (CDR) in
Ref. [125]". It has been shown in Ref. [125] that considering the CDR reference beam de-
sign and with an exposure of 1320 kt - MW - year, CPV can be determined for 75% of Ocp
values at 30 confidence level. We have checked that similar coverage in dcp values for es-

tablishing CPV can be achieved with our assumptions on the DUNE setup if we consider

'But, needless to mention, these assumptions on the beam fluxes, various detector characteristics, and
systematic uncertainties are preliminary, and are expected to evolve with time as our understanding about
the key components of the DUNE experiment is going to be refined/improved with the help of ongoing
R&D efforts.
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the same amount of exposure and the same oscillation parameters. Lastly it is worthy to
say that we take the neutrino interaction cross-sections from Refs. [232, 233], where the
authors gave the cross-section for water and isoscalar targets. So, to obtain cross-sections
for LAr, we have scaled the inclusive charged current cross-sections of water by a factor

of 1.06 for neutrino, and 0.94 for anti-neutrino [234, 235].

5.1.2 LBNO:

In Europe, the proposed LBNO experiment [127, 128, 141, 236] offers an interesting pos-
sibility to address the fundamental unsolved issues in neutrino oscillation physics using
a baseline of 2290 km between CERN and Pyhédsalmi mine in Finland which enables us
to cover a wide range of L/E choices, mandatory to resolve parameter degeneracies. The
Pyhésalmi mine will house a giant 70 kt LArTPC as a far detector which will observe the
neutrinos produced in a conventional wide-band beam facility at CERN. The fluxes that
we use in our simulation have been computed assuming an exposure of 1.5 x 10%° protons
on target in 200 days per calendar year ( with 80% efficiency of the accelerator) from the
SPS accelerator at 400 GeV with a beam power of 750 kW [237]. For LBNO also, we
assume five years of neutrino run and five years of anti-neutrino run. We consider the

same detector properties as that of DUNE following the reference [141].

5.1.3 T2K:

In this section, we briefly mention the key experimental features of the currently running
T2K [121, 122] experiment that go into carrying out the simulation. The T2K exper-
iment in Japan is collecting the data since 2010. Neutrinos are being produced at the
J-PARC accelerator facility in Tokai, and are being observed in the 22.5 kton (fiducial)
Super-Kamiokande water Cerenkov detector at Kamioka, at a distance of 295 km from the
source at an off-axis angle of 2.5° [122]. Due to the off-axis nature of the beam [238], it
peaks sharply at the first oscillation maximum of 0.6 GeV. Another major benefit of using
the off-axis technique is that it helps to reduce the intrinsic v, contamination in the beam
and also the background coming from neutral current events, improving the signal-to-
background ratio by great extent. As a result, the T2K experiment has already been able

to provide an important breakthrough to establish the three-flavor paradigm by observing
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the 6)3-driven appearance signal in v, — V, oscillation channel [239]. In May 2014, T2K
started its operation in the antineutrino mode, and after collecting 10% of their expected
antineutrino data set, they announced the first appearance results in the antineutrino chan-
nel [240, 241], clearly taking a first step towards probing the CP asymmetry in a direct
fashion. A very recent preliminary analysis of T2K data prefers the strong possibility of
maximal CP-violation in the lepton sector. In our study, we consider the full projected
exposure of 7.8 x 10! protons on target (P.0.T.) generated by a proton beam of power
750 kW and proton energy of 30 GeV. We also assume that the T2K experiment would use
half of its full exposure in the neutrino mode which is 3.9 x 10?! P.O.T. and the remaining
half would be used during antineutrino run. We follow the recent publication by the T2K
collaboration [242] in great detail to simulate the signal and background event spectra and
their total rates to obtain our final results. Following the same reference [242], we assume
an uncorrelated 5% normalization error on signal and 10% normalization error on back-
ground for both the appearance and disappearance channels to analyze the prospective
data from the T2K experiment. We use the same set of systematics for both the neutrino

and antineutrino channels which are also uncorrelated.

5.1.4 NOvA:

The US-based long-baseline experiment NOVA is also a long-baseline off-axis experi-
ment already taking data. It uses a 14 kton liquid scintillator far detector at Ash River,
Minnesota to detect the oscillated NuMI? muon neutrino beam produced at Fermilab [ 124,
243,244, 245]. The NOVA far detector is placed 810 km away from the source at an off-
axis angle of 14 mrad (0.8°) with respect to the beam line, and sees a narrow-band beam
which peaks around 2 GeV. Based on the exposure of 2.74 x 10%° p.o.t., recently, the
NOVA experiment has released their first v, appearance data providing a solid evidence
of v, — V, oscillation over a baseline of 810 km which is the longest baseline in op-
eration now [123, 246, 247, 248]. In this work, we take the full projected exposure of
3.6 x 10?! p.o.t. which the NOVA experiment aims to use during their full running time
with a NuMI beam power of 700 kW and 120 GeV proton energy [124]. In our simula-
tion, we assume that NOVA would also use 50% of its full exposure in the neutrino mode

which is 1.8 x 102! p.o.t. and the remaining 50% would be utilized to collect the data in

Neutrinos at the Main Injector.
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the anti-neutrino mode. Following references [58, 244, 249], we estimate the signal and
background event spectra and their total rates in our calculations. We use a simplified
systematic treatment for NOVA: an uncorrelated 5% normalization uncertainty on signal
and 10% normalization uncertainty on background for both the appearance and disappear-
ance channels. This is true for both the neutrino and antineutrino modes which are also

assumed to be uncorrelated.

5.2 Definition of y? function

In this section, we give a brief description of the statistical method used to analyse the
mock data. For the purpose of analysing the data, we use the following Poissonian x>

function based on the techniques discussed in Refs. [250, 251],

n 2
2 true true test test 5 ié
0™ A A ¢, Ep) = min E —xl—xlln +—+ , (5.1
x ( é gb {éhéh} i=1 x, ) 653 Gzéb

where 7 is the total number of reconstructed energy bins of neutrino/antineutrino and

Fi({o A {8, 6}) = N ({0 A1+ 2 &] + N ({0 A 1+ 778,
(5.2)
NP ({0, A"} is the predicted number of signal events in the i-th energy bin for a
test set of oscillation parameters ©'* (6, 6,3, 63, Ocp, Am% I Am% ;) and a test set of new
physics parameters 't (= 0, for SM). N?({@'®*', A'®}) is the number of background
events in the i-th bin where the charged current backgrounds are dependent on @' and
At and the neutral current backgrounds do not depend on the parameters @' and A,
The quantities 7° and #” in Eq. (5.2) are the systematic errors on the signal and back-
ground respectively. It is worth to note that 7% and 7" takes different values for different
experimental setups. The systematic errors ° and ©t” are implemented with the nuisance
parameters & and &, which are known with some accuracy og, and o, . The terms §S2/G§€
and §,,2/G€2h are called “pulls” due to the systematic error on signal and background respec-
tively. We incorporate the data in Eq. (5.1) through the variable x; = NZ-ObS +Nib , Where
NPPs (@' 2¢) is the number of observed charged current signal events in the i-th en-

ergy bin and N? (@™, A¢) is the background as mentioned earlier. Here ®™¢ and A'™®
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are the true set of oscillation parameters and new physics parameters respectively. To
estimate the total ¥2, we add the x> contributions coming from all the relevant channels

in a given experiment and this is given as,

Xt%)tal _ Z %2 (wtme7ltme; wtestvltestags’gb)’ (5.3)

channel

which, for the purpose of our work can be explicitly written as,

Xtotal Xvu—we + va—wu +XV”—>ve + Xvu—wu (5.4)

Here, we assume that all these channels are completely uncorrelated, all the energy bins in
a given channel are fully correlated, and the systematic errors on signal and background
are fully uncorrelated. Finally, xt%)ta] is marginalized in the fit over the free oscillation

parameters to obtain Axém, that is

Afin = mm Y 2(0,1.8.8). (5.5)

channel

® and A may be anything “true” or “test”. We should keep in mind that in this work we
have not used any “pulls” (or commonly known as “prior”) on any one of the standard
oscillation parameters including matter density. It is also to be noted that we have not
used any prior on any new physics parameter assuming that the LBL experiments will be
able to determine them precisely or they will give stringent constraint on that parameters.

For completeness we give the mathematical expression of prior below:

west — glrue 2 ptest_ptrue 2 ‘
Xgrior = <W> + (W) + if any (on A). (5.6)

Where, o(®"™°) is the 10 uncertainty on the best-fit value of the oscillation parameter
®'"™¢. In case of matter density, p™ is set to 1, i.e., 5% uncertainty corresponds to

o(p™) =0.05.
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5.3 Calculation of P.O.T. in LBL experiments

Let us now calculate the protons on target (P.O.T.) in long-baseline experiments. All the
LBL experiments used in this thesis are superbeam experiments. Basically, superbeam is
the intense neutrino beam produced by the accelerated high energy protons. These high
energy protons first hit a target and produce 7=. These pions after decaying produce
muon-neutrinos (V) or muon-antineutrinos (V). These muon-neutrinos (antineutrinos)
oscillate while traveling from source to detector. So we see that the more is the P.O.T.

bigger is the production of v, or V.

Now the number of P.O.T. (say, x) depends on the average proton energy "E,’ (GeV) and

the average proton beam power "W’ (MW) per operational year.

Let, one operational year = ‘" second. So, the number of protons deposited on the target

in ‘y’ year is given as

WX 10°xyxt
T E, x109x1.6x10°19

B W xyxtx10©

- 1L6xE,

(5.7

Let us now take few examples which are related to the numerical simulations used in this

thesis.

5.3.1 DUNE:

Beam power, W =708 kW,

Proton energy, £, = 120 GeV,

Number of operational days in 1 yr. = 200,
So,t ~ 1.7 x 107 seconds,

So the number of P.O.T. in 1 year is

B W xyxtx10©
16X E,

_07x1x1.7x 107 x 10'6
- 1.6 x 120

~ 6 x 10%. (5.8)
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For 10 years, total PO.T.is x ~ 6 x 102!,

5.3.2 LBNO:

Beam power, W = 750 kW,

Proton energy, E, = 400 GeV,

Number of operational days in 1 yr. = 200,
With 80% efficiency, t ~ 1.3 X 107 seconds,
So the number of P.O.T. in 1 year is

_ Wxyxtx10'°
 1L6XE,
_0.75x1x1.3x107 x10'
- 1.6 x 400

~ 1.5 x 10%°, (5.9)

X

For 10 years, total PO.T.is x ~ 1.5 x 10?'.

5.3.3 T2K:

Beam power, W =750 kW,
Proton energy, E, = 30 GeV,
For T2K, operational time in 1 yearis, t ~ 107 seconds,

So the number of P.O.T. in 1 year is

_ Wxyxtx10'°
= 1.6 X E,

_075x1x 107 x 1016
- 1.6 x 30

~ 1.56 x 10%!. (5.10)

For 5 years, total PO.T. is x ~ 7.8 X 1021,
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534 NOvA:

Beam power, W =700 kW,
Proton energy, E, = 120 GeV,
For NOVA, operational time in 1 yearis, t ~ 1.7 X 107 seconds,

So the number of P.O.T. in 1 year is

_ Wxyxtx10°

~ L6XE,
_07x1x1.7x10"x10'
- 1.6 x 120

~ 6 x 10%, (5.11)

For 6 years, total PO.T.is x ~ 3.6 x 10%!,
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Chapter 6

Discovery Potential of T2K and NOvVA
in the presence of a Light Sterile

Neutrino

In this chapter we study the impact of one light sterile neutrino on the prospective data ex-
pected to come from the two presently running long-baseline experiments T2K [121, 122]
and NOVA [124, 243, 244, 252] after they accumulate their full planned exposure. In-
troducing for the first time, the bi-probability representation in the 4-flavor framework,
commonly used in the 3-flavor scenario, we present a detailed discussion of the behavior
of the v, — Vv, and Vv, — V, transition probabilities in the 3+1 scheme. We also per-
form a detailed sensitivity study of these two experiments (both in the stand-alone and
combined modes) to assess their discovery reach in the presence of a light sterile neu-
trino. We find that the performance of both these experiments in claiming the discovery
of the CP-violation induced by the standard CP-phase 8,3 = Ocp, and the neutrino mass
hierarchy get substantially deteriorated. Finally, we estimate the discovery potential of
total CP-violation (i.e., induced simultaneously by the two CP-phases 8,3 and 8,4), and
the capability of the two experiments of reconstructing the true values of such CP-phases.
The details of all the analyses and the respective results have been discussed in the next

few sections.

This chapter is organized as follows. In section 6.1, we present a detailed discussion of the

behavior of the 4-flavor v, — Vv, and V|, — V, transition probabilities. For the first time
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we extend the bi-probability representation, commonly used in the 3-flavor framework,
to the more general 3+1 scheme. Section 6.2 deals with the experimental details and
also discusses the bi-events plots. In section 6.3, we describe the details of the statistical
method that we use for the analysis. Section 6.4 is devoted to the presentation of the
results of the sensitivity study of T2K and NOVA. Finally in section 6.5 we summarize

our results.

6.1 Conversion probability in the 3+1 scheme

6.1.1 Theoretical framework

As discussed in section 2.6, the presence of a sterile neutrino vy, the mixing among the
flavor and the mass eigenstates is described by a 4 x 4 matrix. A convenient parameteri-

zation of the mixing matrix is
U = R34R24R14R23R 3R 2, (6.1)

where R;; (R ) are real (complex) 4 x 4 rotations in the (i, j) plane containing the 2 x 2

submatrix

Cjj Sij - Cjj S
R?jXZ — J J R?sz — ik J 7 (62)
—Sij Cij —S8ij Cij
in the (i, j) sub-block, with
Cij = CO0S Gij Sij = sin Gij 5‘,']‘ = S,’je_lsij. (63)

6.1.2 Analytical Expressions in Vacuum and Matter

Let us now consider the transition probability relevant for T2K and NOVA. From the
discussion of section 2.6.1, we know that the v, — Vv, conversion probability in presence

of a sterile neutrino can be approximately written as the sum of three contributions

Py ~ PAM 4 pINT - T (6.4)
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The first (positive-definite) term is driven by the atmospheric frequency and it gives the
leading contribution to the probability. The second and third terms are related to the
interference of two distinct frequencies and can assume both positive and negative values.
The first of the two interference terms is connected to the standard solar-atmospheric
interference, while the second one is driven by the atmospheric-sterile interference. The
conversion probability depends on the three small mixing angles 0,3, 614, 624, whose best
estimates, derived from the global 3-flavor (for 6,3) analyses [22, 253, 254] and from the
3+1 fits [105, 106] (for 614 and 8,4), turn out to be very similar and we have approximately
§13 ~ S14 ~ sp4 ~ 0.15 (see table 4.3). Therefore, it is meaningful to treat all such three
mixing angles as small quantities of the same order €. Another small quantity involved
in the transition probability is the ratio of the solar and the atmospheric mass-squared
splitting & = Am3,/Am3, ~ £0.03, which can be assumed to be of order £2. Keeping

terms up to the third order, in vacuum, one finds

PAM o~ 4533s735in” A, ()
PNT = 8s13510¢12823¢03 (@A) sinAcos(A+83), (6.6)
pIIINT ~ 4514504513523 SinAsin(A+ 813 — 814) , (6.7)

where A = Am%lL /AE is the atmospheric oscillating factor, which depends on the baseline
L and the neutrino energy E. The two LBL experiments under consideration, T2K and
NOVA, make use of an off-axis configuration, which leads to a narrow-band sharply-
peaked energy spectrum of the emitted neutrinos. In theory, the off-axis angle should be
tuned exactly to match (at the peak energy) the condition A ~ 7/2, corresponding to the
first oscillation maximum. In practice this condition holds only approximately. In T2K,
the neutrino flux is peaked at E = 0.6 GeV and the condition A = /2 is exactly matched.
In NOVA, the peak of flux is located at E = 2 GeV, while the oscillations maximum is at
E =1.5GeV. In the following, when discussing the behavior of the conversion probability
we will choose the peak value for both experiments, i.e. we will use E = 0.6 GeV for
T2K and E =2 GeV for NOVA. This will allow a better understanding of the subsequent
discussion at the events level presented in section 6.2. In fact, in both experiments the total
rate keeps the leading contribution from the energies close to the peak. Also, it should be
stressed that the sensitivity to the spectral distortions is quite limited (due to systematic

errors and the limited statistics) and the total rate suffices to understand the basic feature
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of the numerical results, albeit our analysis includes a full treatment of the spectrum (see
section 6.2).

The presence of matter slightly modifies the transition probability through the MSW ef-

fect, which introduces a dependency on the ratio

(6.8)

where,

Vee = V2GpN, (6.9)

is the constant matter potential along the neutrino trajectory in the earth crust. Both
in T2K and in NOVA the value of v is relatively small, being v ~ 0.05 in T2K, and
v~ 0.17 in NOVA, where we have taken as a benchmark value the peak energy (E = 0.6
GeV in T2K, E =2 GeV in NOVA). Therefore, v can be treated as a small parameter of
order €. The v;; — V, conversion probability in matter can be obtained (see the appendix
in [104] and the works [255, 256, 257]) by performing, in the leading term of the vacuum
probability, the following substitution

PAIM ~ (1 4-2y) pATM (6.10)

which incorporates the (third order) corrections due to matter effects. It can be shown
that the two interference terms acquire corrections which are of the fourth order. In this
work, we will limit the expansion at the third order in €. Therefore, the interference terms
will have the vacuum expression. It is also important to mention here that in presence of
matter probability expression becomes dependent of the mixing angle 8s4 with the phase
034 associated with it. However the corrections are of fourth order and beyond. So it does

1

not come in the probability expressions '. Before closing this section we recall that a

swap in the neutrino mass hierarchy is parametrized by the replacements
A — —A, a— —a, V= —W (6.11)

Due to the change of sign of v in Eq. (6.10), the transition probability (which acquires

In this point it is also worth to mention that in the numerical analysis we have considered full four
flavor probability with matter effect. However due to small matter effect in T2K and NOVA, we have put
634 = 834 = 0, because of fourth order or beyond corrections which has negligible effect.
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the dominant contribution from the atmospheric term) tend to increase (decrease) with
respect to the vacuum case in the NH (IH) case. NOVA is expected to be more sensitive

than T2K to the MH because of the larger value of the ratio v. Finally, we recall that the
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Figure 6.1: v, — V, transition probability as a function of neutrino energy for T2K after
performing the averaging over the fast oscillations.

transition probability for antineutrinos is obtained from that of neutrinos with a change in
the sign of the MSW potential V and of all the CP-phases. This, for a given choice of the

MH, corresponds to the substitutions
513 — —613, 614 — —514, V——W (6.12)

In the NH case v > 0 for neutrinos and v < 0 for antineutrinos. According to Eq. (6.10), in

the NH case the leading contribution to the transition probability will increase (decrease)
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for neutrinos (antineutrinos). In the IH case the opposite conclusion holds. Figures 6.1
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Figure 6.2: v, — V, transition probability as a function of neutrino energy for NOVA
after performing the averaging over the fast oscillations.

and 6.2 show the transition probability for neutrinos as a function of the energy for both
experiments T2K and NOVA. In both figures we have assumed normal hierarchy and we
have taken the mass-squared difference Am?“ = 1 eV? and fixed the mixing angle 6;3 and
the two mixing angles 014 and 6,4 at the benchmark values indicated in the second column
of Table 4.3, where we also report all the other mass-mixing parameters involved in the
calculations. For such high values of the mass-squared splitting, the oscillating factor A4
is very large and the sterile-induced oscillations are completely averaged out by the finite
energy resolution of the detector. Hence, we report the transition probability obtained
after that such an averaging process has been taken into account. In each plot of Figs. 6.1

and 6.2, the value of the standard CP-phase 0;3 is kept fixed at the value displayed in
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the legend, while the new phase 0;4 assumes four representative values. In each panel,
the 3-flavor probability is represented by a thick black line, while the four 3+1 cases are
displayed by thin colored lines. The magenta curve corresponds to ;4 = —7/2, the blue
one to 814 = /2, the red one to dy4 = 0 and the green one to dj4 = 7. For clarity, we will
adopt such color convention in all the figures presented in this chapter. From Figs. 6.1
and 6.2 it clearly emerges that the impact of the 4-flavor corrections induced by a non-
zero value of the mixing angles 614 and 6,4 is sizable. Their amplitude and shape depend
on the particular value of the new CP-phase d14. The plots show that the most evident
effect of the 4-flavor corrections is a change in the overall normalization of the transition
probability with respect to the standard 3-flavor case. In addition, an appreciably different
energy dependence is also present, which reflects the different dependency from the L/E
ratio of the standard interference term [Eq. (6.6)] and the non-standard one [Eq. (6.7)].
The changes induced in the overall normalization are as big as the modifications induced
by varying &;3 (compare the excursion of the black curves between different panels with
the excursion of the colored curve in a given panel). This confirms the analytical estimates

made in the previous section.

6.1.3 Bi-Probability Plots

In the 3-flavor framework, the behavior of the transition probability is often represented
with the CP-phase trajectory diagrams in bi-probability space, first introduced in [55].
Such plots, commonly dubbed as bi-probability plots, represent the parametric curves of
the two transition probabilities (v, — V. and V,; — V,) where the varying parameter is the
CP-phase ;3. Since the two transition probabilities are cyclic functions of the phase J3,
the resulting contours form a closed curve. This representation is particularly advanta-
geous as it gives a bird-eye view of the salient features of a given experimental setups, in
particular its sensitivity to MH and CPV. Here we attempt to generalize the bi-probability
representation to the more general 4-flavor scheme. This makes sense because also in
the 4-flavor scheme the probability remains a cyclic function of the (more numerous)
CP-phases. Also in this case, as we will show, this representation is very useful for the
interpretation of the numerical results. In the following we first recall the basic features of
the bi-probability plots in the standard 3-flavor framework, then we generalize our study

to the 4-flavor scheme.
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The 3-flavor case

In the 3-flavor case the neutrino and antineutrino transition probabilities can be written as

P = Py+A(cosAcosdj3—sinAsind;z) (6.13)
P = Py+A(cosAcosd3+sinAsin3). (6.14)

In general, due to the presence of matter effects one has Py # Py and A # A. As discussed
in the previous section the matter effects shift> Py by an amount proportional to the small
parameter v = 2VE /Am3,, which is of order O(g). Therefore, since Py in vacuum is
O(£?), the absolute shift of Py is O(¢?), which is thus comparable with the amplitude
(A ~ A) of the interference term. The amplitude of the interference term is also modified
with respect to the vacuum case, its relative change being proportional to v. Since the
amplitude A is of order O(&?), the corrections are of order O(g*). Therefore, truncating

the expansion of the probability at the third order corresponds to consider A = A, with
A~ 8S13S126’12S23C23(OCA) sinA. (6.15)

The relations (6.13)-(6.14) represent the parametric equations of an ellipse of center
(Py,Py). Under the assumption A = A, as already shown in [55], the major (minor) axis
of the ellipse is proportional to sinA (cosA) and has an inclination of —7/4 (7/4). To
see this one can perform a counter-clockwise rotation R of the parametric curve around

its center (P, Py) by the angle @ = /4

R cosS®W —sSIinm 1 |1 -1 (6.16)
sin®@ cosm \/51 1 ’ .

obtaining for the rotated probabilities

P = Py—V2AsinAsindj3 (6.17)
P = Py+v2AcosAcosds. (6.18)

2Py and Py can be identified with P,’,?TM of Eq. (6.10), where the sign of the adimensional quantity v
related to the matter effects (for a fixed choice of the mass hierarchy) is opposite for neutrinos and antineu-
trinos.
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From these relations one arrives at the equation of an ellipse in the canonical form

(P'—PRy)? N (P —Py)?

2 12 =1, (6.19)

with the two semi-axes having lengths
a = V2AsinA, (6.20)
b = V2AcosA. (6.21)

The combination of signs in the parametric equations (6.17)-(6.18) implies that for the
NH case the “chirality” of the ellipse is positive, i.e. the trajectory winds in the counter-
clockwise sense as the phase 8;3 increases. The chirality is opposite (negative) in the
IH case since the coefficient A changes its sign under a swap of the mass hierarchy [see

Eq. (6.15)].

The energy spectrum of the neutrino beams employed in typical LBL experiments is
peaked around the first oscillation maximum, where A ~ 7 /2 and therefore one expects
a > b, i.e. the major axis much bigger than the minor one. This feature is particularly
pronounced in T2K since, as already remarked in the previous section, the peak energy
(E = 0.6GeV) almost exactly matches the condition A = /2. In this case the ellipse
becomes almost degenerate with a line. This behavior can be observed in Fig. 6.3, where
in all four panels the two black curves correspond to the 3-flavor limit for the two cases of
NH (solid line) and IH (dashed line). The colored curves correspond to four representative
4-flavor cases that will be discussed later. In the NOVA experiment, at the peak energy
(E =2GeV) we have A = 0.47 and the ratio of the major over the minor axis is given
by a/b = tanA ~ 3, as one can appreciate from the plots in Fig. 6.4, where again like for

T2K, we display the two cases of NH (black solid line) and IH (black dashed line).

The bi-probability representation is particularly useful because it neatly shows that the
presence of matter effects tend to split the two ellipses corresponding to the two mass
hierarchies, thus giving a qualitative bird-eye view of the sensitivity of a given experiment
to the MH. In addition, the ellipse curves show pictorially the effect of the genuine (or
intrinsic) CPV due to sin 8;3, disentangling it from the fake (or extrinsic) CPV induced
by the matter effects. In particular, for ;3 = (—7m/2,7/2) the representative point in

the bi-probability space (respectively a circle and a square) lies on the intercepts of the
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ellipse with the major axis and one has the maximal (intrinsic) CPV. Conversely, the effect
from the CP conserving cos d;3 term is proportional to the length of the minor axis. For
013 = (0, ) the representative point on the ellipse (respectively a triangle and an asterisk)

basically coincide.

From the comparison of Fig. 6.3 and Fig. 6.4, it emerges that the splitting between the
NH and IH curves is less pronounced in T2K than in NOVA. This is a consequence of
the fact that, as already discussed in the previous section, the matter effects are larger
in the second experiment. It is useful to recall [see Eq. (6.10)] that the matter effects
induce modifications proportional to the dimensionless quantity v =2VE/ Am%l, which is

v =~ 0.05 at the T2K peak energy and v ~ 0.17 at the NOVA peak energy.

The 4-flavor case
In the 3+1 scheme the transition probabilities have the general form

P = Py+Acos(A+8;3)+Bsin(A— 814+ 13), (6.22)

P = 130 —i—ACOS(A— 513) —|—l§sin(A—|— 014 — 513) , (6.23)

where, neglecting O(£*) corrections, we have

o
SAmAsinA, (6.24)

B ~ B~ SpsinA. (6.25)

b
[2

A ~

We have introduced the two (positive definite) auxiliary quantities

Sa = 8sizsipcisses|al, (6.26)

S = 4514524513523, (6.27)

which, for the specific values of the mixing angles under consideration (see the second

Table of 4.3) yield

Sy~ 0.8x1072, (6.28)
Sg ~ 1072, (6.29)
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In the expression of the coefficients A and B in Egs. (6.24)-(6.25) we have left evident the
dependency from the oscillation factor A and from the sign of the ratio o. This will be
useful when discussing the role of the neutrino mass hierarchy. We note that, under a swap
of the MH (implying A — —A and o — — ), both coefficients A and B change sign and
therefore their product AB remains unaltered and positive definite. The equations (6.22)-

(6.23) can be re-expressed in the form

P = Py+Ccosd3+Dsind3 (6.30)
P = Py+Ccos8z+Dsindjs, (6.31)

where the new coefficients C,D,C,D depend on A and on the CP-phase &;4 as follows

C = +AcosA+Bsin(A—3dy4), (6.32)
D = —AsinA+Bcos(A—9dy4), (6.33)
C = +AcosA+Bsin(A+dy4), (6.34)
D = +AsinA—Bcos(A+314). (6.35)

By eliminating the CP-phase ;3 from the expressions (6.30)-(6.31), one easily arrives

at the equation of an ellipse.’

However, the situation is more involved with respect to
the 3-flavor case, because the geometrical properties of the 4-flavor ellipse (length and

inclination of the two axes) depend not only on A but also on the new CP-phase 84.

Figures 6.3 and 6.4 represent the 4-flavor ellipses obtained respectively for T2K (at the
energy £ = 0.6 GeV) and NOVA (at the energy E = 2.0 GeV) for four fixed values of
the phase 014. In each panel the solid (dashed) curve represents the NH (IH) case. From
the figures it is evident that the properties of the ellipses depend on: i) the particular
experiment (due to the different value of the oscillation factor A); ii) the value of the

phase 0y4; iii) the neutrino mass hierarchy (only in NOvA).

We can understand the basic behavior of a 4-flavor ellipse using the following relation for

its inclination,* valid under the assumption that the perturbations induced by the matter

3If one makes explicit the dependency on 4 (instead of d13) and treats 814 as the varying parameter
one still obtains a (different) ellipse. In this case, the center of the ellipse depends on the value of ;3.

“For the derivation one has to write the equation of the ellipse by eliminating the parameter ;3 and than
use the general formulae available in textbooks.
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Figure 6.3: Bi-probability plots for T2K for four fixed values of d;4 and neutrino energy
0.6 GeV. In each panel, we also show the 3-flavor ellipses for the sake of comparison. In
both the 3-flavor and 4-flavor ellipses, the running parameter is the CP-phase ;3 varying
in the range [— 7, 7r|. The solid (dashed) curves refer to NH (IH).

effects on the interference terms are negligible (i.e. A=A and B = B),

(B> — A?) cos2A — 2ABsin2Acos 814

tan2m =
an 2ABsin 84 ’

(6.36)

which, making use of the definitions of A and B in Egs. (6.24)-(6.25), and in particular of

the invariance of the (positive) sign of the product AB, becomes

(52— Sf‘Az) c0os2A — 2854 Sp|A| sin2Acos 614

tan2@ =
an 254S5]A] sin 814

(6.37)

The angle @ €] — /4, /4] represents the inclination (with respect to the axis of the
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Figure 6.4: Bi-probability plots for NOVA for four fixed values of d;4 and neutrino energy
of 2 GeV. In each panel, we also show the 3-flavor ellipses for the sake of comparison. In
both the 3-flavor and 4-flavor ellipses, the running parameter is the CP-phase ;3 varying
in the range [— 7, 7r|. The solid (dashed) curves refer to NH (IH).

abscissas) of the major (minor) axis depending on the negative (positive) sign of the de-
nominator in Eq. (6.37) (i.e. the sign of sin d,4 since the product AB is positive definite).
In the limit sind;4 — O the inclination of the major axis is |@| = /4. In this case, the
sign of @ can be determined by looking at the sign of the numerator in Eq. (6.37). If the

numerator is positive, one has @ = —m /4, if it is negative one has @ = 7 /4.

In T2K we have A ~ 7 /2 and Eq. (6.37) takes the simpler form

SAA? —S% 0.22

tan2m = o~ .
an 2SASB|A| sin 514 sin 514

(6.38)

This result is independent of the mass hierarchy and therefore the inclination of the el-
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lipses will be identical in the two cases of NH and IH. This is confirmed by Fig. 6.3.
Indeed, in each panel the solid ellipse has almost the same orientation of the dashed one.
The very small difference in the inclinations is due to the matter effects [O(e%)] that we
are neglecting at the level of the interference terms. The matter effects are instead re-
tained at the level of the leading terms Py and P, where they induce 0O(&3) corrections.
As a result the centers of the ellipses are shifted in opposite directions (with respect to
the vacuum case) for the two cases of NH and IH. We also observe that the centers of
the 4-flavor ellipses almost coincide with those of the 3-flavor ones since, as discussed in
section 6.1 [see Eq. (6.10)], the matter effects enter in a similar way in the two schemes.
The very small differences in the location of the centers of the 3-flavor and 4-flavor el-
lipses is imputable to corrections of order O(g*), which are neglected in our treatment.
For the two values 814 = (0, 7), the inclination of the major axis is @ = —m/4 since the
numerator in Eq. (6.38) is positive in both cases. This is confirmed by the first (red curves)
and second (green curves) panel of Fig. 6.3. For ;4 = +7m/2, one has tan2® = £0.22,
approximately corresponding to @ ~ #0.11 (or £6°). In the case &;4 = —7/2, the sign
of the denominator in Eq. (6.38) is negative and the inclination of —6" is that of the major
axis. In the case 8,4 = m/2, the sign of the denominator in Eq. (6.38) is positive and the
inclination of 46° is that of the minor axis. This behavior is corroborated by the third
panel (magenta curves) and fourth panel (blue curves) of Fig. 6.3. In NOVA we have

A ~ 0.47 and Eq. (6.37) takes the form

1 F k2 COS 514

tan2m = k| - (6.39)
sin 014
where the two constants ki, k, are given by
ki =~ 3.85x1077, (6.40)
ky =~ 1.53x10°. (6.41)

The minus (plus) sign in Eq. (6.39) refers to the case of NH (IH). So at the NOVA peak
energy, which corresponds to a value of A different from 7 /2, differently from T2K, we
expect a dependency of the orientation of the ellipse from the mass hierarchy. For the two
values 614 = (0, ) the denominator goes to zero so the absolute inclination of the ellipses

is |@| = w/4. The sign of w is determined by the sign of the numerator, which in the
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normal hierarchy case is negative for 6,4 = 0 and positive for 84 = m. Therefore, in the
NH case the inclination of the major axis is /4 for 6,4 = 0 and —7x /4 for )4 = 7. In the
IH case the situation is reversed, since the sign in the numerator in Eq. (6.39) is opposite.
This behavior is basically confirmed by the first two panels of Fig. 6.4. Coming now to
the two cases 014 = £7/2, one has tan2® = k; / sin 614, which is a relation independent
of the neutrino mass hierarchy. Due to the small value of the coefficient k;, the value of
o is approximately zero. The inclination refers to the major (minor) axis for dj4 = —7/2
(814 = m/2). This behavior is confirmed by the numerical results displayed in the third

and fourth panel in Fig. 6.4.

Hence, one can see that for both experiments the relatively simple formulae illustrated
above allow us to explain analytically all the properties of the ellipses displayed in Figs. 6.3
and 6.4, which are obtained by a full numerical calculation. In the case of T2K the for-
mula for the inclination of the ellipse is accurate at the level of less than one degree. In
NOVA the accuracy, in some cases, is at the level of a few degrees, due to the larger im-
pact of the fourth order corrections related to matter effects. For clarity, in Table 6.1 we

report the approximated properties of the ellipses for the 3-flavor and the 4-flavor cases.

O14(true) | MH | Chirality | Inclination (T2K) | Inclination (NOVA)

3y NH + —450 —459

IH - —450 —459

00 NH + —450 +45°

TH + —450 —450

o | NH - —45Y —45Y

4y 180 H - —459 +459
g0 | NH + —6" 0
H + —6° 0°

900 NH - —840 —90°

IH - —840 —90°

Table 6.1: Geometrical properties of the ellipses for the 3-flavor and 4-flavor schemes.
The first column reports the value of the CP-phase 04 (not defined in the 3-flavor case).
The second column reports the neutrino mass hierarchy. The third column reports the
chirality of the ellipse (which is the same for T2K and NOvVA). The plus (minus) sign
means that the trajectory winds in the counter-clockwise (clockwise) sense as the phase
013 increases. The fourth and fifth columns report the inclination of the major axis of the
ellipse for T2K and NOVA, respectively. The values of the inclinations are those found
with the third order expansion of the transition probabilities.

The bi-probability plots shown in Figs. 6.3 and 6.4 are obtained for fixed values of the
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CP-phase 8,4. Since the value of 04 is unknown, it is interesting to ask what happens if
one superimposes all the (theoretically infinite) ellipses corresponding to all the possible
choices of 8;4. The result of this exercise is shown in figure 6.5, which has been produced
by drawing the convolution of all the ellipses® obtained with a dense grid for the parameter
014 in its range of variability [, 7r]. Alternatively, Fig. 6.5 may be seen as a dense scatter
plot obtained by varying simultancously both CP-phases ;3 and 8;4. This plot provides a
bird-eye view of the degree of separation of the two neutrino mass hierarchies in the 3+1
scheme. We see that a separation persists also in such an enlarged scheme. This means
that there will exist some combinations of the two CP-phases 0,3 and ;4 (corresponding
to those points which do not lie in the superposition area of the blue and orange regions)
for which it will be possible to distinguish between the two hierarchies at some non-zero
confidence level. The numerical analysis of the section 6.4 will allow us to determine
such specific combinations of the two CP-phases and the exact confidence level of the

separation of the two hierarchies.

008 0.08
0l NH3+1
[ ] H 3+1 1
0.07 - T2K — NH3v 1 0.07 NOvA
IH 3v
0.06 - 1 0.06 -
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P(v,-v,) P(v,~v,)

Figure 6.5: The colored shaded blobs represent the convolution of the bi-probability
graphs for T2K (left panel) and NOVA (right panel) in the 3+1 scheme. The blobs are
obtained by superimposing several ellipses, each corresponding to a different value of the
CP-phase 6,4 taken in its range of variability [, 7r|. The black curves show the 3-flavor
ellipses as a benchmark. In both the 3-flavor and 4-flavor cases, the running parameter on
the ellipses is the CP-phase 03.

3 A similar plot has been shown in [258] for the experiment NOVA to visualize the impact of new CP-
phases potentially related to non-standard neutrino interactions.
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6.2 Discussion at the events level

All the experimental features of these two experiments T2K and NOVA has been dis-
cussed in details in section 5.1. Here we discuss the event spectra and the bi-events plots

in details.

T2K Lvent Spectra NOvA Event Spectlra

- — 3y,

M 3+16,,=0°
10T 3+1 6,4 = 180°
W 3+16,, = -90°
Ul 3+1 64 = 90°

ve App. Events per 50 MeV bin
[op}
ve App. Events per 50 MeV bin

0.2 0.4 0.6 0.8 1.0 1.2 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Reconstructed Energy [ GeV] Reconstructed Energy [ GeV]

Figure 6.6: Expected signal event spectra in the v, appearance channel as a function of the
reconstructed neutrino energy. The left (right) panel refers for T2K (NOvVA). The black
line corresponds to the 3-flavor case. The colored histograms refer to the 3+1 scheme for
the four different values of 8,4 indicated in the legend. In all cases (both 3-flavor and
4-flavor) we have set 0;3 = 0.

6.2.1 Event spectra

We devote this section to discuss the expected event spectra in 3v and 3+1 schemes for
both the T2K and NOVA setups using their full projected exposures as mentioned in the
previous section. The number of expected appearance electron events® in the i-th energy

bin in the detector is estimated using the following well known expression

N, — L€ /Ede g 0(E) 0y, (E)R(E.E4) Puc(E) (6.42)
i — A2 0 Ef“ A Ve sLA) e 5 .

%We can calculate the number of positron events using Eq. (6.42), by taking into account appropriate
oscillation probability and cross-section. The same strategy can be applied to estimate ™= events.
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where ¢(E) is the neutrino flux, T is the total running time, n, is the number of tar-
get nucleons in the detector, € is the detector efficiency, oy, is the neutrino interaction
cross-section, and R(E, E, ) is the GauBian energy resolution function of the detector. The
quantities E and E4 are the true and reconstructed (anti-)neutrino energies respectively,
and L is the baseline. In Fig. 6.6, we show the expected signal event spectra for the v, ap-
pearance channel as a function of reconstructed neutrino energy for both the experiments
under consideration. As expected due to their off-axis nature, we see a narrow peak in the
projected event spectrum around 0.6 GeV for the T2K experiment (see the left panel), and
for the NOVA experiment (see the right panel), the events mainly occur around 2 GeV
where the flux is maximum. In both panels, the thick black lines correspond to the 3v
case assuming 8,3 = 0°. The other colored histograms (red, green, magenta, and blue)
are drawn in the 3+1 scheme assuming different values of d;4 which are mentioned in the

figure legends. Next, we discuss the bi-events plots to get more physics insight.

6.2.2 Bi-events plots

The bi-probability plots presented in section 6.1.3 give a very clear idea of the behavior
of the transition probability at the specific value of the energy corresponding to the peak
of the spectrum and allow us to approximately predict the behavior of a given off-axis
experiment, since the dominant contribution to the total rate comes from the energies
close to the peak. In this section we present, for completeness, also the bi-events plots,
where on the two axes it is represented the theoretical value of number of events (v, on
the x-axis, V, on the y-axis) expected in a given experiment. Such plots provide a more
precise information on the behavior of a given experiment, because the event rates take
into account the complete energy spectrum and provide the information on the statistics
involved in the experiment. Figure 6.7 shows the bi-events plots for T2K, where we have
used the same contour style convention of the bi-probability plots. We still have elliptical
curves, since we are just replacing the coefficients in the parametric equations (6.32)-
(6.35) with appropriate weighted averages. A quick comparison of the T2K bi-events plot
in Fig. 6.7 with the corresponding bi-probability one (Fig. 6.3) shows that the geometrical
properties of the ellipses are slightly different from those obtained for the probabilities.
Apart from an obvious deformation factor due to the different scale used for the events,

we can appreciate other differences, which are introduced by the contribution of several
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Figure 6.7: Bi-events plots for T2K for four fixed values of the CP-phase ;4. In each
panel, we also show the 3-flavor ellipses for the sake of comparison. In both the 3-flavor
and 4-flavor ellipses, the running parameter is the CP-phase &;3 varying in the range
[—m, ). The solid (dashed) curves refer to NH (IH). We have assumed that half of the
full T2K exposure will be used in the neutrino mode and the other half in the antineutrino
mode.

energies in the integration. In particular, appreciable differences are now visible between
the two cases of NH and IH. Most importantly, figure 6.7 gives a clear feeling on the

number of events expected in the experiment T2K.

Figure 6.8 shows the bi-events plots for NOVA. The comparison with the corresponding
bi-probability plot in Fig. 6.4 shows that the geometrical properties of the ellipses are
quite similar to those obtained for the probabilities. This is due to the fact the the energy
spectrum of NOVA is more sharp than the T2K one (see Fig. 6.6). As a consequence

the peak energy is more important in determining the global behavior of the total rate.
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Figure 6.8: Bi-events plots for NOVA for four fixed values of d14. In each panel, we also
show the 3-flavor ellipses for the sake of comparison. In both the 3-flavor and 4-flavor
ellipses, the running parameter is the CP-phase ;3 varying in the range [— 7, 7r|. The solid
(dashed) curves refer to NH (IH). We have assumed that half of the full NOVA exposure
will be used in the neutrino mode and the other half in the antineutrino mode.

Finally, in Fig. 6.9 we show the convolution plot in the bi-event space, which gives a

visual information on the degree of separation of the two neutrino mass hierarchies.

6.3 Details of the Statistical Method

This section deals with the numerical technique and analysis procedure which we follow
to compute our main results. We use the GLoBES software [219, 220] along with its new

physics tools to obtain our results. We include the 4-flavor effects both in the v, — v,
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Figure 6.9: The colored shaded blobs represent the convolution of the bi-events graphs for
T2K (left panel) and NOVA (right panel) in the 3+1 scheme. The blobs are obtained by
superimposing several ellipses, each corresponding to a different value of the CP-phase
014 taken in its range of variability [—x, ]. The black curves show the 3-flavor ellipses
as a benchmark. In both the 3-flavor and 4-flavor cases, the running parameter on the
ellipses is the CP-phase J;3 in the range [—m,7]. For both T2K and NOVA we have
assumed that half of the full exposure will be used in the neutrino mode and the other half
in the antineutrino mode.

appearance channel and in the v, — vy, disappearance channel. We have found that, for
the v, — v, disappearance channel, the survival probability is very close to the 3-flavor
case, in agreement with the analytical considerations made in [104]. We consider the
true value of sin”26;3 to be 0.085 (see Table 4.3) to generate the data and keep it fixed
in the fit expecting that the Daya Bay experiment would be able to measure 0,3 with
a very high-precision (~ 3% relative precision at 1o C.L.) by the end of 2017 [187].
As far as the atmospheric mass-squared splitting is concerned, we take the true value
of Am3, = 2.4 x 1073 eV? (2.4 x 1073 eV?) for NH (IH). Accordingly, we take Am3,
= 2.475 x 1073 eV? (—=2.4 x 1073 eV?) for NH (IH). We also do not marginalize over
this parameter in the fit since the present precision on this parameter is already quite
good [254], and the future data from the running T2K and NOVA experiments would
certainly improve this further [242, 259]. This should remain true also in the presence
of sterile neutrino oscillations because the value of Am%1 is extracted from the v, — v,
searches which, for the small values of the mixing angles 614 and 6,4 considered in the
present analysis (see Table 4.3), are almost unaffected by the 4-flavor effects. For 0,3, we

consider the maximal mixing (77/4) as the true choice, and in the fit, we marginalize over
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the range given in Table 4.3. We marginalize over both the choices of hierarchy in the fit
for all the analyses, except for the mass hierarchy discovery studies where our aim is to
exclude the wrong hierarchy in the fit. We vary the true value of 9,3 in its allowed range
of [—m, ], and it has been marginalized over its full range in the fit if the performance
indicator demands so. We take the line-averaged constant Earth matter density’ of 2.8

g/cm? for both the baselines.

We take the mass-squared splitting Am?u — 1eV?, which is the value currently suggested
by the SBL anomalies. However, we stress that our results would remain unaltered for
different choices of such parameter, provided that AmfH > 0.1eV?. For such values, the
fast oscillations induced by the new large frequency get completely averaged because of
the finite resolution of the detector. For the same reason, the LBL setups are insensitive
to the sign of Amﬁ , and we can safely assume positive sign for it. Concerning the active-
sterile mixing angles, we take the true value of 0.025 for both the sin? 04 and sin® 64 and
keep them fixed in the fit. These values are close to the best fit obtained by the global 3+
fits [105]. We vary the true value of 8,4 in its allowed range of [—x, ], and it has been
marginalized over its full range in the fit as needed. We assume sin® 634 =0 (and, as a
consequence 834 does not come in the parameterization) in all the simulations.® In our
analysis, we do not explicitly consider the near detectors of T2K and NOVA which may
shed some light on 814 and 6,4, but certainly, the near detector data are not sensitive to the
CP-phases which is the main thrust of this work. In our simulation, we have performed
a full spectral analysis using the binned events spectra for both experiments. In the sta-
tistical analysis, as discussed in the section 5.2, we have used the Poissonian Ay2. Apart
from the neutrino oscillation parameters marginalization as described above, Ax? is also
marginalized over the uncorrelated systematic uncertainties (as mentioned in section 5.1
in the experimental description of T2K and NOVA.) using the method of pulls. When
showing the results, we display the 1,2,3c confidence levels for 1 d.o.f. using the rela-
tion nc = \/A_xz . In [261], it was shown that the above relation is valid in the frequentist

method of hypothesis testing.

"The line-averaged constant Earth matter density has been computed using the Preliminary Reference
Earth Model (PREM) [260].

8We recall that the vacuum Vy — Ve transition probability is independent of 634 (and &34). In matter, a
tiny dependence appears which is more appreciable in NOVA than in T2K (see the appendix of [104] for a
detailed discussion).

Page 88 of 221



Chapter 6. Discovery Potential of T2K and NOVA in the presence of a Light Sterile
Neutrino

6.4 Results of the Sensitivity Study

6.4.1 CP-violation Searches in the Presence of Sterile Neutrinos

In this section we explore the impact of sterile neutrinos in the CPV searches of T2K and
NOVA. As a first step we consider the discovery potential of the CPV induced by the
standard 3-flavor CP-phase 8,3, which is proportional to sin 8;3. The discovery potential
is defined as the confidence level at which one can reject the test hypothesis of no CP-
violation, i.e. the cases d;3 = 0 and 013 = w. We have taken the best fit values of all
the parameters at the values specified in the second column of Table 4.3. In the 3-flavor
scheme, we marginalize over 6,3 and over the hierarchy. In the 3+1 scheme, in addition,

we marginalize over the unknown value of ;4.

In Figure 6.10 we display the results of the numerical analysis. The upper panels refer
to T2K, the middle ones to NOVA, and the lower ones to their combination. In the left
(right) panels, we consider NH (IH) as the true hierarchy choice. In each panel, we present
the results obtained for the 3-flavor case (black solid curve) and for the 3+1 scheme, in
which case we select four different values of the true value of 84 (while its test value is
left free to vary and is marginalized away). The values of the phase 814 and the colors
of the corresponding curves are the same of the previous plots. The 3-flavor sensitivities
(black curves) are in agreement withthose shown in the official analyses [242]. We see
that for all values of the new CP-phase 8,4 the discovery potential of the two experiments
decreases with respect to that of the 3-flavor case. The loss of sensitivity is imputable
to the degeneracy between the two CP-phases 013 and 4. Similar to the 3-flavor case,
the discovery potential has a maximum for 8,3 = —90° (8;3 = 90°) for NH (IH). Abrupt
changes in the sensitivity are evident in the range [45°,135°] for the NH case and in the
range [—135°, —45°] for the IH case. This behavior can be traced to the degeneracy among
the two CP-phases and the mass hierarchy. In fact, in these ranges the best fit is obtained
for the false hierarchy. In the bi-events plots these ranges correspond to points where the

ellipses of the two hierarchies tend to overlap.

Until now we have considered only four selected values of the CP-phase 4. It is in-
teresting to see what happens for a generic choice of such a parameter. To this purpose

we have generalized the analysis by treating 014 as a free parameter. In Fig. 6.11 we
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show the iso-contour lines of the discovery potential of the CP-violation induced by 03
as a function of the true values of the two phases 03 and 4. Inside the red regions the
discovery potential is larger than 20. Inside the beige regions it is larger than 16. The
plots refer to the combination T2K + NOVA for the two cases of NH (left) and IH (right).
One can easily check that horizontal cuts of the contour plots made in correspondence of
the four particular values of the phase 014 considered in Fig. 6.10 return the 16 and 20
intervals derivable from the last two panels of Fig. 6.10. In the 3+1 scheme also the new
CP-phase 014 can be a source of CP-violation. Hence it is interesting to determine the dis-
covery potential of the CPV induced by sin 8,4 alone and the total CP-violation induced
simultaneously by sin d;3 and sin ;4. Our numerical analysis shows that the discovery
potential of non-zero sin &4 is always below the 20 level so we do not show the corre-
sponding plot. Instead in Fig. 6.12 we show the results for the fotal CPV discovery since
it is appreciably different (larger) from that induced by sin ;3 alone. The plots refer to the
combination T2K + NOVA for the two cases of NH (left) and IH (right). Inside the small
green regions the discovery potential is larger than 3o. Inside the red regions it is larger
than 20. Inside the beige regions it is larger than 10. As expected the regions in Fig. 6.12
contain as sub-regions those of Fig. 6.11 where the sole CPV induced by sin ;3 is con-
sidered. In Fig. 6.12 we can recognize nine white regions where the discovery potential is
below 16. We stress that these nine regions correspond to four physical regions because
both CP-phases are cyclic variables. Geometrically one can view the square represented
in Fig. 6.12 as an unwrapped torus, provided one takes into account that the upper edge is
connected with the lower edge, and that left edge with the right one”. These four regions
contain the points where the total CPV is zero i.e. sind;3 = sin ;4 = 0. This condition
is verified for the four (inequivalent) CP-conserving cases [0;3, ;4] = [0,0], [x,0], [0, 7],
[, ] and all the other five combinations obtainable by a change of sign of one of (or

both) the phases equal to 7.

6.4.2 Reconstruction of the CP phases

The CP-violation discovery potential tells us how much one experiment will be able to

rule out the case of CP conservation given a positive observation of CPV corresponding

Formally one can see that the square is homeomorphic to the torus. Topologically the torus can be seen
as the quotient space of the square.
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Figure 6.10: Discovery potential of CP-violation induced by sind;3. Upper panels refer
to T2K. Middle panels to NOVA. Lower panels to T2K and NOVA combined. In the left
(right) panels, we consider NH (IH) as the true hierarchy choice. In each panel, the black
curve corresponds to the 3-flavor case. The colored curves are obtained in the 3+1 scheme
for four different true values of d;4. We marginalize over 6,3 and 04 over their allowed
ranges in the fit, and also over the hierarchy.
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Figure 6.11: Discovery potential of CP-violation induced by sin 8,3 in the 3+1 scheme for
the T2K + NOVA combined setup. Inside the red regions the discovery potential is > 20.

Inside the beige regions itis > 10.
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Figure 6.12: Discovery potential of total CP-violation (induced simultaneously by sin d;3
and sin 614) in the 3+1 scheme for the T2K + NOVA combined setup. Inside the green
regions the discovery potential is > 30. Inside the red regions it is > 2¢. Inside the beige

regions itis > 1o.

to a true value of the phases 8,3 and d;4. While this is certainly a very important feature,

a complementary information is provided by the capability of reconstructing the values of

the two CP-phases, independent of the amount of CP-violation (if any). Figure 6.13 gives

a quantitative answer to such a different kind of question. The four plots represent the

regions reconstructed around four representative points in the plane [83, 014]. In all cases
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we have taken the NH as the true hierarchy in the data and then marginalized over NH and
IH in theory. Similar results (not shown) were obtained for the IH case. The two upper
panels refer to the CP-conserving cases [0, 0] and [r, 7] respectively. The third and fourth
panels refer to the two (maximally) CP-violating cases [—n/2,—n/2] and [n/2,7/2].
The two confidence levels refer to 16 and 20 (1 d.o.f.). We see that in all cases we obtain
a unique reconstructed region at the 1o level. Note that this is true also in the second
panel, because the four corners of the square form a connected region due to the cyclic
properties of the two CP-phases. At the 20 level we obtain a unique region only in the
case [—m/2,—m /2] (bottom left). Small spurious islands start to appear in the other cases.
We have checked that these islands disappear if one assumes the prior knowledge of the
correct mass hierarchy. In all cases the typical 16 uncertainty is about 40° (50°) for &3
(814). As recently shown in the 4-flavor analysis performed in [107], the present data
seem to indicate a slight preference for the combination [83,014] = [—7/2,—x/2]. If
this trend gets confirmed in a few years (assuming the existence of a sterile neutrino), the

picture should resemble that of the left bottom panel of Fig. 6.13.

6.4.3 Impact of Sterile Neutrinos on Mass Hierarchy Measurements

In this section we assess the discovery potential of the neutrino mass hierarchy. This is
defined as the confidence level at which one can exclude the false (or wrong) test hierarchy
given a data set generated with the true hierarchy. We have taken the best fit values of all
the parameters as given in Table 4.3. In the test model, we have marginalized over 0,3 and
6,3 within their full 3o range. In the 3+1 scheme we have also marginalized over the CP-
phase ;4. In Fig. 6.14 we show the discovery potential of excluding the wrong hierarchy
as a function of the true value of d;3. The upper panels refer to T2K, the middle ones to
NOVA, and the lower ones to their combination. In the left (right) panels, we consider
NH (IH) as the true hierarchy choice. In each panel, we give the results for the 3-flavor
case (thick black curve) and for the 3+1 scheme (colored curves) for four different values
of the true 84 (that is —90°, 90°, 0° and 180°). The color convention is the same adopted

in the rest of the chapter.

We observe that in T2K (upper panels) the discovery potential is quite limited both in

the 3-flavor framework and in the 3+1 scheme. This is due to the fact that the matter
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Figure 6.13: Reconstructed regions for the two CP-phases 0,3 and 8,4 for the T2K +
NOVA combined setup, for the four choices of their true values indicated in each panel.
The NH is taken as the true hierarchy, while we have marginalized over the two possible
hierarchies in the test model. The contours refer to 10 and 20 levels.

effects are small in T2K. Comparing the results of the 3+1 scheme (colored curves) with
those of the 3-flavor one (black curve) we observe that, apart for the case dj4 = —90Y for
NH (814 = 90° for IH), in all the other cases the discovery potential is smaller than the
3-flavor one. The overall behavior of the 4-flavor curves is similar to that of the 3-flavor
one. In particular, the sensitivity presents a maximum at §;3 = —90° for NH. This similar
behavior can be understood by observing that in the bi-events plots the point §;3 = —90°
(the squares in the four panels of Fig. 6.7) always provides the maximal separation from
the cloud generated by the convolution of all the possible IH ellipses (see Fig. 6.9). A

similar observation can be done for the specular case of 6;3 = +90° and IH.
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Figure 6.14: Discovery potential for excluding the wrong hierarchy as a function of true
013. Upper panels are for T2K. Middle panels are for NOVA. Lower panels are for T2K
and NOVA combined. In the left (right) panels, we consider NH (IH) as true hierarchy
choice. In each panel, we give the results for the 3-flavor case (black line) and for the 3+1
scheme for four different values of true 0;4.

Concerning NOVA (middle panels) we can make the following observations. Similarly

to T2K the maximal discovery potential is obtained for 8,3 = —90° for NH and &3 =

Page 95 of 221



Chapter 6. Discovery Potential of T2K and NOVA in the presence of a Light Sterile
Neutrino

90° for IH. For such two values the representative points on the ellipse (the squares for
NH and the circles for IH in Fig. 6.8) always provide the maximal separation from the
convolution of all the ellipses of the opposite MH (see again Fig. 6.9). However, there are
also important differences with respect to T2K. First of all, we observe that the maximal
discovery potential is much larger than that of T2K. This is imputable to the fact that
the matter effects are much bigger in NOVA (see the discussion in section 6.1). Second,
we can see that in the NH case (left middle panel) there is a good sensitivity not only
for 84 = —90° (magenta curve) but also for &4 = 180° (green curve). In the IH case
(right middle panel) there is a good sensitivity for 84 = 90° (blue curve) and &;4 = 0°
(red curve). This different behavior with respect to T2K can be traced to the fact that
in NOVA the peak energy is not centered exactly at the first oscillation maximum but at
A = 0.4z. Finally, we notice that the combination of the two experiments (lower panels)

is dominated by NOVA.

The study of the discovery potential of the neutrino mass hierarchy can be generalized
to the case in which the CP-phase 814 can assume any value in its variability range. Fig-
ure 6.15 shows the results of such more general analysis, where we have treated 6,4 as a
free parameter. We display the iso-contour lines of the discovery potential as a function
of the true values of the two phases 0;3 and 4. Inside the red regions the discovery
potential is larger than 30. Inside the blue regions it is larger than 20. The plots refer
to the combination T2K + NOVA for the two cases of NH (left) and IH (right). One can
easily check that horizontal cuts of the contour plots made in correspondence of the four
particular values of the phase 014 considered in Fig. 6.14 return the 10 and 20 intervals

derivable from the last two panels of Fig. 6.14.

6.5 Summary

We have considered the impact of an eV-scale light sterile neutrino on the prospective
data expected to come from the two long-baseline experiments T2K and NOVA after
they accumulate their full planned exposure. In section 6.1, we have presented a detailed
discussion of the behavior of the 4-flavor v, — Vv, and V;, — V, transition probabilities,
extending for the first time the bi-probability representation, commonly used in the 3-

flavor framework, to the 3+1 scheme. In section 6.2, we have extended our discussion
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Figure 6.15: Discovery potential for excluding the wrong hierarchy for the combination
of T2K and NOVA as a a function of the two CP-phases ;3 and ;4. Inside the red regions
the discovery potential is > 30. Inside the blue regions it is > 20.

from probability level to event level by introducing the energy spectra and bi-event plots
for both T2K and NOVA. These bi-event plots give a beautiful visual view of the physics
potential of an experiment from the perspective of understanding the mass hierarchy, and

CP-violation which are the main thrust of this chapter.

In section 6.4 we have performed a comprehensive sensitivity study of the two experi-
ments (taken alone and in combination) in order to assess their discovery potential in the
presence of a sterile neutrino species. We have considered realistic benchmark values
of the 3+1 mass-mixing parameters as inferred from the existing global short-baseline
fits. We found that the performance of both the experiments in claiming the discovery
of the CP-violation induced by the standard CP-phase ;3 = dcp, and the neutrino mass
hierarchy get substantially deteriorated. The degree of loss of sensitivity depends on the
value of the unknown CP-phase ;4. We have also assessed the discovery potential of
total CP-violation (i.e., induced simultaneously by the two CP-phases 6,3 and &,4) and
the capability of the two experiments of reconstructing the true values of such CP-phases.
The typical (16 level) uncertainty on the reconstructed phases is approximately 40° for

513 and 500 for 514.
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Physics Reach of DUNE with a Light

Sterile Neutrino

In this chapter we investigate the implications of one light eV-scale sterile neutrino on the
physics potential of the proposed long-baseline experiment DUNE [125, 126] assuming
future full exposure of data. DUNE is a highly sophisticated future generation experiment
and it is well known that it can address few vital fundamental unknown issues in three fla-
vor framework like MH determination, CPV discovery, octant of 6,3, and many others
in high confidence level. However it becomes highly interesting and curious when we
ask that what happens to these unknown issues in presence of a sterile neutrino. Here we
have addressed two of the above issues namely MH and CP sensitivity in details. If the
future short-baseline experiments confirm the existence of active-sterile oscillations, and
the new mixing angles (6014, 624, 634) turn out to be comparable to 03, then it can have
significant impact on mass hierarchy (MH) and CP-violation (CPV) searches at DUNE.
We find that both the MH sensitivity, and CPV discovery sensitivity induced by 8,3 = dcp
get substantially deteriorated in comparison to three flavor expectation. It gets further
deteriorated if 034 is large (~ 30%). We have also studied the CPV discovery induced by
other two phases 6;4 and 834. We find that the sensitivity to the CPV generated by the new
phase ;4 can reach 30 for an appreciable fraction of its true values. Interestingly, 634 and
its associated phase 834 can influence both the v, appearance and v, disappearance chan-
nels via matter effects which for DUNE are pronounced. Hence, 834 can also contribute

to CPV provided 634 is large. Finally, we investigate the capability of reconstructing the
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two phases ;3 and 8;4. The details of all the analyses and the respective results have been

discussed in the next few sections.

This chapter is structured as follows. In section 7.1, we introduce the theoretical frame-
work and present a detailed discussion of the behavior of the 4-flavor v, — V, transition
probabilities both in vacuum and in matter. In section 7.2, we describe the details of
the DUNE setup and of the statistical analysis. In section 7.3, we make some important
considerations at the level of the bi-probability and bi-events plots and at the level of
the energy spectrum, and then we present the results of the sensitivity study of the mass
hierarchy in the 3+1 scheme. Section 7.4 is devoted to the results concerning the CPV
discovery potential and the capability of reconstruction of the CP-phases. Finally, we

draw our conclusions in section 7.5.

7.1 Transition probability in the 3+1 scheme

7.1.1 Theoretical framework

As discussed in section 2.6, in the presence of a sterile neutrino Vg, the mixing among the
flavor and the mass eigenstates is described by a 4 x 4 matrix. A convenient parameteri-

zation of the mixing matrix is
U = R34RyaR14R23R 3R 2, (7.1)

where R;; (R; ;) are real (complex) 4 x 4 rotations in the (i, j) plane containing the 2 x 2

submatrix

Cii Sii - Cii Si
R?sz _ J J RlszZ _ ik J 7 (72)
—Sij Cij =S cij

in the (i, j) sub-block, with
Cij = COS Gij Sij = sin Gij §ij = Sl’je_iéij. (73)
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7.1.2 Transition probability in Vacuum

In the DUNE setup the matter effects play an important role. However, for the sake of
clearness, before discussing the flavor conversion in the presence of matter we give a
brief sketch of the basic formulae in vacuum. This will help the reader to grasp some
new qualitative features, which emerge solely in the presence to matter. As discussed in
section 2.6.1, the v, — V, conversion probability can be approximately written as the sum
of three contributions

Py ~ PAM 4 pNT 4 T (7.4)

The first (positive-definite) term is related to the atmospheric frequency and it gives the
leading contribution to the probability. The second and third terms are driven by the
interference of two distinct frequencies and can have both positive and negative sign.
The first of the two interference terms is driven by the standard solar-atmospheric in-
terference, while the second one is related to the atmospheric-sterile interference. The
transition probability depends on the three small mixing angles 63, 014, 624, whose best
estimates, derived from the global 3-flavor analyses [23, 22, 254] (for 6;3) and from the
3+1 fits [105, 106] (for 6;4 and 6,4), turn out to be very similar and we have approxi-
mately s13 ~ 514 ~ 524 ~ 0.15 (see Table 4.3). Therefore, it is meaningful to treat all such
three mixing angles as small quantities of the same order €. Another small quantity enter-
ing the transition probability is the ratio of the solar over the atmospheric mass-squared
splitting & = Am3,/Am3, ~ £0.03, which can be assumed to be of order £2. Keeping

terms up to the third order, in vacuum, one finds [104]

PAM o~ 4533573 5in” A, ()
PINT ~ 8s13512¢12823¢23(QA) sinAcos(A+ 813), (7.6)
pIIINT ~ 4514504513523 SinAsin(A+ 813 — 814) , (7.7)

where A = Am_%lL /AE is the atmospheric oscillating factor, which depends on the baseline
L and on the neutrino energy E. It is important to note that the vacuum expression of the
transition probability does not depend on the third mixing angle 634 and on the associated
CP-phase 034. As we will discuss in the next section, this is no more true in the presence

of matter, where such a dependency emerges.
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7.1.3 Transition probability in Matter

The details of the oscillation probabilities in 3+1 scheme in presence of matter have been

discussed in section 2.7. Using Eq. (2.95), we can write,
Ay, = AN+ A" (7.8)

governing the evolution of the (V,, vy, V¢) system. We should note here that the bar sign
on top of neutrino denotes the new basis of the system. Now the dynamical part has the

form

|Uel|2+r|Usl|2 rUs*|[js2 rUS*lUAB

=dyn . _
Ay = Vee t NOal? 1050 | (7.9)

i i r|Ug?

where we have indicated with § the complex conjugate of the element with the same two
indices inverted. In deriving Eq. (7.9) we have used the relations Uy = Uz = Uyz = 0.
Considering the explicit expressions of the elements of U (see sec. 2.7), and taking their

first-order expansion in the small mixing angles 6;4 (i = 1,2,3), Eq. (7.9) takes the form

l—(l—r)sﬁ 514824 151455,
7dyn -
Hy, =~ Vee + rss,  rsuSi | - (7.10)

i T rs3,

From Eq. (7.10), we see that for vanishing sterile neutrino angles (014 = 6,4 = 634 = 0)
one recovers the (diagonal) standard 3-flavor MSW Hamiltonian. In general, in the 4-
flavor case, the Hamiltonian in Eq. (7.10) encodes both diagonal and off-diagonal pertur-
bations. We can observe that these corrections are formally equivalent to non-standard

neutrino interactions (NSI)!

1+&. €p €t

7dyn

AR =Vee| + eup ur| - 7.11)
T T o&rr

'We stress that this is only a formal analogy. The real NSI are mediated by heavy particles. In contrast,
in the case of sterile neutrinos there is no heavy mediator and the NSI-like structure of the Hamiltonian is
merely related to the fact that we are working in the new basis introduced in Eq. (2.90), which is rotated with
respect to the original flavor basis and is particularly convenient to handle the problem under consideration.
It is worthwhile to mention that a similar analogy has been noticed concerning the solar neutrino transitions
in the presence of sterile species [93].
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This formal analogy is helpful in understanding the sensitivity to the new dynamical ef-
fects implied by the sterile neutrinos. It is well known that in the v, — V. channel,
which is relevant to the present discussion, the NSI that play the most important role
are &y and €. If one assumes that the three new mixing angles have the same value
s%4 = s%4 = 3%4 = 0.025, all the corrections in Eq. (7.11) are very small (|g,g| >~ 0.01) and
they have a negligible impact. In this case, the dynamics is almost equivalent to that of the
standard 3-flavor case. However, if one allows the third mixing angle to assume values
close to its upper bound (634 ~ 300), the elements of the third column of the Hamiltonian
in Eq. (7.11) can be appreciably larger (|€,¢| ~ |€y:| ~ 0.04 and |&;¢| ~ 0.13). In this last
case, one may expect an appreciable dependency of the transition probability on the mix-
ing angle 034 and on the associated CP-phase &34. Therefore, in contrast to the vacuum
case, in matter, the transition probability is sensitive to these two additional parameters.
This behavior has been already pointed out in the analytical treatment presented in [104]
(see sec. 2.7), and successively noticed in the numerical simulations performed in [140].
It represents an interesting feature, because in favorable circumstances (i.e., a large value
of 634), the v, — v, channel may be sensitive not only to the two CP-phases §;3 and 0,4
but also to the CP-phase 034. Hence, the v, — V, searches may provide full access to
the rich CPV structure of the 3+1 scheme. In order to illustrate the peculiar role of the
third mixing angle, in our numerical study we will consider the following three bench-
mark cases: 034 = 0, 034 = 9° (i.e., equal to the other two mixing angles 04 and 6,4) and
034 = 30° (which is a value close to its current upper bound). For clarity, we report these

values in the second column of Table 4.3.

For the sake of completeness we report the exact expression of the 4-flavor transition

probability using Eq. 2.105,
Pl = clustasiaPy (7.12)
+ 4P 3Z
— 2C%4C24S14S24R€(€_i514§ee§;1)

2 2 2
T C14514524 -

This expression is completely general, except for the assumption of averaged oscillations,

and connects the 4-flavor transition probability to the amplitudes of the effective 3-flavor
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system governed by the effective Hamiltonian in Eq. (7.8). We have defined P = |S,,|*
and P} = [8,,|?, where S, and S, are the transition elements of the evolution operator
in the rotated basis (for a detailed derivation see section 2.7). Note that, in matter, a
dependency of the transition probability on the mixing angle 634 and on its associated
CP-phase 834 arises through S,, and S.,. For a vanishing value of all the three mixing
angles 014, 624,034, Eq. (7.12) returns the 3-flavor limit. For small values of the two

mixing angles 64 and 604, Eq. (7.12) takes the form

P = (1=sty =3P (7.13)
— 2s14S24Re(6_i514§ee§Zu)

2 2 53
+ sigsu(1+F)).

The first term in Eq. (7.13), apart from a pre-factor close to one, is the three-flavor transi-
tion probability modified according to the non-standard dynamics encoded by Eq. (7.10).
This modified 3-flavor probability, in vacuum, returns the standard transition probability,
which contains the well-known interference term between the atmospheric and solar os-
cillations of Eq. (7.6). The second term in Eq. (7.13) has kinematical origin (i.e., it is
non-zero also in vacuum) and originates from the interference of the new large frequency
introduced by the fourth mass eigenstate with the atmospheric and solar splittings. As
shown in [104], only the interference with the atmospheric splitting is appreciable and, in
vacuum, the second term of Eq. (7.13) returns Eq. (7.7). The last term in Eq. (7.13) is of
the fourth order and has negligible impact.

7.2 Statistical Method used for Numerical Analysis

All the experimental features of DUNE has been discussed in details in section 5.1. Now
the experimental sensitivities presented in this work are estimated using the GLoBES
software [219, 220] along with its new physics tools. We incorporate the 4-flavor ef-
fects both in the v, — Vv, appearance channel, and in the v, — v, disappearance chan-
nel. The same is also true for the anti-neutrino mode. We take the neutrino interaction
cross-sections from Refs. [232, 233], where the authors gave the cross-section for wa-

ter and isoscalar targets. To obtain cross-sections for LAr, we have scaled the inclusive
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charged current cross-sections of water by a factor of 1.06 for neutrino, and 0.94 for anti-
neutrino [234, 235]. The details of the statistical method that we follow in the present
work, are exactly similar to what have been described in section 6.3. The only difference
that we have in the present chapter is that, we have also analyzed the cases where the
active-sterile mixing angle 034 and its associated CP-phase 34 are non-zero, since the
impact of these parameters can be significant for the DUNE baseline as can be seen from
our sensitivity results which we present in the next sections. Table 4.3 shows the true
values of the oscillation parameters and their marginalization ranges which we consider
in our simulation. For non-zero sin® 034, we take the true values of 0.025 and 0.25 which
are well within its allowed range [105, 106]. We vary the true value of 34 in its allowed
range of [—m, ], and it has been marginalized over its full range in the fit as needed. We
consider the mass-squared splitting Am}H = 1eV?, which is the value currently suggested
by the SBL anomalies. However, our results would be unchanged for different choices
of this parameter, provided that Amﬁl > 0.1eV2. For such values, the very fast oscilla-
tions driven by the new large mass-squared splittng are completely averaged by the finite
resolution of the detector. For the same reason, DUNE is insensitive to the sgn(Amil)
and we can safely assume a definite (positive) sign for it. For the 2-3 mixing angle, we
consider the maximal mixing (7/4) as the true value, and in the fit, we marginalize over
the range given in Table 4.3. We marginalize over both the choices of hierarchy in the fit
for all the analyses, except for the mass hierarchy discovery studies where our goal is to
exclude the wrong hierarchy in the fit. We take the line-averaged constant Earth matter
density” of 2.87 g/cm? for the DUNE baseline. In our calculation, we do not explicitly
consider the near detector of DUNE which may provide some information on 614 and 64,
but certainly, the near detector data are not sensitive to the CP-phases in which we are in-
terested. In our simulation, we have performed a full spectral analysis using the binned
events spectra for the DUNE setup. In the numerical analysis, the Poissonian Ay? (see
section 5.2 for definition) is marginalized over the uncorrelated systematic uncertainties
(as mentioned in section 5.1 in the experimental description of DUNE.) using the method
of pulls. To present the results, we display the 1,2,30 confidence levels for 1 d.o.f. using
the relation No = \/A_xz . In [261], it was demonstrated that the above relation is valid in
the frequentist method of hypothesis testing.

’The line-averaged constant Earth matter density has been computed using the Preliminary Reference
Earth Model (PREM) [260].
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Figure 7.1: Bi-probability plots corresponding to the first oscillation maximum (E =
2.54 GeV) obtained for four fixed values of d;4. In each panel, we also show the 3-flavor
ellipses for the sake of comparison. In both the 3-flavor and 4-flavor ellipses, the running
parameter is the CP-phase 8;3 varying in the range [—m,7|. The solid (dashed) curves
refer to NH (IH). We have assumed 634 = 0°.

7.3 Mass hierarchy discovery potential in the 3+1 scheme

In this section we discuss the sensitivity of DUNE to the neutrino mass hierarchy. As a
first step we provide a description at the level of the transition probability and at the level
of signal events aided by bi-probability and bi-event plots. Second, we highlight the role
of the spectral shape information in the hierarchy discrimination. Finally, we present the

results of the full numerical analysis.

Page 105 of 221



Chapter 7. Physics Reach of DUNE with a Light Sterile Neutrino

7.3.1 Discussion at the level of bi-probability and bi-events plots

In the 3-flavor framework, the behavior of the transition probability is often represented
with the CP-phase trajectory diagrams in bi-probability space, first introduced in [55]. In
the recent work [215], such representation has been extended to the 3+1 scheme. This rep-
resentation is particularly advantageous as it gives a bird-eye view of the salient features of
a given experimental setup, in particular its sensitivity to the MH. In Figure 7.1, we show
the bi-probability plots corresponding to the first oscillation maximum (£ = 2.54 GeV)
obtained for four values of 6;4. In each panel, we also show the 3-flavor ellipses (black
curves) for the sake of comparison. In both the 3-flavor and 4-flavor ellipses, the running
parameter is the CP-phase 8;3 varying in the range [—m,7]. The solid (dashed) curves
refer to NH (IH). In the 3-flavor case the ellipses are basically degenerate with a line,
because at the first oscillation maximum only terms proportional to sin ;3 survive in the
transition probability. In contrast, in the 4-flavor case, there are both terms proportional
to cos d;3 and sin &3 (see [215] for details). The orientation and the lengths of the two
axes of the ellipses depend on the particular value of d;4. In all plots of Fig. 7.1, 634 =
0° has been assumed. In the most general case, when 634 is non-zero, the geometrical
properties of the ellipses sensibly depends also on the third CP-phase &34. Such a depen-
dency is more pronounced when 034 is large. From the four bi-probability plots shown in
Fig. 7.1, one can already envisage that the separation of the two mass hierarchies tends to
decrease in the 3+1 scheme. In fact, for particular values of the CP-phases, the minimal
distance between the NH and IH ellipses decreases with respect to the 3-flavor case. The
overall picture can be visualised by introducing the convoluted bi-probability plots shown
in Fig. 7.2. These plots are generated by superimposing several ellipses corresponding to
all the possible choices of 814 and 834. In the left panel it is assumed 634 = 0 and &34 is
irrelevant. The right panel is generated with 834 = 30° and also the phase 834 is relevant.
The graphs in Fig. 7.2 may be also seen as dense scatter plots obtained by varying simul-
taneously the CP-phases 8,3, 614 (and 834 in the right panel). Fig. 7.2 provides a bird-eye
view of the degree of separation of the two neutrino mass hierarchies in the 3+1 scheme.
From the right panel, we can see that for 634 = 30° there is even a small region of the
bi-probability space where the two hierarchies overlap. One may ask what happens when
the integrated spectrum (and not the probability at the first oscillation maximum) is taken

into account.
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Figure 7.2: The colored shaded blobs represent the convolution of the bi-probability
graphs for DUNE in the 3+1 scheme. The left panel corresponds to the case 634 = 0,
while the right panel corresponds to the case 634 = 30°. The blobs in the left panel are
obtained by superimposing several ellipses, each corresponding to a different value of the
CP-phase ;4 taken in its range of variability [—, 7]. In the right panel also the CP-phase
034 is allowed to vary. The black curves show the 3-flavor ellipses as a benchmark. In
both the 3-flavor and 4-flavor cases, the running parameter on the ellipses is the CP-phase

513.

Fig. 7.3, which represents the convolution plots at the level of the total events, quantita-
tively answers this question. In Fig. 7.3, we introduce the bi-event plots, in which the
two axes represent the total number of v, (x-axis) and V, (y-axis) events. In both pan-
els, the 3-flavor case is represented by the black ellipses, which are obtained varying the
CP-phase 0;3 in the range [— 7, 7]. In the 3+1 scheme, there are more CP-phases and the
bi-event plot becomes a blob. In particular in the left panel, where we have taken 634 = 0,
we vary the two phases 6;3 and )4 in the range [—=, ]. In addition, in the right panel,
which corresponds to 634 = 30°, we also vary the phase 834 in the same range. The 3+1
blobs can be seen as a convolution of an infinite ensemble of ellipses having different
orientations or, alternatively, as a scatter plot obtained by varying simultaneously the CP-
phases 913, 014 (and also O34 in the right panel). One can see that the distance between
the blobs corresponding to the two hierarchies tends to further decrease. In particular, as
evident from the right panel of Fig. 7.3, for 834 = 30° there is a sizable region where the

two hierarchies overlap. For each point of this region there are two possible choices of

3In the 3+1 scheme, these kind of plots were introduced for the first time in Ref. [215] in the context of
T2K and NOVA.
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Figure 7.3: The colored shaded blobs represent the convolution of the bi-events graphs
for DUNE in the 3+1 scheme. The left panel corresponds to the case 634 = 0, while the
right panel corresponds to the case 834 = 30°. The blobs in the left panel are obtained by
superimposing several ellipses, each corresponding to a different value of the CP-phase
014 taken in its range of variability [—m,x|. In the right panel also the CP-phase 034 is
allowed to vary. The black curves show the 3-flavor ellipses as a benchmark. In both the
3-flavor and 4-flavor cases, the running parameter on the ellipses is the CP-phase ;3.

the three CP-phases (one choice corresponding to NH and the other one to IH). In these
cases there is a complete degeneracy between the two hierarchies at the level of the total
number of (both neutrino and antineutrino) events and the total events information cannot
distinguish among NH and IH. The star in the right panel of Fig. 7.3, corresponding to
400 v, and 150 v, events for both NH and IH, is a representative degenerate case, which

we intend to discuss in more detail in the following subsection.

7.3.2 Role of the energy spectrum

The DUNE experiment employs a wide-band energy spectrum, whose shape brings addi-
tional information to that given by the total number of events. Therefore, even when there
is a complete degeneracy at the level of the total number of events, it is possible to dis-
tinguish the two hierarchies at some confidence level. Figure 7.4 serves to illustrate this
point. It represents the expected signal event spectrum of DUNE for the v, (left panel)
and V, (right panel) appearance channels as a function of the reconstructed neutrino en-

ergy. The red (blue) histogram corresponds to the case of NH (IH). All the spectra are
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Figure 7.4: Expected signal event spectrum of DUNE for the v, (left panel) and V, (right
panel) appearance channel as a function of the reconstructed neutrino energy. The red
(blue) histogram corresponds to the case of NH (IH). All the spectra are obtained for
034 = 30°. For the values of the three CP-phases (83, 814, 834) indicated in the legend,
which are different for NH and IH, the number of neutrino and antineutrino events are
identical for the two hierarchies. This behavior can be visualized in the right panel of
the convoluted bi-events plot shown in Fig. 7.3, where the two choices of parameters
correspond to the same point (indicated by a star). In this particular case, the distinction
between the two mass hierarchies relies solely upon the difference in the shape of the
energy spectrum.

obtained for 834 = 30°. For the values of the three CP-phases (3,3, 84, 834) indicated in
the legend, which are different for the two hierarchies, the number of neutrino and an-
tineutrino events are identical for the two hierarchies. This fact can be visualised in the
right panel of the convoluted bi-events plot shown in Fig. 7.3, where the two choices of
parameters correspond to the same point (indicated by a star). In this particular case, the
distinction between the two mass hierarchies relies solely upon the difference in the shape
of the energy spectrum, which, as one can appreciate in Fig. 7.4, is sizable. Therefore,
we expect a good discrimination potential also for those points which are completely de-
generate at the event level. This will be confirmed by the numerical simulation presented
in the following, where we find that the pure-shape information is able to guarantee a
minimal 40 level separation between the two mass hierarchies. This point makes it evi-
dent that a deep understanding of the systematic uncertainties affecting the shape of the

spectrum should be considered as an important intermediate target of DUNE and of the
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other new-generation wide-band LBL experiments.
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Figure 7.5: Discovery potential for excluding the wrong hierarchy (IH) as a function of
true O13. In both panels we have fixed 04 = 64 = 99, The left (right) panel refers to
034 = 0 (634 = 30°). In each panel, we give the results for the 3-flavor case (black line)
and for the 3+1 scheme for four different values of true d;4. In the right panel the CP-
phase 034 has been marginalized over its full allowed range.

7.3.3 Numerical Results

In our numerical analysis we calculate the DUNE discovery potential of the neutrino mass
hierarchy. This is defined as the confidence level at which one can exclude the false (or
wrong) test hierarchy given a data set generated with the true hierarchy. We have taken
the best fit values of all the parameters as given in Table 4.3. In the 3-flavor scheme, we
have marginalized over &3 and 6,3 within their full 3¢ range. In the 3+1 scheme, we
have also marginalized over the CP-phase 814 (and 834 if 034 # 0). In Fig. 7.5, we show
the discovery potential of excluding the wrong hierarchy as a function of the true value
of 83 considering NH as the true hierarchy choice. In each panel, we give the results
for the 3-flavor case with the help of thick black curve. In both the panels, for the 3+1
scheme (colored curves), we have taken 6,4 = 6,4 = 9° while generating the data and
also in the fit. In the left panel, we consider 634 = O both in data and also in fit, and
give the results for four different values of the true ;4 (—90°, 90°, 0°, and 180°) while

marginalizing over test d)4 in its entire range of [—x, 7] in the fit. In the right panel, we
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show the same considering the true and test 634 = 30, and therefore, we marginalize over
both test 814 and test d34 in their entire ranges of [—m, 7| in the fit. In the right panel, we
also marginalize over true choices of unknown 034 in its full range of [—7, 7] in the data.
In the left panel (corresponding to 834 = 0), we observe that the qualitative behavior of the
3+1 curves are similar to the 3-flavor case. In particular, there is a maximum around ;3 ~
—90°, and a minimum around &;3 ~ 90°. The opposite is true for the IH (not shown). It is
evident that in general, there is a deterioration of the discovery potential for all values of
the new CP-phase 8,4. However, even in the region around the minimum, the sensitivity
never drops below 50 confidence level. In the right panel (corresponding to 834 = 30°),

the situation is qualitatively similar, but the sensitivity deteriorates more*

compared to the
left panel. In particular, in the range 8,3 € [45°,135°], the sensitivity can drop down to
40 confidence level. This range corresponds to the region of the space spanned by the
three CP-phases, where there is basically a complete degeneracy at the level of the total
number of events (in both neutrino and antineutrino channels), and the distinction between
NH and IH is totally entrusted to the energy spectrum. A concrete example of this kind
has been provided in the previous subsection. To this regard, it is important to underline
the fundamental difference between the experiments (like DUNE) that make use of an
on-axis broad-band neutrino beam, and those using an off-axis configuration (T2K and
NOVA). In this last case, there is basically no spectral information and, as a consequence,
there are regions of the parameters space where the MH discovery potential is almost zero
(see for example Fig. 14 in [215]). In a nutshell, in the off-axis configuration, one has
basically only the events counting at disposal, while in the on-axis case, there is the extra
information coming from the spectral shape. Needless to say, the precondition to take
advantage of this additional information is a good understanding of all the ingredients
that enter the calculation of the event spectrum, and a refined treatment of the related

systematic uncertainties.

7.4 CP-violation searches in the 3+1 scheme

In this section, we explore the impact of sterile neutrinos in the CPV searches of DUNE.

In the 3+1 scheme, there are three CP-phases, all of which can contribute to CPV. We first

4We have checked that for the case 034 = 99, the results are intermediate between those found in the two
cases 034 = 0 and 634 = 30° shown in Fig. 7.5. In particular, the minimal sensitivity is approximately 5c.
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discuss the discovery potential of the CPV induced by the standard 3-flavor CP-phase
013 = 0. We will show that, in general, it tends to deteriorate in the 3+1 scheme with
respect to the 3-flavor case. Then, we treat the sensitivity to the CPV induced by the other
two CP-phases 814 and 034. Finally, we assess the capability of reconstructing the two

phases 013 and 04.

7.4.1 CP-violation discovery potential
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Figure 7.6: DUNE discovery potential of the CPV induced by 6;3. The left (right) panel
refers to true NH (IH). In both panels, the black dashed curve corresponds to the 3-flavor
case. In 3+1 scenario, we fix the true and test values of 814 = 6,4 = 9°, and we take the
true and test B34 to be 0° in both the panels. In both the panels, the red bands are obtained
in the 3+1 scheme by varying the unknown true 0j4 in its entire range of [, 7] in the
data while marginalizing over test 014 in the same range. Both in 3v and 3+1 schemes,
we marginalize over test 6,3 and over both the choices of test hierarchy.

The discovery potential of CPV induced by a given true 8,3 is defined as the confidence
level at which one can reject the test hypothesis of no CPV i.e. the cases test ;3 = 0
and test 8,3 = & in the fit from that given true d;3. In Fig. 7.6, we report the discovery
potential of CPV induced by 0;3. We show it as a function of the true value of d;3. The
left (right) panel refers to true NH (IH). As far as the standard oscillation parameters are
concerned, we marginalize over test sin? 6,3 in the range 0.34 to 0.68, and over both the
choices of hierarchy in the fit for both 3v and 3+1 cases. In both the panels, the black

dashed curves correspond to the 3-flavor case. In 3+1 scenario, we fix the true and test
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values of 04 and 6,4 to be 9°, and we take the true and test 634 to be 0° in both the panels,
and therefore, 034 becomes irrelevant. In both the panels, the red bands are obtained in
the 3+1 scheme by varying the unknown true 0y in its entire range of [—7, 7] in the data
while marginalizing over test ;4 in the same range. Figure 7.6 shows that the discovery
potential can be deteriorated in the 3+1 scheme as compared to the 3-flavor framework. In
particular, around 8;3 ~ =+ 90°, where the discovery potential attains the maximal value,
the discovery potential can decrease from ~ 5o C.L. (3-flavor case) to ~ 40 C.L. (3+1

case). In the 3+1 scheme, one expects CPV to come also from the two new phases &4
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Figure 7.7: The bands displayed in the left, middle and right panels represent the discov-
ery potential of the CPV induced, respectively, by 0;3, 014 and 034 in the 3+1 scheme. The
thinner (magenta) bands correspond to the case in which all the three new mixing angles
have the identical true and test value 64 = 64 = 634 = 9°. The thicker (green) bands
correspond to the case in which true and test 014 = 64 = 99, and true and test 834 = 30°.
In each panel, the bands have been obtained by varying the true values of the two undis-
played CP-phases in their allowed ranges of [—, 7] in the data while marginalizing over
their test values in the same range in the fit. The left panel also reports the 3-flavor curve
(black dashed line) for the sake of comparison. In all cases, we marginalize over hierarchy
with NH as true choice.

and 034. In the second and third panels of Fig. 7.7, we display the discovery potential
of the CPV induced by such two phases. In the first panel, for the sake of comparison,
we report the CPV discovery potential induced by the standard CP-phase &3 so that one
can have a global view of the sensitivities. The thinner (magenta) bands correspond to
the case in which all the three new mixing angles have the identical true and test values
014 = 64 = 634 = 9°. The thicker (green) bands correspond to the case in which true
and test B4 = 64 = 99, and true and test 634 = 30°. In each panel, the bands have been

obtained by varying the true values of the two undisplayed CP-phases in their allowed
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ranges of [—7, 7] in the data while marginalizing over their test values in the same range
in the fit. From the comparison of the three panels, we can see that if all the three mixing
angles have the same value 014 = 64 = 034 = 99 (see the magenta bands), there is a clear
hierarchy in the sensitivity to the three CP-phases. The standard phase ;3 comes first, 94
comes next, and d34 is the last one, inducing a negligible amount of CPV. In particular, we
see that, in the less optimistic cases, corresponding to the lower border of the bands, only
the standard CP-phase 0,3 can give rise to a signal stronger than 3¢ for an appreciable
fraction of the true values of the phase. This fraction decreases if 634 increases (compare
the red band in the left panel of Fig. 7.6 with the two bands in the left panel of Fig. 7.7). In
Table 7.1, for completeness, we report such a fraction for the three values of 634 = 00, 90,
and 30° as well as for the 3-flavor case. In the same table, we also report as a benchmark
the “guaranteed” discovery potential for the particular value §;3 = —90°. Concerning the
second CP-phase 9;4 (see the middle panel), the discovery potential spans over a wide
band. In favorable cases, one may observe a signal above the 30 level. However, the
lower border of the band is always below the ~ 20 confidence level. This implies that
there is not a guaranteed discovery potential at the 3¢ confidence level for such a phase.
Finally, let us come to the third CP-phase 034, shown in the right panel. We see that if
the mixing angle 634 is very big, the sensitivity can be appreciable. Also, we note that
the shape of the band is rather different from that obtained for the other two CP-phases.
This different behavior can be understood by observing that in this case, the v, — vy
disappearance channel also contributes to the sensitivity. In fact, it is well known that the
vy, survival probability has a pronounced sensitivity to the NSI-like coupling &,;. From
the expression of the Hamiltonian in Eq. (7.10), one can see that &, = rs2483,, hence
a sensitivity to the v, survival probability to the CP-phase 834 is expected®. In order to
make this point more clear, in Fig. 7.8 we display the partial contributions to the CPV
induced by 034 deriving from the Vu — Ve channel, the v, — v, channel and from their
combination. In this plot we have fixed the test value of 0,3 at its true (maximal) value
because the v;; — Vv, channel, when taken alone, has a limited sensitivity to this parameter.

Finally, we remark that the v, — v, channel has almost no role in the sensitivity to the

3Tt should be noted that the vy survival probability depends only on the real part of the new dynamical
NSTI-like coupling Re (&) = Re(7524834) = r$24534 cos 834. This implies that the sensitivity to 834 is attained
only via terms proportional to cos 834. This feature is reflected in the particular shape of the blue band in
Fig. 7.8, which is symmetrical under a reflection around 834 = 0°, i.e., under the transformation 834 — —834.
It is worth noticing that while the cos 834 term does not give rise to manifest CPV, its measurement allows
one to establish the existence of CPV indirectly.
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other two CP-phases 8,3 and 0;4, as we have explicitly verified numerically.

034 | NOpin [813(true) = -90°] | CPV coverage (30)
3v 4.5 50.0%
0° 3.9 43.2%
3+1 [ 99 3.4 32.0%
300 3.3 16.0%

Table 7.1: Discovery potential and coverage for the CPV induced by 8,3 for four bench-
mark models in the NH case. The first column reports the scheme under consideration.
The second column reports the value of 634 (not relevant for the 3v scheme). The third
column reports the discovery potential (in units of standard deviations) for the particular
value 8;3 = —90°. The fourth column reports the coverage at the 30 level. Note that in
the 3+1 scheme, the figures reported in the third (fourth) columns represent the minimal
“guaranteed” discovery potential (coverage) as derivable from the lower border of the
corresponding band in the left panel of Figs. 7.6 and 7.7.

Rand: Variation of 813 & &4 (true)

M P, channel ]
M P,, channel ]
B All channels

014 = 054 = 9°
250 gy, = 300

=& W L e e
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Figure 7.8: Partial contributions to the sensitivity to the CPV induced by the phase 934
deriving from different channels and from their combination. The gray band is the con-
tribution from Vv, and V, appearance, the blue band refers to the v, and v, disappearance,
and the green band is the global sensitivity obtained including all channels. The three new
mixing angles have been fixed to 04 = 64 = 99 and 634 = 30°. The mixing angle 6,3 has
been fixed to be maximal (both true and test value). We marginalize over hierarchy with
NH as true choice.
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Figure 7.9: Reconstructed regions for the two CP-phases 8,3 and 8,4 for the four choices
of their true values indicated in each panel. The NH is taken as the true hierarchy, while
we have marginalized over the two possible hierarchies in the test model. The contours
refer to 20 and 30 levels. We have fixed the values 634 (true) = 0V.

7.4.2 Reconstruction of the CP-phases

In the previous subsection, we have focused our attention on the discovery potential of the
CPV arising from the three CP-phases involved in the 3+1 scheme. However, we deem
it important to pursue the exploration of the CP-phases independently of the amount of
CPV (if any) that they may generate. In principle, any value of the CP-phases is plausible,

including the CP-conserving cases. According to this point of view, one should try to
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Figure 7.10: Reconstructed regions for the two CP-phases ;3 and ;4 for the four choices
of their true values indicated in each panel. The NH is taken as the true hierarchy, while we
have marginalized over the two possible hierarchies in the test model. The contours refer
to 20 and 30 confidence levels. We have fixed 634 (true) = 30°, and have marginalized
over 834 (both true and test values) over its range of variability.

answer the following question: what is the capability of reconstructing the true values of
the CP-phases. In the following, we address this issue, confining our study to the two

CP-phases 6,3 and 0,4, to which one expects to have a more pronounced sensitivity.

In Fig. 7.9, we have performed this exercise under the assumption that true and test values
of 634 = 0, and therefore, the third CP-phase 834 becomes irrelevant. In each panel, we

show the regions reconstructed around the representative true values of d;3 and 614. In
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all cases, we have taken the NH as the true hierarchy in the data, and then marginalized
over both NH and IH in theory. However, we find that the marginalization procedure
never selects the wrong hierarchy. Hence, there is no degeneracy between mass hierarchy
and the CP-phases. Similar results (not shown) are obtained for the IH case. The two
upper panels refer to two representative CP-conserving scenarios [0,0] and [r,7]. The
third and fourth panels refer to two representative CP-violating cases [—7/2,—m /2| and
[r/2,7/2]. The two confidence levels correspond to 20 and 30 (1 d.o.f.). We see that
in all cases we obtain a unique reconstructed region at the 3¢ level®. The typical 1o
level uncertainty on the reconstructed CP-phases is approximately 20° (30°) for ;3 (814).
The regions in Fig. 7.9 should be compared with the analogous ones obtained with the
combination of the prospective data of T2K and NOVA (see Fig. 13 in [215]). From such
a comparison, one can see that DUNE is much more effective in the reconstruction of
the CP-phases. In fact, in the combination of T2K and NOVA, a good reconstruction
is possible only at the 10 confidence level, and in favorable cases, at the 2c level. At
higher confidence levels, the reconstruction capability basically disappears. In DUNE,
the situation is much improved. This is imputable both to the higher statistics and to the

spectral shape information attainable from the wide-band neutrino flux.

We close our discussion on the CP-phases by showing the impact of 834 and of the ig-
norance of the related CP-phase 034 on the reconstruction of the two CP-phases 0,3 and
814. Figure 7.10 is analogous to Fig. 7.9, but now, we assume 634 = 30° both in data and
in theory. In this case, the transition probability depends also on the third CP-phase 834.
Since it is unknown, one has to marginalize over the true and test values of this CP-phase
while reconstructing the other two phases. As evident from all panels of Fig. 7.10, the
quality of the reconstruction deteriorates. In particular, the uncertainty on 8,4 increases
roughly by two times (from ~ 300 to ~ 60°), while that on 8,3 remains basically un-
changed (still around ~ 25%). Hence, the reconstruction of the standard CP-phase 93
is more robust than that of new CP-phase 014 with respect to the perturbations induced
by a large value of the mixing angle 634. This behavior can be traced to the fact that,
differently from 6,3, the two new CP-phases 0;4 and &34 both enter at the dynamical
level [see Egs. (7.10-7.11)], and in particular, in the NSI-like matrix element €7 o< §1483,.

Therefore, one may expect a certain degree of degeneracy among the two new CP-phases,

%Note that this is true also in the second panel, because the four corners of the square form a connected
region due to the cyclic nature of the two CP-phases.
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which in the marginalization process over the undisplayed CP-phase 834, translates into a

deterioration in the reconstruction of ;4.

7.5 Summary

In this chapter we have investigated the impact of one light eV-scale sterile neutrino on the
prospective data expected to be collected at the planned long-baseline experiment DUNE.
In section 7.1, we discuss the details of theoretical framework of vacuum and matter
oscillation probability in 3+1 scheme which gives us a very good analytical understanding
to explain the numerical simulations. After discussing the statistical method in section 7.2
we have discussed the bi-probability and bi-event plots in section 7.3.1. From figure 7.3
we see that for large value of 634 there is an overlap between the two blobs which creates a
clear degeneracy between NH and IH. However this type of degeneracy can be lifted easily
using the broad band nature of the DUNE spectrum which is clearly visible in fig. 7.4 in
section 7.3.2. In section 7.3.3 we have presented the numerical results concerning the
neutrino mass hierarchy. We have found that the discovery potential of the neutrino mass
hierarchy (MH) remains above 5o confidence level if all the three new mixing angles are
relatively small (614 = 64 = O34 = 99). In contrast, if the third mixing angle 604 is taken
at its upper limit (634 = 30%), the MH sensitivity can drop to 40 confidence level. Our
analysis has clearly shown that the spectral information attainable from the wide-band
spectrum employed by DUNE is crucial to preserve a good sensitivity to the MH also in

the 3+1 scheme.

In section 7.4.1, we have also assessed the sensitivity to the CPV induced both by the
standard CP-phase 0;3 = Ocp, and by the new CP-phases (014 and 034 in our parame-
terization). We have found that the performance of DUNE in claiming the discovery of
CPV induced by 9;3 gets deteriorated as compared to the 3-flavor case. In particular, the
maximal sensitivity (reached around 8,3 ~ + 90%) decreases from 56 to 40 confidence
level if all the three new mixing angles are small (04 = 0y = 634 = 99), and can drop
almost to 3o confidence level if B34 = 30°. The sensitivity to the CPV induced by the new
CP-phase 9;4 can reach 36 C.L. for an appreciable fraction of its true values, but never
reaches 40 confidence level. The sensitivity to the third CP-phase &34, which arises ex-

clusively through matter effects, is appreciable only if 034 is large. Interestingly, we have
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found that the sensitivity to 034 stems from both the v, appearance and v,, disappearance

channels.

In section 7.4.2, we have finally investigated the capability of DUNE in reconstructing
the true values of the two CP-phases 0;3 and 4. The typical 1o level uncertainty on the
reconstructed CP-phase 013 (014) is approximately 200 (309) provided 634 = 0. But, in
case of large 654, the reconstruction of &;4 (but not that of 8;3) becomes poor. So, finally,
we can conclude that the results presented in this chapter clearly demonstrates that in
the presence of a light eV-scale sterile neutrino, the proposed LBL experiments such as
DUNE would be quite sensitive to the new CP-phases associated to the sterile state, and

therefore, would play a complementary role to the SBL experiments.
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Octant of 0,5 in danger with a light

sterile neutrino

Present global fits [22, 23, 24, 25] of world neutrino data and also the recent result from
the running LBL experiment NOVA [26] hint towards non-maximal 6,3 with two nearly
degenerate solutions, one in the lower octant (6,3 < 7/4), and the other in the higher
octant (6,3 > 1/4). This octant ambiguity of 63 is one of the fundamental issues in the
neutrino sector, and its resolution is a crucial goal of next-generation long-baseline (LBL)
experiments. In this chapter, we address the impact of a light eV-scale sterile neutrino to-
wards such a measurement, taking the Deep Underground Neutrino Experiment (DUNE)
as a case study. In the so-called 3+1 scheme involving three active and one sterile neu-
trinos, the v;; — V, transition probability probed in the LBL experiments acquires a new
interference term via active-sterile oscillations. We find that this interference term can
mimic a swap of the 6,3 octant, even if one uses the information from both neutrino and
antineutrino channels. As a consequence, for unfavorable combinations of the CP-phases
in the 4-flavor scheme, the sensitivity to the octant of 6,3 can be completely lost, and
this may have serious implications for our understanding of neutrinos from both the ex-
perimental and theoretical perspectives. The details of all the analyses and the respective

results have been discussed in the next few sections.

This chapter is structured as follows. In section 8.1, we start our discussion with the
details of theoretical framework for understanding the octant issue in 3-flavor as well as

in 4-flavor framework. In section 8.2, we then present all the numerical results. There
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we first discuss the bi-events plot and then present the octant sensitivity plots in certain

confidence levels. Finally in section 8.3, we summarize all our results.

8.1 Theoretical framework

As discussed in section 2.4.1, following [156], the 3-flavor v, — V, appearance and v, —
vy, survival probability expressions in vacuum upto second order in ¢ and sin 63 can be

written as,

P(vy — Vo) = 0% sin® 205 ¢33 A> + 4 515 535 sin> A
+ 2513 8in20)5 sin26;, (aA) sinA cos (A+ cp).  (8.1)
P(vy — vy) = 1 —5in®26p3 sin® A+ (at A) 1, sin® 2643 sin2A
+ o> A? [sin® 201 ¢33 + 1, sin® 2023 (cos2A —s7,) ]
+ 4575555 c0826238in> A —2 (L A) 513 $in20)5 555 sin 2623 cos Scp sin2A.

(8.2)

Am

Am2 L
Where, o0 = 3 e

4E -

2
dand A =
m31

For the time being, let us assume a very simplified case where the survival proba-

bility can be written as,
P(vy — vy) = 1 —sin®26y3 sin®A. (8.3)
From this expression it is clear that,
Py (623) = Pup(m/2—603). (8.4)

So there exists two solutions, one is < 459, known as lower octant (LO), and other one is
> 459, known as higher octant (HO). This is known as “octant degeneracy” or sometime

“octant ambiguity”.

Let us now concentrate on the appearance probability in Eq. 8.1, where we see that
Py, o< sin® B3, butnot o< sin®26s3. (8.5)
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That is even in most simplified case,

P”e(923) 75 P/Je(ﬂ?/z— 923). (86)

So to distinguish between the two octants we must need to add the information coming
from the appearance channel. However in principle the appearance channel is enough to
discriminate between the two octants but due to small statistics in this channel in LBL
experiments, we also need the information coming from disappearance channel as it pro-
vides huge statistics which actually help to get good sensitivity to resolve the octant am-
biguity. As a result both the channels play complementary role with each other. Below,

we describe the more details about the octant issue in 3+1 scheme.

Following the discussions pursued in the previous chapters, we already know that in the
3+1 scheme, a fourth mass eigenstate v, is introduced and the mixing is described by a
4 x 4 matrix

U = R34R24R14R23R13R 2, 8.7)
where R;; (R ) 1s areal (complex) rotation in the (i, j) plane.

Let us now come to the transition probability relevant for the LBL experiment DUNE.
Matter effects have a sizable impact in DUNE, and confer a high sensitivity to the MH.
However, for simplicity, we neglect them in the considerations below, because they are
basically irrelevant for the physical process that we want to highlight. We stress that in
the numerical simulations we properly include the matter effects assuming a line-averaged
constant density of 2.87 g/cm? based on the PREM profile of Earth crust. In section 2.6.1,
we have already discussed that the v, — v, conversion probability in presence of a sterile
neutrino can be approximately written as the sum of three contributions

Py ~ PAM 4 pNT 4 T, (8.8)

which in vacuum take the form

PAT™M ~ 435575 sin A, (8.9)
PINT ~ 8s13510c12803003 (@A) sinAcos(A =+ §y3), (8.10)
PIIINT ~ 4S14S24S13SQ3 sinAsin(A + 513 + 614) , (8 1 ])
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where A = Am%lL /AE is the atmospheric oscillating frequency depending on the baseline
L and the neutrino energy E, and o = Am%l / Am%l. The double sign in front of the CP-
phases reflects the fact that it is opposite for neutrinos (upper sign) and antineutrinos

PATM

(lower sign). The first term , which is positive definite and independent of the CP-

PINT s related to the

phases, gives the leading contribution to the probability. The term
interference of the oscillations driven by the solar and atmospheric frequencies. This
term, apart from higher order corrections, coincides with the standard interference term,
which renders the 3-flavor transition probability sensitive to the CP-phase dcp = 03.
The term PN is a genuine 4-flavor effect, and is driven by the interference between the
atmospheric frequency and the large frequency related to the new mass eigenstate [104].
This term does not manifest an explicit dependency on Amﬁl = mi — m% because the
related oscillations are very fast and get averaged out by the finite energy resolution of
the detector. We now observe that, as can be inferred from the latest 3-flavor global
analyses [22, 23, 262] and from the global 3+1 fits [105, 106], the three small mixing
angles have similar size s13 ~ s14 ~ 524 ~ 0.15, and therefore they can all be assumed of

the same order &, while the ratio @ ~ +0.03 is of order €2. This implies that
Pp~e>, P~g, P~E. (8.12)

Now let us come to the 6,3 octant issue. In general, we can re-express the atmospheric

mixing angle as
923=§:|:11. (8.13)

where 7 is a positive-definite angle and the positive (negative) sign corresponds to HO
(LO). The current 3-flavor global fits [22, 23, 262] suggest that 6,3 can deviate by no more
than ~ 6 from maximal mixing. Equivalently, sin” 8,3 must lie in the range ~ [0.4,0.6].
This implies that 17 is confined to relatively small values (n < 0.1), and can be considered
of the same order of magnitude (€) of 513, s14 and s24. Therefore, it is legitimate to use

the expansion
) 1 ) 1
S23=§(1:|:SII]21’])2§:|:17. (8.14)
An experiment can be sensitive to the octant if, despite the freedom introduced by the
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unknown CP-phases, there is still a difference between the probabilities in the two octants,

1.e.
AP = PP (8150, 81°) — PP (813, 813°) # 0. (8.15)

In Eq. (8.15) we must think to one of the two octants as the true choice (used to simu-
late data) and the other one as the test parameter (used to simulate the theoretical model).
For example, if for definiteness we fix the LO as the true choice, then for a given com-
bination of (61]“30, 61]10) there can be sensitivity to the octant if AP # 0 in the hypothesis
that (8117, 8/1°) are both unknown and free to vary in the range [—7,7]. According to

Eq. (8.8), we can split AP in the sum of three terms
AP = APy + APy +AP; . (8.16)
The first term is positive-definite, does not depend on the CP-phases and is given by
APy ~ 81535 sin’A. (8.17)

The second and third terms depend on the CP-phases and can have both positive or nega-

tive values. Their expressions are given by

AP, = Afcos(A£¢"O) —cos(A+¢"0)], (8.18)
AP, = B[sin(A+y"0) —sin(A£ y™9)], (8.19)

where for compactness, we have introduced the amplitudes'

= 4S13S12€12(O€A) sinA, (8.20)
= 2\/§S14S24S13 sinA, (8.21)

'In the expressions of A and B we are neglecting terms proportional to powers of 17, which would give
rise to negligible (at least fourth order in €) corrections.
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and the auxiliary CP-phases

¢ = a3, (8.22)
v = 61304, (8.23)

with the appropriate superscripts (LO or HO). If we adopt as a benchmark value sin 63 =
0.42(0.58) for LO (HO), i.e. 1 = 0.08, at the first oscillation maximum (A = 7/2), we

have
APy~ 0.014, |A]|~0.013, |B|~0.010. (8.24)

These numbers give a feeling of the (similar) size of the three terms involved in Eq. (8.16).
It is clear that an experiment can be sensitive to the octant only if the positive-definite
difference AP, cannot be completely compensated by a negative contribution coming from

the sum of AP; and AP;.

Now, we recall what happens in the 3-flavor framework, when the last term AP, in
Eq. (8.16) is absent. In this case, if one considers only the neutrino channel there are
unfavorable combinations of the two CP-phases 51]“30 and 61H30 for which AP = 0 and there
is no sensitivity to the octant. On the other hand, as recently recognized in [58, 59], the
octant-0;3 degeneracy can be lifted if one exploits also the antineutrino channel. This
fact can be understood from Fig. 8.1, which represents the bi-event plot for the DUNE
experiment. In such a plot, the ellipses refer to the 3-flavor case, while the colored blobs
represent the 3+1 scheme. We take sin® 6,3 = 0.42(0.58) as a benchmark value for the
LO (HO) octant. First, we notice that in DUNE the MH is not an issue because there is
a clear separation between NH and IH, which is basically guaranteed by the presence of
matter effects?. So we can fix the attention on one of the two hierarchies, for example
the NH. We observe, that the (black) ellipse corresponding to the LO is well separated
from the (yellow) HO ellipse. This separation is a synergistic effect of the fact that we are
considering both neutrino and antineutrino events. Finally, let us come to the 3+1 scheme.
In this case the third term in Eq. (8.16) is active. It depends on the additional CP-phase

014, SO its sign can been chosen independently of that of the second term. This circum-

>The small overlap between NH and IH blobs in Fig. 8.1 for the LO case can be removed using the
spectral information available in DUNE (see [216]).
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Figure 8.1: Bi-event plot corresponding to the DUNE setup. The ellipses represent the
3-flavor case, while the colored blobs correspond to the 3+1 scheme (see the legend). We
take sin® 6,3 = 0.42 (0.58) as benchmark value for the LO (HO). In the 3-flavor ellipses,
the running parameter is d;3 varying in the range [—, 7|. In the 4-flavor blobs there are
two running parameters, 913 and 84, both varying in their allowed ranges [—7, ]. In the
3+1 case we have assumed 634 = 0V.

stance gives more freedom in the 3+1 scheme and there is more space for degeneracy.
The bi-event plot in Fig. 8.1 confirms such a basic expectation. The graph now becomes
a blob, which can be seen as a convolution of an ensemble of ellipses (see [215, 216]),
and the separation between LO and HO is lost even if one considers both neutrino and

antineutrino events.

8.2 Numerical results

In our simulations, we use the GLoBES software [219, 220]. For DUNE, we consider a
total exposure of 248 kt - MW - year, shared equally between neutrino and antineutrino
modes. For the details of the DUNE setup, and of the statistical analysis, we follow
the discussion in section 5.1 and 5.2. The best fit values of all the relevant oscillation
parameters have been taken from Table 4.3. Figure 8.2 displays the discovery potential
for identifying the true octant as a function of true 8;3. The left (right) panel refers to the

true choice LO-NH (HO-NH). In both panels, for comparison, we show the results for
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the 3-flavor case (represented by the black curve). Concerning the 3+1 scheme, we draw
the curves corresponding to four representative values of true 4 (0°, 180°, —90°,90).
In the 3v case we marginalize over mass hierarchy (MH), (sin2 6>3, 013) (test) with the
restriction that 63(test) lies in opposite octant with respect to the true choice of the octant
of 63. In the 3+1 scheme, we fix 04 = 6,4 = 9° and 634 = 0, and we marginalize over
(623,013, 014) (test). In 3+1 case also we marginalize over the MH. However, we have
checked that the minimum of Ay? is never reached in the wrong hierarchy. This confirms

that MH is not a source of degeneracy in the determination of the octant.

The 3-flavor curves have been already discussed in the literature (see for example [18,
58, 115]). Nonetheless, we deem it useful to make the following remarks: i) a good 653
octant sensitivity for all values of 8,3 (true) can be achieved with equal neutrino and an-
tineutrino runs [58], ii) the spectral information plays an important role in distinguishing
between the two octants for unfavorable choices of true hierarchy and 8;3, and iii) always
the sensitivity is higher for LO compared to HO irrespective of the hierarchy choice. For
the first time, during this work, we realized that this last issue of asymmetric sensitivity
between LO and HO is related to a synergistic effect of the v, — v, and v;; — V. chan-
nels. Basically, the v, — v, channel fixes the test value of 6>3 in the octant opposite to its
true value. However, such a test value is not exactly equal to its octant symmetric choice
(i.e., 055 # m/2 — 635'°). This happens because the v, — v, survival probability contains
higher order octant-sensitive terms, which can been probed in high-statistics experiments
like DUNE. We find that these corrections always go in the direction of increasing (de-
creasing) the difference |sin® 033 — sin® OYM°| by ~ 15% with respect to its default value
|0.58 — 0.42| = 0.16 in the LO (HO) case. Since the leading term of the v,, — v, appear-
ance channel is sensitive to this difference, the performance is enhanced (suppressed) in

the LO (HO) case.

Fig. 8.2 shows that in the 3+1 scheme there exist unfavorable combinations of ;3 (true)
and 04 (true) for which the octant sensitivity falls below the 20 level. We have veri-
fied that for such combinations the spectra corresponding to the two octants are almost
indistinguishable both for neutrinos and antineutrinos. Therefore, even a broad-band ex-

periment such as DUNE cannot break the degeneracy introduced by a sterile neutrino.

So far, we have considered two true values of sin’ 6,3 = 0.42 (LO) and 0.58 (HO) (see

Fig. 8.2). However, it is interesting to ask how things change if different choices are made
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Figure 8.2: Discovery potential for excluding the wrong octant as a function of true ;3
assuming LO-NH (left panel) and HO-NH (right panel) as the true choice. We take
sin? 6,3 = 0.42 (0.58) as benchmark value for the LO (HO). In each panel, we present the
results for the 3-flavor case (black line), and for the 3+1 scheme considering four different
values of true 84 (colored lines). In the 3v case, we marginalize away (653, 013) (test). In
the 3+1 scheme, we fix 014 = 64 = 9%, B34 = 0, and marginalize over (613, 813, 814) (test).

for the true value of 6,3. Figure 8.3 answers this question. It represents the discovery
potential for identifying the true octant in the plane [sin® 6,3, 013] (true) assuming NH as
true choice. The left (right) panel corresponds to the 3v (3+1) scheme. In the 3+1 case we
marginalize away also the CP-phase ;4 (true) (in addition to all the test parameters) since
it is unknown. Hence, the outcome of this procedure determines the minimal guaranteed
sensitivity, i.e. the one corresponding to the worst case scenario. The solid blue, dashed
magenta, and dotted black curves correspond, respectively, to 20, 30 and 40 confidence
levels (1 d.o.f.). The comparison of the two panels gives a bird-eye view of the situation.
It is clear that, in the 3+1 scheme, no minimal sensitivity is guaranteed in the entire plane.

‘We have checked that similar conclusions are valid also in the case of IH as true MH.

Note added

It is important to mention that, the IceCube [166], Daya Bay [164], and MINOS [167]
Collaborations reported new constraints on active-sterile mixing which is slightly differ-

ent from the constraints used to produce the above results in this chapter. The new upper
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Figure 8.3: Discovery potential for excluding the wrong octant in (sin? 63, 613) (true)
plane assuming NH as true choice. The left (right) panel corresponds to the 3v (3+1)
case. In the 3-flavor case, we marginalize away (6,3, 9;3) (test). In the 3+1 case, in
addition, we marginalize over &4 (true) and &4 (test) fixing 614 = 64 = 9° and 634 = 0.
The solid blue, dashed magenta, and dotted black curves correspond, respectively, to the
20, 30, and 40 confidence levels (1 d.o.f.).
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Figure 8.4: Bi-event plot corresponding to the DUNE setup. The ellipses represent the
3-flavor case, while the colored blobs correspond to the 3+1 scheme (see the legend).
Every other details are same as Fig. 8.1 except the fact that here we have considered
014 =7°, 654 =9°, B34 =0 in the 3+1 case.

limit from the IceCube Collaboration [166] on sin? 26,4 around the current best-fit Amil

~ 1.75eV? [203] is =~ 0.2 at 99% confidence level, which means that 6,4 is constrained to
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Figure 8.5: Discovery potential for excluding the wrong octant as a function of true ;3
assuming LO-NH (left panel) and HO-NH (right panel) as the true choice. Every other
details are same as Fig. 8.2 except the fact that we fix here 04 = 79 6,4 =99, 634 =0,
and marginalize over (6»3, 83, 014) (test).

be smaller than 13° or so. The MINOS Collaboration placed a new upper limit of ~ 0.03
on sin’ 6,4 around Am% = L75 eVZat90% C.L. [165, 167] suggesting that the upper limit
on 6,4 is around 10°. Therefore, the benchmark value 6,4 = 9° which we have considered
in our work is compatible with these new limits. The combined analysis of the Daya Bay
and Bugey-3 data provides a new constraint [165] on sin22914 which is ~ 0.06 at 90%
confidence level around Amfu ~ 1.75 eV2. This implies that 8,4 is smaller than 7° or so,
which is pretty close to the benchmark value of 8;4 = 9° that we have considered in our
analysis. However for completeness, we show here two new figures Fig. 8.4 and Fig. 8.5
as similar to the figures Fig. 8.1 and Fig. 8.2 respectively. We see that our results remain
almost unaltered even if we take 6,4 = 7° and 6,4 = 9° instead of our benchmark choice of
014 = 6,4 = 9°. Hence, we can safely conclude that the sensitivity towards the octant of
6>3 can be completely lost even in light of the new constraints on the active-sterile mixing

that were reported recently.
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8.3 Summary

In this chapter, we have addressed for the first time the impact of a light eV-scale ster-
ile neutrino in identifying the octant of the mixing angle 6,3 at the next generation LBL.
experiment DUNE. We have shown that in the 3+1 scheme, the new recently identified
interference term [104] that enters the v, — V, transition probability can perfectly mimic
a swap of the 6,3 octant, even when we use the information from both the neutrino and
antineutrino channels. As a consequence, the sensitivity to the octant of 6,3 can be com-
pletely lost in the presence of active-sterile oscillations. It remains to be seen if other
kinds of experiments, in particular those using atmospheric neutrinos, can lift or at least
alleviate the degeneracy that we have found in the context of LBL experiments. Our ed-
ucated guess is that this would prove to be very difficult since obtaining a satisfying 6>3
octant sensitivity with atmospheric neutrinos is a very hard task already in the 3-flavor

framework, and in the enlarged 3+1 scheme, the situation should naturally worsen.
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Chapter 9

Exploring Flavor-Dependent
Long-Range Forces in Long-Baseline

Neutrino Oscillation Experiments

The Standard Model gauge group can be extended with minimal matter content by in-
troducing anomaly free U (1) symmetry, such as L, — L, or L, — L. If the neutral gauge
boson corresponding to this abelian symmetry is ultra-light, then it will give rise to flavor-
dependent long-range leptonic force, which can have significant impact on neutrino os-
cillations. For an instance, the electrons inside the Sun can generate a flavor-dependent
long-range potential at the Earth surface, which can suppress the v, — Vv, appearance
probability in terrestrial experiments. The sign of this potential is opposite for antineu-
trinos, and affects the oscillations of (anti-)neutrinos in different fashion. This feature
invokes fake CP-asymmetry like the SM matter effect and can severely affect the leptonic
CP-violation searches in long-baseline experiments. In this chapter, we study in detail
the possible impacts of these long-range flavor-diagonal neutral current interactions due
to L, — L, symmetry on the CP-violation discovery as well as on the mass hierarchy de-
termination, taking DUNE and LBNO as two potential LBL experiments. We also ask
a legitimate question that if there is no signal received in these experiments then would
these experiments be able to give a stringent bound on this new physics coupling param-
eter. In this regard, we find that DUNE (LBNO) can place stringent constraint on the
effective gauge coupling ,, < 1.9 X 10733 (7.8 x 107>%) at 90% C.L., which is almost
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30 (70) times better than the existing bound from the Super-Kamiokande experiment. We
also observe that if o, > 2 X 10732, the CP-violation discovery reach of these future fa-
cilities vanishes completely. The mass hierarchy measurement remains robust in DUNE
(LBNO) if 0ty < 5 x 10752 (1072). The details of all the analysis and the respective

results have been discussed in the next few sections.

This chapter is organized as follows. We start section 9.1 with a discussion on flavor-
dependent LRF and how it arises from abelian gauged L, — L ; symmetry. Then, we
discuss the strength of the long-range potential V,, /.. at the Earth surface generated by
the electrons inside the Sun. This is followed by a brief discussion on the current con-
straints that we have on the effective gauge couplings @, .7 of the L, — Ly r symme-
try from various neutrino oscillation experiments. In section 9.2, we study in detail the
three-flavor oscillation picture in presence of long-range potential. We derive the compact
analytical expressions for the effective oscillation parameters in case of the L, — L, sym-
metry, and also present a simple expression for the resonance energy, where 1-3 mixing
angle in matter becomes 45° in the presence of long-range potential. Next, we demon-
strate the accuracy of our approximate analytical probability expressions by comparing it
with the exact numerical results. We also discuss some salient features of the appearance
and disappearance probabilities (calculated numerically) for the Fermilab-Homestake and
CERN-Pyhisalmi baselines in the presence of long-range potential towards the end of
this section for both neutrino and antineutrino case. At the beginning of section 9.3, we
study the impact of the long-range potential due to L, — L, symmetry on the expected
event spectra and total event rates for the DUNE and LBNO experiments. In section 9.4,
we describe our simulation strategy. Next, we derive the expected constraints on Oy
from DUNE and LBNO in section 9.5.1, and estimate the discovery reach for o, in sec-
tion 9.5.2. In section 9.5.3, we study how the long-range potential affects the CP-violation
search of these future facilities. Section 9.5.4 is devoted to assess the impact of LRF on

mass hierarchy measurements. Finally, we summarize our findings in section 9.6.
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9.1 Flavor-Dependent Long-Range Forces from Gauged
U(1) Symmetries

The SM gauge group SU (3)¢ X SU(2)r x U(1)y can be extended with minimal matter
content by introducing anomaly free U (1) symmetries under which the SM remains in-
variant and renormalizable [263]. There are three lepton flavor combinations: L, — Ly,
L. — Lz, and L, — L; which can be gauged in an anomaly free way with the particle con-
tent of the SM [81, 264, 265]. These U (1) gauge symmetries have to be broken in Nature
in order to allow the different neutrino species to mix among each other giving rise to
neutrino oscillation as demanded by the recent data [22, 253, 254, 266]. This can be un-
derstood from the following example. If we assume that neutrino masses are generated
by effective five-dimensional operator following say, seesaw mechanism, then this op-
erator would remain invariant under these U (1) symmetries if they are exact. This will
ultimately give us an effective neutrino mass matrix containing a Dirac and a Majorana
neutrino which remain unmixed and there will be no neutrino oscillation. For more dis-
cussions on these issues, see references [116, 119]. Now, there are two possibilities for
the extra gauge boson associated with this abelian symmetry!: either it can be very heavy
or it is very light but in both the cases, it couples to matter very feebly to escape direct
detection. If the electrically neutral gauge boson (Z') corresponding to a flavor-diagonal
generator of this new gauge group is relatively heavy?, then the phenomenological con-
sequences can be quite interesting [81, 263, 264, 265, 273]. On the other hand, if the
mass of the gauge boson is very light, then it can introduce LRF with terrestrial range
(greater than or equal to the Sun-Earth distance) without call upon extremely low mass
scales [116, 117]. Details of the theoretical framework has been given in appendix A.
This LRF is composition dependent (depends on the leptonic content and the mass of an
object) and violate the universality of free fall which could be tested in the classic lunar
ranging [274, 275] and E6tVos type gravity experiments [78, 276]. In fact, this idea was
given long back by Lee and Yang [76] and later, using this idea, Okun [77, 277] gave a
20 bound of & < 3.4 x 10~* (« denotes the strength of the long-range potential) for a

"Models with these symmetries necessarily possess a Higgs sector which also discriminates among
different lepton families [267], but we will only focus here on the effect of the extra gauge boson.

2For an example, the Z’ in gauged L, — Ly ¢ can be produced in ete™ collisions and subsequently decay
into e"e™ or U~ or TT T~ pairs and can be constrained using the data from LEP/LEP2 [268, 269, 270,
271,272].
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range of the Sun-Earth distance or more. Now, the light gauge boson Z’ should have a
mass myz ~ g (v) where g is the gauge coupling of the new U (1) symmetry and it should
be <0.6 x 10724 since g ~ /& and (v) is the vacuum expectation value of the symme-
try breaking scale. If the range of the LRF is comparable to the Sun-Earth distance (~
1.5 x 10'3 ¢cm) then my ~ 1/(1.5 x 1013 cm) = 1.3 x 10718V which means (v) > 2 MeV.

9.1.1 Abelian Gauged L, — L;, ; Symmetries

If the extra U(1) corresponds to L, — Ly or L, — L flavor combination?, the coupling
of the solar electron to the L, — L, r gauge boson generates a flavor-dependent long-
range potential for neutrinos [278, 279, 280] and can have significant impact on neutrino
oscillations [116, 117, 118, 119, 120] inspite of such stringent constraints on ¢. This is
caused due to the fact that the (L, — Ly ¢)-charge of the electron neutrino is opposite to that
of muon or tau flavor, leading to new non-universal FDNC interactions of the neutrinos
in matter on top of the SM W-exchange interactions between the matter electrons and the
propagating electron neutrinos. These new flavor-dependent FDNC interactions alter the
‘running’ of the oscillation parameters in matter by considerable amount [281]. Another
important point is that the large number of electrons inside the Sun and the long-range
nature of interaction balance the smallness of coupling and generate noticeable potential.
As an example, the electrons inside the Sun give rise to a potential V,, /., at the Earth

surface which is given by [116, 119]*

N, _ ~11 aeu/er
Vjee(Rst) = Qapece & 1.3 x 107 eV <—10_50 , 9.1)
g2
where ®,y; /or = 84“—7/;’, and g, /.7 is the gauge coupling of the L, — Ly r symmetry. In

Eq. (9.1), N, (= 10°7) is the total number of electrons inside the Sun [282] and Ry is
the Sun-Earth distance ~ 1.5 x 10'3 cm = 7.6 x 10%° GeV~'. Here Oy /o7 €an be identi-
fied as the ‘fine-structure constant’ of the U(1), -, , Symmetry and its value is positive”.

The corresponding potential due to the electrons inside the Earth with a long-range force

3Due to the absence of muons or tau leptons inside the Sun or Earth, we do not consider gauged Ly—L:
symmetry here.

“For details see appendix A.

>In our work, we consider the case of a light vector boson exchange which makes sure that Oy fer 18
positive. It means that for an example, the force between an isolated electron and V, is repulsive.
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having the Earth-radius range (Rg ~ 6400 km) is roughly one order of magnitude smaller
compared to the solar long-range potential and can be safely neglected® [116, 119]. The
long-range potential V,, /. in Eq. (9.1) appears with a negative sign for antineutrinos and
can affect the neutrino and antineutrino oscillation probabilities in different fashion. This
feature can invoke fake CP-asymmetry like the SM matter effect and can influence the
CP-violation search in long-baseline experiments. This is one of the important findings
of our work and we will discuss this issue in detail in the later section. Now, it would
be quite interesting to compare the strength of the potential given in Eq. (9.1) with the
quantity Am?/2E which governs the neutrino oscillation probability. For long-baseline
neutrinos, Am?> J2E ~ 10-12ev (assuming Am? ~2x 1073 eV2 and E ~ 1 GeV) which
is comparable to V, /.; even for 0, /,; ~ 107! and can affect the long-baseline ex-
periments significantly which we are going to explore in this chapter in the context of

upcoming facilities DUNE and LBNO.

9.1.2 Existing Phenomenological Constraints on L, — L, ; Parame-

ters

There are phenomenological bounds on the effective gauge coupling o, /., of the L, —
Ly, ¢ abelian symmetry’ using data from various neutrino oscillation experiments. It was
shown in [116] that L, — L,  potential at the Earth due to the huge number of electrons
inside the Sun suppresses the atmospheric neutrino v;; — v oscillations which enabled
them to place tight constraints on o, /,; using the oscillation of multi-GeV neutrinos
observed at the Super-Kamiokande (SK) experiment. They obtained an upper bound
of Oty < 5.5% 1072 and 0; < 6.4 x 1072 at 90% C.L. [116]. In [119], the authors
performed a global fit to the solar neutrino and KamLAND data including the flavor-
dependent LRF. They quoted an upper bound of o, < 3.4 X 1073 and o < 2.5 x 1073
at 3o C.L. assuming 0;3 =0° [119]. A similar analysis was performed in [118] to place the
constraints on LRF mediated by vector and non-vector (scalar or tensor) neutral bosons

where the authors assumed one mass scale dominance. The proposed 50 kt magnetized

The possibility of the local screening of the leptonic force (generated due to the solar electrons) by the
cosmic antineutrinos is also negligible over the Sun-Earth distance [116].

"Flavor-dependent long-range leptonic forces can also be generated via the unavoidable mixing of light
Z' boson of the L;; — L; symmetry with the Z boson of the SM. This issue was discussed in the context of
the MINOS long-bascline experiment in [283, 284].
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iron calorimeter (ICAL) detector at the India-based Neutrino Observatory (INO) can also
probe the existence of LRF by observing the atmospheric neutrinos and antineutrinos
separately over a wide range of energies and baselines [120]. With an exposure of one
Mton.yr and using the muon momentum as observable, ICAL would be able to constrain

Oy fer S 1.65 x 107> at 3¢ C.L. [120].

9.2 Three-Flavor Oscillation Picture in Presence of Long-

Range Potential

In this section, we focus our attention to study the impact of flavor-dependent long-range
leptonic potential (due to the electrons inside the Sun) at the Earth surface when neutrinos
travel through the Earth matter. In a three-flavor framework, the long-range potential
of Eq. (9.1) due to L, — L, symmetry modifies the effective Hamiltonian for neutrino

propagation in Earth matter in the flavor basis to

0 0 0 Vee 0 0] [Vou 0 0
2
Hi = |Ulo %2 0 [U'+]0 00[+]|0 Vg O, ©2
2
0 0 Am 0 00 0 0 0

2F

where U is the vacuum PMNS matrix [148, 149, 285] which can be parametrized as
U = R»3(023,0) R13(013,0cp) R12(612,0) . 9.3)

In the above equation, E is the neutrino energy and V¢ is the Earth matter potential which

appears in the form

P

Vee = V2GEN, ~7.6 x Y, x Wev,

(9.4)

where Gr is the Fermi coupling constant, N, is the electron number density inside the
Earth, p is the matter density, and Y, = ]ﬁ is the relative electron number density.
Np, N, are the proton and neutron densities in Earth matter respectively. In an electrically
neutral, isoscalar medium, we have N, = N, = N, and Y, comes out to be 0.5. In Eq. (9.2),

Veu 1s the long-range potential due to L, — Ly, symmetry and its strength is given by
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Eq. (9.1). In case of L, — L; symmetry, the contribution due to long-range potential in
Eq. (9.2) takes the form Diag (V,7,0,—V,;). Note that the strength of the long-range
potential V,, /,; does not depend on the Earth matter density® and takes the same value
for any baseline on the Earth. In case of antineutrino propagation, we have to reverse

the sign of Vec, Vey (or Ver), and the CP phase dcp.  To judge the impact of the long-

) ot Am? Veu (eV)
Set-up | 1> osc. max. (GeV) St (eV) Vee (eV) G =102 | ay = 1073
DUNE 2.56 48x1071B | 1.1x107B | 1.3x10713 | 1.3x10714
LBNO 4.54 27x1078B [ 1.3x1078B | 13x10713 | 13x10714

Table 9.1: The second column shows the first oscillation maxima for Fermilab—
Homestake and CERN-Pyhisalmi baselines considering Am3, = 2.44 x 1073 eV2. The
fourth column depicts the strength of the Earth matter potentials for these baselines. The
estimate of the long-range potentials Ve, for two different values of @,y is given in the
last column.

range potential V,;, in long-baseline experiments with multi-GeV neutrinos, we need to

. . . . . Am?
compare its strength with the two other main terms in Eq. (9.2) which are ;" 2+ and the

Earth matter potential Vc. In Table 9.1, we compare the strengths of these three quantities
which control the ‘running’ of the oscillation parameters in matter. The first oscillation
maximum for the DUNE (LBNO) experiment occurs at 2.56 GeV (4.54 GeV) assuming
Am3, = 2.44 x 1073 eV? (see Table 9.2). In the fourth column of Table 9.1, the values
of Ve have been estimated using Eq. (9.4) where we take the line-averaged constant
Earth matter densities’ for both the baselines: p = 2.87g/cm?® for the DUNE baseline
and p = 3.54g/cm? for the LBNO baseline. Table 9.1 shows that around first oscillation
maximum, the strengths of the terms Azlél, Vee, and 'V, are comparable for both the
set-ups under consideration even if o, is as small as 10732, It means that these three
terms can interfere with each other having significant impact on the oscillation probability
which we are going to study in this section with the help of analytical expressions. Before
we start deriving our approximate analytical expressions for the effective mass-squared

differences and mixing angles in matter in the presence of long-range potential, let us take

a look at the current status of the oscillation parameters. The second column of Table 9.2

8This is in contrast to the usual non-standard interactions (NSI’s) whose strengths are proportional to
the Earth matter density.

These line-averaged constant Earth matter densities have been estimated using the Preliminary Refer-
ence Earth Model (PREM) [260].

Page 139 of 221



Chapter 9. Exploring Flavor-Dependent L.ong-Range Forces in Long-Baseline

Neutrino Oscillation Experiments

Parameter | Best-fit and 10 error | True value | Marginalization range
sin® 0}, 0.304 0013 0.304 Not marginalized
sin” 03 0.021 8J_r8:8818 0.0218 Not marginalized
sin® 63 0.452'5:952 0.50 [0.38, 0.64]

dcp/° 3063 [0, 360] [0, 360]

10{’;’%\/2 7.51019 7.50 Not marginalized
10A—’?§>1v2 24571004 2.44 Not marginalized
Dt 2.41010031 2.40 Not marginalized

Table 9.2: The second column shows the current best fit values and 106 uncertainties on the
three-flavor oscillation parameters assuming normal hierarchy in the fit [254]. The third
column shows the true values of the oscillation parameters used to simulate the ‘observed’
data set. The fourth column depicts the range over which sin? 6,3 and 8cp are varied while

minimizing the x? to obtain the final results. In our calculations, Amﬁ y Serves as an input

parameter and then we estimate the value of Am_% | using the relation given in Eq. (9.5)
(see text for details). In the third column, we take dcp = 0° to calculate the value of Am%1

2
from Am‘u i

shows the present best fit values and 10 errors on the three-flavor oscillation parameters
assuming normal hierarchy in the fit [254]. We use the benchmark values of the various
oscillation parameters as given in the third column of Table 9.2 to draw the oscillation
probability plots in this section and to generate the ‘observed’ data set while estimating
the physics reach of the experimental set-ups. The ranges over which sin® 63 and dcp
are marginalized while minimizing the y? are given in the fourth column which we will
discuss in detail while describing the simulation method in the later section. In Table 9.2,
Ami u 1s the effective mass-squared difference measured by the accelerator experiments
using v;; — Vv, disappearance channel [286, 287] and it is a linear combination of Am%1

and Am3,. The value of Am3, is estimated from Ami u using the relation [288, 289]

Am3, = Ami“ + Am3 (cos? 817 — cos §cp sin B3 sin 26, tan 623) . 9.5)
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The value of Am%l is calculated separately for NH and IH using the above equation as-
suming Amfl p==124x 10~3 eV? where positive (negative) sign is for NH (IH). Note
that through out this chapter, whenever we vary dcp or 8,3 or both, we calculate a new

value for Am%1 using Eq. (9.5).

9.2.1 Analytical Expressions for the Effective Oscillation Parameters

In a CP-conserving scenario (dcp = 0°), the effective Hamiltonian in the flavor basis given

in Eq. (9.2) takes the form
Hp = Ry3(023)R13(013) Ri2 (612) HoR1, (812) R13 (613) R (623) +V,  (9.6)

where Hy = Diag (0,A;1,A3)) with Ay = Am%l /2E and Az = Am%l /2E. In the above
equation, V = Diag (Vec + Ve, —Veu,0) for L, — L, symmetry. We can rewrite Hy in
Eq. (9.6) as

app az as

Hy=A31| ain an axs |, 9.7)

a3 axz dasj

where

ay] =A+W +sin® 013 + acos® 0)3sin? 05, (9.8)

1
ap = ﬁ [cos 013(acos By, sin B +sin 613 — a sin® 0, sin 913)} , (9.9

1
apz = 7 [cos 0)3(—acos B;5sin By + sin 3 — o sin” 0y, sin 613)] . (9.10)
1
an =5 [o cos? 6y, +cos 03 — 2a.cos B) sin B)5 sin O3 + @ sin” 65 sin” 63 — 2wW] ,
9.11)
1
a3 = 3 [c:os2 03— acos’ 61, + asin’ 0 sin’ 913] , 9.12)
1

az3 =5 [0052 6,3 + 0 cos’ B), + orsin 013(sin26;, + sin® 6} sin 913)} : (9.13)
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In the above equations, we introduce the terms A, W, and a which are defined as

Vee 2EVee o Ven 2EVe  Am3,

A - 9 - - 9 - 9
A31 Am%l A31 Am%l Am%l

9.14)

and we assume that the vacuum value of 6,3 is 45°. Note that we have kept the terms
of all orders in sin 83 and o which are quite important in light of the large value of 1-3
mixing angle as was measured recently by the modern reactor experiments. Now, we need
to diagonalize the effective Hamiltonian Hy in Eq. (9.7) to find the effective mass-squared
differences and mixing angles in the presence of the Earth matter potential (Voc) and
the long-range potential (V). We can almost diagonalize Hy with the help of a unitary
matrix

U =Ry3 (635 Ri3(673) R12(6]3) (9.15)

such that
U"H;U ~ Diag (mj ,,/2E, m3,,/2E, m3,,,,/2E) (9.16)

where off-diagonal terms are quite small and can be safely neglected. The lower right
2 x 2 block in Eq. (9.7) gives us the angle 67} which has the form
cos?0;3 — acos? 0;) + sin? CIp) sin? 03

26! — ) 9.17
an2o;;3 W 4+ osin20;, sin 03 ( )

The mixing angles 6] and 67 can be obtained by subsequent diagonalizations of the

(1,3) and (1,2) blocks respectively and we get the following expressions

sin263(1 — crsin? 0)2) (cos O + sin 044) — 0sin 26y cos By3 (cos B2 — sin 652)

tan20{% = ;
13 V2 (A3 —A—W —sin® 813 — asin? 5 cos? 013)
(9.18)
and
tan267; =

cos 03 [sin2913(1 — asin® 012) (cos 0 — sin 92'@) + asin26;; cos 13 (cos B + sin 92”3)]

V2 (2 —A) 7
(9.19)
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where
1[ W + asin260,, sin 6,3 |

A3 = = |cos? B3 + acos® ) + arsin® 65 sin” 05 — W + + SN 2812 S 613 , (9.20)
20 c0s26)%
1[ W + asin26,, sin 6,3 |

Ay = = |cos® 6,3+ arcos® 015 + asin’ By sin” B3 — W — +asin 2012510 013 , (9.21)
20 c0s26)%

and

M=

1
2 (/13 +A+W +sin® 0,3+ acos’ 0;3 sin’ 612)

(A3 —A—W —sin? 613 — acos® B3 sin 0),)

c0s261%
(9.22)
The eigenvalues mlzm /2E (i =1,2,3) are given by the expressions
m%,m/ZE =
A
% (B3 +A+W+ sin? 03 + a cos? 0;3 sin’ 612)
(A3 —A —W —sin? 8;3 — acos? 03 sin 0),)
cos 267, ’
(9.23)
Asp [ (A —2A2)]
2 31 1— A2
2E = — (A + A4 — ——2 9.24
m3 m/ 2 | 1+4 cos 207 |’ (9.24)
and
Az [ (A1 —2A2)]
2 31 1— A2
2E = — (A + A+ —7—2] . 9.25
M/ 2 | 1A cos207} | ( )

With the help of Eq. (9.17), Eq. (9.18), and Eq. (9.19), we plot the ‘running’ of the effec-
tive mixing angles 6,5, 65, and 6/, respectively in Fig. 9.1 as functions of the neutrino
energy E in the presence of Vg and V.. Here, we consider L = 1300 km and NH. We
give the plots for three different choices of the effective gauge coupling oty 0 (the SM
case), 1072, and 10~>'. The vacuum values of the oscillation parameters are taken from
the third column of Table 9.2. We do the same for the effective mass-squared differences

(see Egs. (9.23), (9.24), and (9.25)) in Fig. 9.2. The extreme right panel of Fig. 9.1 shows

Page 143 of 221



Chapter 9. Exploring Flavor-Dependent L.ong-Range Forces in Long-Baseline
Neutrino Oscillation Experiments

45 S 90 90 -
w0 1300 km (NI1) © —_ L /7¢‘£
\ \ acuzl(rfl— / 80 /
35 \ ﬂeu:l(s'_';z 70 / e /
30 \ ™~ 60 70
5 ~_ 5 ’ / =
g 25 5 50 | & /
2 ~3 = T 3 60
o \ ) I / - /
@ @ [e>)
15 30 l 50
10 20
~— / o~ 40
5 10
0 0 30
01 2 3 4 5 6 7 8 9 10 001 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
[ [GeV] [ [GeV] L [GeV]

Figure 9.1: The variations in the effective mixing angles with the neutrino energy E in
the presence of the Earth matter potential (Vcc) and long-range potential (V). The left,
middle, and right panels show the ‘running’ of 6835, 8/, and 6} respectively. Here, we
take L = 1300 km which corresponds to the Fermilab—Homestake baseline and assume
NH. Plots are given for three different choices of the effective gauge coupling o : O (the
SM case), 10752, and 10731, The vacuum values of the oscillation parameters are taken

from the third column of Table 9.2 and we consider ocp = 0°.
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Figure 9.2: The variations in the effective mass-squared differences with the neutrino

energy E in the presence of Ve and V. Left panel shows the ‘running’ of Am%l’m(z

m%m - mim) while right panel is for Am3 (= m%m - mim). Here, we take L = 1300 km

and assume NH. We give plots for three different choices of the effective gauge coupling
Oy : O (the SM case), 1072, and 10!, The vacuum values of the oscillation parameters
are taken from the third column of Table 9.2 and we consider dcp = 0°.

that 6" approaches to 90° very rapidly with increasing E in the presence of Ve and this
behavior does not change much when we introduce V,,. This is not the case for 6,5 and
65. The long-range potential V,, affects the ‘running’ of 6,5 (see extreme left panel of
Fig. 9.1) significantly. As we go to higher energies, 65 deviates from 45° and its value

decreases very sharply depending on the strength of ¢y, In case of 673, the effect of V,,
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is quite opposite as compared to 6,5 as can be seen from the middle panel of Fig. 9.1.
Assuming NH, as we increase E, 6{%5 quickly reaches to 45° (resonance point) in the pres-
ence of V,;, and then finally approaches toward 90° as we further increase E. These two
opposite behaviors of 65 and 6}; alter the amplitudes and the locations of oscillation
maxima in the transition probability substantially for non-zero o,, which we discuss in
the later part of this section. For ot = 10732 (107", the resonance occurs around 4 GeV
(0.6 GeV) for 1300 km baseline. We can obtain an analytical expression for the resonance
energy demanding 615 = 45° in Eq. (9.18). In one mass scale dominance approximation
where Am%1 can be neglected i.e. assuming o = 0, the condition for the resonance energy
(E,es) takes the form:

Ay =A+W +sin’6y3. (9.26)

Now, putting @ = 0 in Egs. (9.20) and (9.17), we get a simplified expression for A3 which

has the following form

1 1

since at resonance energies, the term W? is small compared to cos* 83 and can be safely
neglected. Now, comparing Eq. (9.26) and Eq. (9.27), we get a simple and compact

expression for the resonance energy

B Am%1 c0s203

Epes = . 9.28
res 2Vcc+3veu ( )

In the absence of long-range potential V., Eq. (9.28) gives us the standard expression for
the resonance energy in the SM framework. Eq. (9.28) suggests that for a given baseline,
in the presence of Ve, the resonance occurs at lower energy as compared to the SM case
and this is exactly what we observe in the middle panel of Fig. 9.1. The right panel of
Fig. 9.2 demonstrates that the effective solar mass-squared difference Am%l,m increases
with energy and can be comparable to the vacuum value of Am%1 at higher energies in the
SM case. In the presence of Ve, Am% | Increases with energy even faster and can become
quite large at higher energies depending on the strength of ¢,. In the SM framework,
the effective atmospheric mass-squared difference Am%hm does not run with energy for
this choice of baseline (see left panel of Fig. 9.2). But, in the presence of V,, the value

of Am%Lm enhances a lot depending on the strength of «,, as energy is increased. Next,
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to check the accuracy of our approximate analytical results, we compare the oscillation
probabilities calculated with our approximate effective running mixing angles and mass-
squared differences with those calculated numerically for the same baseline and line-

averaged constant matter density along it.

9.2.2 Demonstration of the Accuracy of the Approximation
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Figure 9.3: v, — V, transition probability as a function of neutrino energy E in GeV
for 1300 km (2290 km) baseline in left (right) panels. The upper panels are for the SM
case without long-range potential. The lower panels correspond to o, = 10732, In all
the panels, we compare our analytical expressions (dashed curves) to the exact numerical
results (solid curves) for NH and IH. The vacuum values of the oscillation parameters are
taken from the third column of Table 9.2 and we take ocp = 0°.

The neutrino oscillation probabilities in the presence of V¢ and V,;, can be obtained by
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Figure 9.4: v, — vy, transition probability as a function of neutrino energy E in GeV
for 1300 km (2290 km) baseline in left (right) panels. The upper panels are for the SM
case without long-range potential. The lower panels correspond to 0y = 1072, In all
the panels, we compare our analytical expressions (dashed curves) to the exact numerical
results (solid curves) for NH and IH. The vacuum values of the oscillation parameters are
taken from the third column of Table 9.2 and we take ocp = 0°.

replacing the vacuum expressions of the elements of the mixing matrix U and the mass-

square differences Am?j with their effective ‘running’ values

Uai — Ui (612 — 673,013 — {3,603 — 605%) . Amj; — Amj; ,, =m], —m3,, . (9.29)

Incorporating the modifications due to Vec and Ve, the new transition probability in a
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CP-conserving scenario can be written as

(AL
P (Vo — vg) = 845 —4 Y UqiUpiUqjUpsin | (9.30)
i>]

Using Eq. (9.30), we obtain the following expressions for the appearance and disappear-

ance channels [257]

o~ Am3, L oy~ Am3, L
P(Vu—Ve) = 40U sin® — 2= 403,07 sin” — 2"
Y C o Ams L Am3 L
+2 U30,3000, | 4sin? 4E”" sin? 4E”"
S Am3, L Am3, L
+2 U30030,20, <sin 22]15’" sin 23;:’" ) . (930
AmZI’mL Am%1 mL

~2 2 ) 2 2 ~2 ) )
2Ale’mL ) 2Am317mL
sin
4E 4F
Am%l,mL Si Am%l,m[’>

+2[732[733 4sin

°E n °E (9.32)

+ 2Uﬁ21733 (sin
In Fig. 9.3, we present our approximate v, — V, oscillation probabilities (dashed curves)
as a function of the neutrino energy against the exact numerical results (solid curves) con-
sidering L = 1300 km (left panels) and 2290 km (right panels). We give the plots for both
NH and IH in all the panels considering line-averaged constant Earth matter densities for
both the baselines. The upper panels are drawn for the SM case (o, = 0) where our ap-
proximate results match exactly with the numerically obtained probabilities. In the lower
panels, we give the probabilities considering ot = 1072 and find that our approximate
expressions work quite well in the presence of long-range potential and can predict al-
most accurate L/E patterns of the oscillation probability. In Fig. 9.4, we study the same
for v, — v, oscillation channel and find that our approximate expressions match quite
nicely with the numerical results. Here, we present our analytical results for NH. We can
obtain the same for IH by changing Am%1 — —Am%l. Following the same procedure and
reversing the sign of V in Eq. (9.6), we can derive the analytical expressions for antineu-

trino as well. Note that in this work, we limit our investigation to L, — L, symmetry,
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though similar procedure can be adopted for L, — L; symmetry.

9.2.3 Discussion at the Probability Level — Neutrino Case
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Figure 9.5: The transition probability Py, as a function of neutrino energy. The band
reflects the effect of unknown Ocp. Inside each band, the probability for dcp = 0° case is
shown by the black dashed line. The left panels (right panels) are for 1300 km (2290 km)
baseline. In each panel, we compare the probabilities for NH and IH with and without
long-range potential. In the upper (lower) panels, we take Q,y = 10732 (Otey = 10731 for
the cases with long-range potential.

In this section, we discuss in detail how the long-range potential affects the full
three-flavor neutrino oscillation probabilities in matter considering non-zero values of
Ocp. In Fig. 9.5, we show the exact numerical transition probability Py as afunction of the

neutrino energy using the line-averaged constant Earth matter densities for 1300 km (left
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Figure 9.6: The transition probability P, as a function of neutrino energy. The band
reflects the effect of unknown Jcp. Inside each band, the probability for cp = 0° case is
shown by the black dashed line. The left panels (right panels) are for 1300 km (2290 km)
baseline. In each panel, we compare the probabilities for NH and IH with and without
long-range potential. In the upper (lower) panels, we take 0,y = 10732 (A= 10731) for
the cases with long-range potential.

panels) and 2290 km (right panels) baselines. We vary dcp within the range —180° to 180°
and the resultant probability is shown as a band, with the thickness of the band reflecting
the effect of 8cp on Py,.. Inside each band, the probability for 8cp = 0° case is shown
explicitly by the black dashed line. The left panels (right panels) are for 1300 km (2290
km) baseline. In each panel, we compare the probabilities for NH and IH with and without
long-range potential. In the upper (lower) panels, we take Q,y = 10752 (Otey = 10731 for
the cases with long-range potential. We study the same for the disappearance (Vy — V)

channel in Fig. 9.6. We give the similar plots for the antineutrino case in the next section
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9.2.4.

To explain the behavior of the oscillation probabilities in Fig. 9.5 and Fig. 9.6 at the
qualitative level, we can simplify the analytical expressions given in Egs. (9.31) and (9.32)
in the following fashion. The extreme right panel of Fig. 9.1 suggests that sin 8], — 1 and
cos 075 — 0 very quickly as we increase E in the SM case or with non-zero oy. So, we
set sin 675 ~ 1 and cos 675 ~ 0 in Eqgs. (9.31) and (9.32) and obtain the following simple

expressions:
2
5 Am32’mL

P(vy — V,) = sin® 0% sin> 26} sin —F

(9.33)

and

: . . 21
P(vy —vy) = 1—sin?265%sin? 0} sin® — "

— sin? 265 cos? O] sin? ——"—

— sin* 02 sin? 207 sin? — 2" (9.34)

In Fig. 9.5, we can see that for o, = 1072 case (upper panels), the locations of the
first oscillation maxima have been shifted toward lower energies for both the baselines
and also the amplitudes of the first oscillation maxima have been enhanced when we
assume NH. This can be understood from the ‘running’ of 655, 6/} (extreme left and
middle panels of Fig. 9.1), and Am%zm (left and right panels of Fig. 9.2). As we go
to higher energies, 0/ increases and 6,5 decreases and there is a trade-off between the
terms sin? @52 and sin*267% in Eq. (9.33). Also, the value of Am%zm (Am%l‘m - Am%lm)
decreases with energy as Am% |, increases by substantial amount compared to Am% L
which shifts the location of the first oscillation maxima toward lower energies. For IH,
the value of 615 decreases fast with non-zero o, compared to the SM case, causing a
depletion in the probabilities over a wide range of energies. In case of 0ty = 107!
(lower panels), there is a huge suppression in the probabilities at both the baselines over
a wide range of energies above 1 GeV assuming NH. The main reason behind this large
damping in the probabilities is that {5 approaches very quickly to 90° around 1 GeV or
5o for @y = 107! (see middle panel of Fig. 9.1) and therefore, sin®26"% — 0, vanishing
the probability amplitude for v, — Vv, oscillation channel. Below 1 GeV, 615 runs toward

45° and therefore, sin? 2075 — 1, causing the enhancement in the probabilities. When we

Page 151 of 221



Chapter 9. Exploring Flavor-Dependent L.ong-Range Forces in Long-Baseline
Neutrino Oscillation Experiments

take IH, 615 quickly advances to zero, causing a huge damping in the probabilities at all
the energies. These ‘running’ behaviors of 633, 63, and the mass-squared differences in
the presence of long-range potential as discussed above also affect v, — v;; oscillation

channel (see Fig. 9.6) which can be explained with the help of Eq. (9.34).

9.2.4 Discussion at the Probability Level — Antineutrino Case
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Figure 9.7: The transition probability Py as a function of antineutrino energy. The band
reflects the effect of unknown Ocp. Inside each band, the probability for dcp = 0° case is
shown by the black dashed line. The left panels (right panels) are for 1300 km (2290 km)
baseline. In each panel, we compare the probabilities for NH and IH with and without
long-range potential. In the upper (lower) panels, we take 0t = 1072 (@t = 1071 for
the cases with long-range potential.

For completeness let us now show the probability plots for antineutrino case. In Fig. 9.7,
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we plot the exact numerical transition probability V,, — V. as a function of antineutrino
energy. The band shows the impact of unknown dcp. Inside each band, the probability for
Ocp = 0° case is shown by the black dashed line. The left panels (right panels) are drawn
for 1300 km (2290 km) baseline. In each panel, we compare the probabilities for NH
and IH with and without long-range potential. In the upper (lower) panels, we consider

Oy = 10732 (Ao = 10731) for the cases with long-range potential. Fig. 9.8 shows the
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Figure 9.8: The transition probability Py as a function of antineutrino energy. The band
reflects the effect of unknown cp. Inside each band, the probability for cp = 0° case is
shown by the black dashed line. The left panels (right panels) are for 1300 km (2290 km)
baseline. In each panel, we compare the probabilities for NH and IH with and without
long-range potential. In the upper (lower) panels, we take @,y = 10732 (O = 10731) for
the cases with long-range potential.

exact numerical v, — V,; disappearance probability as a function of antineutrino energy.

The thin band portrays the mild impact of unknown dcp. Inside each band, the probability
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for 0cp = 0° case is given by the black dashed line. The left panels (right panels) are
drawn for 1300 km (2290 km) baseline. In each panel, we compare the probabilities
for NH and IH with and without long-range potential. In the upper (lower) panels, we
consider Oy = 1072 (Qep = 10731) for the cases with long-range potential. It should be
noted here that the behavior of the oscillation probabilities in antineutrino case can also

be explained in a similar manner as done in section 9.2.3.

9.3 Impact of Long-Range Potential at the Event Level

We start this section with a detail discussion on event spectrum and event rates followed by
an useful discussion on bi-events plot. It is worth to mention here that all the description
of the main experimental features of the DUNE and LBNO set-ups has been presented in

the subsection 5.1.1 and 5.1.2 respectively.

9.3.1 Event Spectrum and Rates

In this section, we present the expected event spectra and total event rates for both the set-
ups under consideration in the presence of long-range potential. We calculate the number

of expected electron events'? in the i-th energy bin in the detector using the following

expression
N; = dE dEs9(E)oy,(E)R(E.EA) Pyue(E), 9.35
s [, 9E [ AEA(E) O (EYRE EB(E). 039)

where ¢ (E) is the neutrino flux, T is the total running time, n, is the number of target
nucleons in the detector, € is the detector efficiency, and R(E, E,) is the GauBian energy
resolution function of the detector. oy, is the neutrino interaction cross-section which
has been taken from Refs. [232, 233], where the authors estimated the cross-section for
water and isoscalar targets. In order to have LAr cross-sections, we have scaled the in-
clusive charged current cross-sections of water by a factor of 1.06 for neutrino and 0.94
for antineutrino [234, 235]. The quantities E and E4 are the true and reconstructed (anti-

)neutrino energies respectively, and L is the path length. In our study, we consider the v,

10The number of positron events can be estimated using Eq. (9.35), by considering appropriate oscillation
probability and cross-section. The same is true for 4™ events.
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Figure 9.9: Expected signal and background event spectra in the v, appearance channel as
a function of the reconstructed neutrino energy including the efficiency and background
rejection capabilities. The left panel is for the DUNE (35 kt) and the right one is for the
LBNO (70 kt). In each panel, the thick lines correspond to the SM case, whereas the thin
lines are drawn assuming Q,y, = 10732, In both the panels, the solid grey (blue) vertical
lines display the locations of the first (second) oscillation maxima. We assume ocp = 0°
and NH. For other oscillation parameters, the values are taken from the third column of
Table 9.2.

and V, appearance channels, where the backgrounds mainly stem from the the intrinsic
v,/V, contamination of the beam, the number of muon events which will be misidentified
as electron events, and the neutral current events. In Fig. 9.9, we show the expected sig-
nal and background event spectra as a function of reconstructed neutrino energy including
the efficiency and background rejection capabilities. The left panel shows the results for
the DUNE set-up with 35 kt far detector mass. The right panel displays the same for the
LBNO set-up with 70 kt far detector. In both the panels, the thick lines correspond to the
SM case, whereas the thin lines are drawn assuming ,; = 10732, In both the set-ups,
we can clearly see a systematic downward bias in the reconstructed energy for the neu-
tral current background events due to the final state neutrino included via the migration
matrices. The solid grey (blue) vertical lines display the locations of the first (second)
oscillation maxima. The red solid histogram shows the signal event spectrum. Note that
in the presence of long-range potential, both the signal and background (intrinsic v, con-
tamination and misidentified muons) event spectra get modified substantially. For both
the baselines, we have considerable number of signal events around the second oscilla-

tion maximum. But, these event samples are highly contaminated with the neutral current
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and other backgrounds at lower energies, limiting their impact. In Table 9.3, we show a

DUNE (35 kt) LBNO (70 kt)
Channel Signal Background Signal Background
CC | Int+Mis-id+NC=Total CC | Int+Mis-id+NC=Total
Py (NH, SM) 590 125+29424=178 1228 1154+31429=175
Py, (NH, SM+LRF) | 588 1234+34424=181 786 112453+29=194
Py, (IH, SM) 268 129+29+424=182 220 1264+31+29=186
Py (IH, SM+LRF) 108 130+33424=187 49 128450+29=207
Pz (NH, SM) 116 43+10+7=60 117 33+11+13=57
Prz (NH, SM+LRF) 44 44+12+7=63 22 34+19+13=66
Pz (IH, SM) 210 42+10+7=59 484 30+11+13=54
Ppz (IH, SM+LRF) 220 41+12+7=60 343 29+19+13=61

Table 9.3: Comparison of the total signal and background event rates in the v,/V, ap-
pearance channel for DUNE (35 kt) and LBNO (70 kt) set-ups. Here ‘Int’ means intrinsic
beam contamination, ‘Mis-id’” means misidentified muon events, and ‘NC’ stands for neu-
tral current. For the cases denoted by ‘SM+LRF’, we take o, = 10732, The results are
shown for both NH and TH assuming dcp = 0°. For both the set-ups, we assume five years
of neutrino run and five years of antineutrino run.

Channel DUNE (35 kt) LBNO (70 kt)
Signal | Background || Signal | Background

CcC NC CcC NC

Pyyu (NH, SM) 4889 24 5222 29
Py (NH, SM+LRF) || 5806 24 8949 29
Py (IH, SM) 4882 24 5203 29

Py (IH, SM+LRF) || 5569 24 8519 29
Pap (NH, SM) 1751 7 1936 13
Ppp (NH, SM+LRF) || 2012 7 3257 13
Py (IH, SM) 1752 7 1923 13
Ppp (IH, SM+LRF) || 2063 7 3309 13

Table 9.4: Comparison of the total signal and background event rates in the v;,/Vy, disap-
pearance channel for DUNE (35 kt) and LBNO (70 kt) set-ups. For the cases denoted by
‘SM+LRF’, we take ot = 10752, The results are shown for both NH and TH assuming
Ocp = 0°. For both the set-ups, we consider five years of neutrino run and five years of
antineutrino run.

comparison between the total signal and background event rates in the v,/V, appearance
channel for DUNE (35 kt) and LBNO (70 kt) set-ups. For both the set-ups, we assume
five years of neutrino run and five years of antineutrino run. For the cases denoted by

‘SM+LRF’, we take ot = 1072, The results are shown for both NH and TH assuming
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Ocp = 0°. The Earth matter effects play an important role for both the baselines which
is evident from the fact that in the neutrino channel, the number of expected events is
quite large compared to the IH case and in the antineutrino channel, the situation is totally
opposite where we have larger event rates for IH than for NH. The relative difference
between the number of events for NH and IH is larger for the CERN-Pyhisalmi baseline
than the FNAL-Homestake baseline, since the impact of matter effects is more significant
at the 2290 km baseline compared to the 1300 km baseline. In the presence of long-range
potential with a benchmark choice of o, = 10752, qualitatively, the trend remains the
same as mentioned above. Table 9.3 clearly shows that in all the cases, the most dominant
contribution to the background comes from the intrinsic v,/V, beam contamination. Note
that though the total signal event rate for the DUNE set-up in the neutrino mode with
NH, does not change much due to long-range potential with a,;, = 1072, but, the shape
of the signal event spectrum gets affected by considerable amount as can be seen from
Fig. 9.9, which enables us to place tight constraints on o, as we discuss in the results
section. In our simulation, we also include the information coming from the v,/v;, disap-
pearance channels. For these type of channels, neutral current events are the main source
of background. Table 9.4 shows the total signal and background event rates in the v, /v,
disappearance channels for both the set-ups, considering five years of neutrino run and
five years of antineutrino run. For the cases marked by ‘SM+LRF’, we take o), = 10732
and we present results for both NH and IH assuming dcp = 0°. Interestingly, the v,/V,
disappearance channels are also quite sensitive to the long-range potential and in all the
cases, we see a significant change in the total signal event rates with @, = 10752 as
compared to the SM case. Also, the rates are different for NH and IH in the presence of
long-range potential. The v/, disappearance channels also play an important role to

constrain the atmospheric oscillation parameters in the fit.

9.3.2 Bi-events Plot

In this section, we make an attempt to unravel the impact of long-range potential with
the help of bi-events plot. In Fig. 9.10, we have plotted v, vs. V, appearance events, for
DUNE (left panel) and LBNO (right panel), considering both NH and IH and with and
without long-range potential. Since dcp is not known, events are generated for the full

range [—180°,180°], leading to the ellipses. For the cases labelled by ‘SM+LRF’, we
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Figure 9.10: Bi-events (v, and V, appearance) plots for NH and IH with and without long-
range potential. The ellipses are due to all possible dcp values. For the cases labelled by
‘SM+LRF’, we take 0y, = 1072, The left panel is for the DUNE set-up (35 kt) and the
right panel is for the LBNO set-up (70 kt).

take oy = 10752, We generate these plots with sin” 653 = 0.5 as mentioned in Table 9.2.
The ellipses in Fig. 9.10 suggest that both the set-ups can discriminate between NH and
IH at high confidence level, irrespective of the choice of dcp, and the presence of long-
range potential with o, = 1072 does not spoil this picture. We can see from the left
panel that for the DUNE set-up, the antineutrino (neutrino) event rates get reduced for
NH (IH) with LRF as compared to the SM case. But, for CERN-Pyhésalmi baseline (see
right panel) with more matter effect, both the neutrino and antineutrino event rates get
diminished for NH and IH in the presence of long-range potential as compared to the SM
case. Now, let us make an attempt to understand this behavior. In the presence of long-
range potential, the locations of the first oscillation maxima shift towards lower energies
(see the upper panels of Fig. 9.5 and Fig. 9.7), where both the fluxes and the interaction
cross-sections are small. On the contrary, at higher energies, we see a suppression in
the probability where we have most of the neutrino fluxes and the cross-sections are also
high at these energies. These opposite bahaviors are responsible for the large depletions
in the event rates. Fig. 9.10 also portrays that the asymmetries between the neutrino and
antineutrino appearance events are largest for the combinations: (NH, dcp = —90°) and
(TH, dcp = 90°). One striking feature emerging from both the panels is that all the ellipses
get shrunk in the presence of long-range potential, reducing the differences in the number

of events due to the CP-conserving and CP-violating phases. It ultimately affects the
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CP-coverage for the leptonic CP-violation searches, where we study the choices of the
CP phase, dcp which can be distinguished from both 0° and 180° at a given confidence
level. The right panel shows that this effect is more prominent for the LBNO set-up,
severely limiting its discovery reach for CP-violation which we discuss in detail in the

results section.

9.4 Simulation Method

In this section, we give a brief description of the numerical technique and analysis pro-
cedure which we adopt to estimate the physics reach of the experimental set-ups. We
have made suitable changes in the GLoBES software [219, 220] to obtain our results. The
entire numerical analysis is performed using the full three-flavor oscillation probabilities.
Unless stated otherwise, we generate our simulated data considering the true values of the
oscillation parameters given in the third column of Table 9.2. These choices of the os-
cillation parameters are well within their 1o allowed ranges which are obtained in recent
global fit analysis [254]. In the fit, we marginalize over test sin” 6,3 and test 8cp in their
allowed ranges which are given in the fourth column of Table 9.2, without assuming any
prior on these parameters. We also marginalize over both the hierarchy choices in the fit
for all the analyses, except for the mass hierarchy discovery studies where our goal is to
exclude the wrong hierarchy in the fit. We keep 013 fixed in the fit as the Daya Bay exper-
iment is expected to achieve a relative 10 precision of ~ 3% by the end of 2017 [187],
and needless to say that the global oscillation data will severely constrain 6,3 beyond the
Daya Bay limit before these future experiments will come online. For the atmospheric
mass-squared splitting, we take the true value of Ami p=t24x 1073 eV? where posi-
tive (negative) sign is for NH (IH), and we do not marginalize over this parameter in the
fit since the projected combined data from the currently running T2K and NOVA exper-
iments will be able to improve the precision in |Ami 4| to sub-percent level for maximal
6>3 [259]. On top of the standard three-flavor oscillation parameters, we have also the
LRF parameter o, which enters into the oscillation probability. As far as the true and
test values of ¢ are concerned, we vary our choices in the range 107*to 107!, where

the lower limit'! corresponds to the cases where the oscillation probabilities almost over-

UIf the range of the long-range force is equal or larger than our distance from the galactic center, then
the collective long-range potential due to all the clectrons in the galaxy becomes significant. In such cases,
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lap with the SM cases for the set-ups that we consider in this work. We take the upper
limit of ot as 103! which covers all the existing bounds on this parameter available
from the oscillation experiments as discussed in section 9.1.2. To calculate all the physics
sensitivities of these two experiments, we have used the same Poissonian x> function as
discussed in section 5.2 with all the details given in the same section. However it should
be noted here that in that definition of 2, ' must be replaced as oty (test) and A'™¢
must be replaced by @, (true) in presence of long-range force. For both the set-ups, we
consider 7° = 5% for signal normalization error and ©t” = 5% for the background normal-
ization error in case of appearance and disappearance channels both. Now to estimate the
total x2, we add the 2 contributions coming from all the relevant channels in a given

experiment in the following way

2 2 2 2 2
Xiotal = Xvy v, +XV#—>vu + X, T Xy (9.36)

where we assume that all these channels are completely uncorrelated, all the energy bins
in a given channel are fully correlated, and the systematic errors on signal and background
are fully uncorrelated. Finally, xt%tal is marginalized in the fit over the oscillation param-
eters, both the hierarchy choices, the LRF parameter o, (as needed), and the systematic

parameters to obtain Axglin.

9.5 Results

In this section, we report our main findings. First, we present the expected constraints on
Oy from the proposed DUNE and LBNO experiments. Next, we quantify the discovery
reach for @, of these future facilities. Then, we address how the flavor-dependent LRF,
mediated by the extremely light L, — L, gauge boson can affect the CP-violation searches

and the mass hierarchy measurements at these upcoming facilities.
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Figure 9.11: Expected bounds on o, from the DUNE (35 kt) and LBNO (70 kt) ex-
periments in the scenarios when the data show no signal of LRF. Results are given for
four different choices of true values of dcp. The left panel is for CP-conserving choices:
Ocp(true) = 0° (solid lines), 180° (dashed lines). The right panel is for maximal CP-
violating choices: dcp(true) = 90° (solid lines), —90° (dashed lines). In all the cases, we
assume NH as true hierarchy.

Expt. | Ocp(true) 90% C.L. 30 Expt. | Ocp(true) 90% C.L. 30
o0 2.0x 10723(NH) | 3.0 x 107>3(NH) o 7.0x 107%(NH) | 1.1 x 107>3(NH)
2.1 x1073(H) | 3.1 x 10 3(NH) 7.8x 10 >*(IH) | 1.2 x 10 73(IH)
DUNE [ oo [2Ix 1073(NH) | 3.1 x 107°3(NH) || LBNO 1800 | 1-6% 107*(NH) | 1.2 x 107 >3(NH)
(35 kt) 2.0x 1073(IH) | 3.0x 1073H) || (70 kt) 7.0x 107>*(IH) | 1.1 x 10753(IH)
000 1.7 x 1073(NH) | 2.7 x 107>3(NH) 000 7.0x 107 >*(NH) | 1.1 x 10 3(NH)
1.8 x 1073(IH) | 2.8 x 1073(IH) 7.0x 107%*(1H) | 1.1 x 10-3(IH)
_og0 1.9 x 10723(NH) | 3.0 x 107>3(NH) 900 7.8 x 107°4(NH) | 1.2 x 1073(NH)
1.5x 107 3(IH) | 2.4 x 10 3(1H) 6.0 x 10 3*(IH) | 9.6 x 10 >*(IH)

Table 9.5: The expected bounds on a,, from the DUNE (35 kt) and LBNO (70 kt) exper-
iments if there is no signal of LRF in the data. The results are presented at 90% and 3¢
confidence levels for four different choices of true values of dcp: 0°, 180°, 90°, and —90°.

For each dcp(true) value, we show the results for both the choices of true hierarchy: NH
and IH.

9.5.1 Expected Constraints on the Effective Gauge Coupling o,

In this section, we estimate the upper bounds on @, from the proposed DUNE and LBNO
experiments if there is no signal of LRF in the data. This performance indicator corre-
sponds to the new upper limit on @, if the experiment does not see a signal of LRF in
oscillations. We simulate this situation in our analysis by generating the data at o (true)

= 0 and fitting it with some non-zero value of o,y by means of the x? technique as

these experimental sct-ups can be sensitive to even lower values of ¢y, [119].
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outlined in section 9.4. The corresponding Axéound obtained after marginalizing over os-
cillation parameters (63, dcp, and mass hierarchy) and systematic parameters in the fit,
is plotted in Fig. 9.11 as a function of o, (test), which gives a measure of the sensitivity
reach of the DUNE or LBNO set-up to the effective gauge coupling of the LRF. New
limits are given for four different choices of true values of dcp. The left panel is for CP-
conserving choices: d¢p(true) = 0° (solid lines), 180° (dashed lines). The right panel is
for maximal CP-violating choices: dcp(true) = 90° (solid lines), —90° (dashed lines). In
all the cases, we assume NH as true hierarchy. Fig. 9.11 clearly shows that the LBNO
set-up with 70 kt detector mass can place better limits on o,y as compared to the DUNE
set-up with 35 kt detector and the limits are not very sensitive to the choice of unknown
dcp(true) for both the set-ups. Table 9.5 lists the precise upper limits on @, which are
expected from these future facilities if there is no trace of LRF in the data. We present
the bounds at 90% (1.645) and 30 confidence levels'? for four different choices of true
values of dcp: 0°, 180°, 90°, and —90°. For each dcp(true) value, we give the results
for both NH and IH as true hierarchy choice. For an example, if dcp(true) = —90° and
true hierarchy is NH, then the 90% C.L. limit from the DUNE (LBNO) experiment is
Aoy < 1.9 x 10773 (7.8 x 107%), suggesting that the constraint from the LBNO exper-
iment is ~ 2.4 times better than the DUNE set-up'>. This future limit from the DUNE
(LBNO) experiment is ~ 30 (70) times better than the existing limit'* from the SK experi-
ment [116] which is also mainly sensitive to the atmospheric mass scale like long-baseline
experiments. At 30, we see the same relative improvement in the LBNO experiment in
constraining o,y compared to the DUNE set-up. Table 9.5 also suggests that the limits
are not highly dependent on the true choices of mass hierarchy. The variation in the upper
limits on o, is also not significant as we vary dcp(true) in the range -180° to 180° as can
be seen from Fig. 9.12, where we give the expected bounds at 36 and 50 confidence lev-
els from both the set-ups assuming NH as true hierarchy. Next, we discuss the discovery

reach for o, if we find a positive signal of LRF in the expected event spectra at DUNE

12To calculate this, we use the relation no = Axém. In [261], it was shown that the above relation is

valid in the frequentist method of hypothesis testing.

13We have checked that the larger detector mass (two times) in the LBNO set-up compared to the DUNE
set-up is partially responsible for this improvement in the sensitivity, but also the larger path length with
more matter effect plays an important role in this direction.

14 This limit is quite old and was derived in a two-flavor scheme assuming ;3 = 0° [116]. One needs to
revise this limit using the presently available full data set from the SK experiment in light of the non-zero
and large 0;3.
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Figure 9.12: Constraints on ¢,y as a function of true value of dcp assuming NH as true hi-
erarchy. Results are shown for DUNE (35 kt) and LBNO (70 kt) at 30 and 56 confidence
levels.

9.5.2 Discovery Reach for o,

How good are our chances of observing a positive signal for LRF and hence o, in these
proposed facilities? We answer this question in terms of the parameter indicator which
we call the “discovery reach” of the experiment for a,,. We define this performance
indicator as the expected lower limit on true values of o, above which the projected
data at DUNE or LBNO would give us a signal for LRF at a certain confidence level. To
find these limiting values, we simulate the data for various true values of ot and fit it
with a predicted event spectrum corresponding to ¢, = 0. We marginalize over 6,3, dcp,
mass hierarchy, and systematic parameters in the fit to estimate the resultant Ax%iscovery
which is plotted in Fig. 9.13 for DUNE (35 kt) and LBNO (70 kt) set-ups, considering
four different choices of true values of dcp. In the left panel, we take the CP-conserving

choices: dcp(true) = 0° (solid lines), 180° (dashed lines). In the right panel, we consider
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the maximal CP-violating choices: dcp(true) = 90° (solid lines), —90° (dashed lines). In
all the cases, we take NH as true hierarchy. The nature of the curves in Fig. 9.13 are
quite similar to the curves which are shown in Fig. 9.11, and LBNO with 70 kt detector
has better discovery reach for o, as compared to DUNE with 35 kt, like in the case
of constraints on @,y. In Table 9.6, we give the precise lower limits on true values of
Oy which can be separated from o, = 0 in the fit at 90% and 36 confidence levels.
The results are given for both the set-ups and for four different choices of true values of
Ocp: 0°, 180°, 90°, and —90°. For each &cp(true) value, we show the results for both
the choices of true hierarchy: NH and IH. If we compare the entries in Table 9.6 and
Table 9.5, then we can see that the values of the discovery reach for o are slightly
different than the constraints on o at a given confidence level and for the same choices
of true oscillation parameters. Also, we can see that the values of discovery reach are
marginally dependent on the choices of true dcp and mass hierarchy as we have seen for

the constraints in the previous section.
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Figure 9.13: Ax%iscovery showing the discovery reach for @, expected from the DUNE
(35 kt) and LBNO (70 kt) set-ups in the cases when one finds a signal of LRF in the data.
Results are given for four different choices of true values of dcp. The left panel is for
CP-conserving choices: dcp(true) = 0° (solid lines), 180° (dashed lines). The right panel
is for maximal CP-violating choices: dcp(true) = 90° (solid lines), —90° (dashed lines).
In all the cases, we assume NH as true hierarchy.
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Expt. | &cp(truc) 90% C.L. 30 Expt. | Ocp(truc) 90% C.L. 30
o 3.8 x 107°3(NH) | 6.5 x 107 3(NH) o 1.2 % 1073(NH) | 2.2 x 10-3(NH)
3.7x 10 3(H) | 7.2 x 10 53(IH) 1.4x 10 53(H) | 2.6 x 10 3(IH)
DUNE 1800 2.9x 1073(NH) | 5.0 x 107>3(NH) || LBNO 1800 9.5x 107°*%(NH) | 1.9 x 1073(NH)
(35 kt) 4.0x1073(1H) | 7.8 x 10753(H) || (70 kt) 1.4x 10733(IH) | 2.6 x 10753(IH)
900 2.0x 1073(NH) | 5.4 x 10753(NH) 900 9.0 x 107°*(NH) | 2.0 x 10-3(NH)
23 % 1073(H) | 4.4 x 10753(IH) 1.0x 1073(IH) | 2.0 x 10753(IH)
g0 | 20X 10753(NH) | 3.7 x 10 23(NH) o0 | 10X 10733(NH) | 2.0 x 10 >3(NH)
1.8 x 10753(IH) | 4.8 x 10~ 3(IH) 7.6 x 1074(IH) | 1.5x 107>3(IH)

Table 9.6: The discovery reach for a,, as expected from the DUNE (35 kt) and LBNO
(70 kt) experiments if the data show a signal of LRF. The results are presented at 90% and
30 confidence levels for four different choices of true values of dcp: 0°, 180°, 90°, and

—90°. For each dcp(true) value, we show the results for both the choices of true hierarchy:
NH and IH.
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Figure 9.14: CP-violation discovery reach as a function of true value of dcp assuming NH
as true hierarchy. In the left panel, we show the results for DUNE (35 kt) and the right
panel is for LBNO (70 kt). For the ‘SM’ case, @, = 0 in the data and also in the fit. For
each dcp(true), we also give the results generating the data with three different true values
of o, which are mentioned in the figure legends. In all these three cases, in the fit, we
marginalize over test values of o, in its allowed range. The rest of the simulation details
are exactly similar to the ‘SM’ case (see text for details).

9.5.3 How Robust are CP-violation Searches in Presence of LRF?

This section is devoted to study how the long-range potential due to L, — L, symmetry
affects the CP-violation search which is the prime goal of these future facilities. Can
we reject both the CP-conserving values of 0°, 180° at a given confidence level? The
performance indicator “discovery reach of leptonic CP-violation” addresses this question

and obviously, this measurement becomes extremely difficult for the dcp values which are
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True Hierarchy DUNE (35 kt) LBNO (70 kt)
SM [ Oy (true) = 102 || SM | ot (true) = 102
2o cL | NH (rue) || 0.67 0.62 0.71 0.56
IH (true) | 0.68 0.59 0.73 0.44
2o CL | NH (true) [[0.48 0.41 0.55 0.30
| TH (true) || 0.53 0.37 0.60 0.12

Table 9.7: Fraction of dcp(true) for which a discovery is possible for CP-violation from
DUNE (35 kt) and LBNO (70 kt) set-ups at 20 and 30 confidence levels. We show
the coverage in dcp(true) for both the choices of true hierarchy: NH and IH. For the
‘SM’ cases, we consider @,y = 0 in the data and also in the fit. We also give the results
generating the data with o, (true) = 1072 and in the fit, we marginalize over test values
of &y in its allowed range. The rest of the simulation details are exactly similar to the
‘SM’ case (see text for details).

close to 0° and 180°. In Fig. 9.14, we present the CP-violation discovery reach of DUNE
(left panel) and LBNO (right panel) as a function of true value of dcp assuming NH as
true hierarchy. In this plot, we generate our predicted event spectrum (data) considering
the true value of dcp as shown in the x-axis, along with the other true values of the
oscillation parameters given in the third column of Table 9.2. Then, we estimate the
various theoretical event spectra assuming the test dcp to be the CP-conserving values 0°
and 180°, and by varying simultaneously 6,3 in its 3¢ allowed range and both the choices
of mass hierarchy. We calculate the Ay? between each set of predicted and theoretical
event spectra using the procedure described in section 9.4. The smallest of all such Ay?
values: Axépv is plotted in Fig. 9.14 as a function of dcp(true) in the range -180° to 180°.
In both the panels, the solid red lines depict the ‘SM’ case where @, = 0 in the data and
also in the fit. For each dcp(true), we also give the results generating the data with three
different true values of @, which are mentioned in the figure legends. In all these three
cases, in the fit, we also marginalize over test values of ¢, in the range 10% to 107!
along with the other three-flavor oscillation parameters as discussed before. Fig. 9.14
clearly shows that the CP-violation discovery reach can be altered by substantial amount
as compared to the ‘SM’ case depending on the true choice of @, In case of ot (true) =
6 x 1073, we see a large suppression in the CP-violation discovery reach of DUNE (left
panel) in the range 45° < dcp(true) < 135°. We have checked that this mainly happens due
to the marginalization over 6,3 in the fit where we vary sin? 653 over a wide range (0.38 to
0.64) without imposing any prior on it. In case 0 (true) = 10732, the LBNO set-up (right

panel) suffers a large depletion in the CP-violation discovery reach which can be easily
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explained with the help of bi-events plot (Fig. 9.10) shown in section 9.3.2. In the right
panel of Fig. 9.10, we have seen a large reduction in the v and Vv event rates for CERN-
Pyhisalmi baseline with o, = 10752 and this is true for both NH and TH. The differences
in the number of events for the CP-conserving and CP-violating phases get reduced as
the ellipses in Fig. 9.10 get shrunk in the presence of LRF, severely deteriorating the
CP-violation discovery reach of LBNO as can be seen from the right panel of Fig. 9.14.
Table 9.7 also validates this result, where we compare the precise fraction of dcp(true)
for which a discovery is possible for CP-violation from LBNO (70 kt) and DUNE (35 kt)
at 20 and 30 confidence levels. For LBNO set-up with true NH and @, (true) = 10732,
the coverage in dcp(true) at 3¢ C.L. reduces to 30% from 55% as we have in the ‘SM’
case. In case of true IH, the impact of long-range potential is even more dramatic for these
future facilities. At 36 with ¢ (true) = 1072, their CP-violation reach is quite minimal:
only 12% for LBNO and 37% for DUNE while in the ‘SM’ framework, the coverage is
60% for LBNO and 53% for DUNE. Since, the sign of the long-range potential V, is
opposite for neutrino and antineutrino, it affects the neutrino and antineutrino oscillation
probabilities in different fashion. This feature introduces fake CP-asymmetry like the SM
matter effect and severely limits the CP-violation search in these long-baseline facilities
which can be clearly seen from Table 9.7. Finally, to see the complete picture, the fraction
of dcp(true) for which a discovery is possible for CP-violation is shown in Fig. 9.15
as a function of true value of o, assuming NH as true hierarchy. In each panel, we
compare the performances of DUNE (35 kt) and LBNO (70 kt) which are shown by red
and blue lines respectively. We give the results at 20 (left panel) and 3¢ (right panel)
confidence levels. In both the panels, the solid horizontal lines depict the ‘SM’ case
where @, = 0 in the data and also in the fit. For the ‘SM+LRF’ case (dashed lines),
the data is generated with the true value of o, as shown in the x-axis and in the fit, we
marginalize over test values of @, in its allowed range. The rest of the simulation details
are exactly similar to the ‘SM’ case as discussed before. For the values close to o (true)
= 10774, the event spectra in the data is almost similar to the ‘SM’ case, but since we
allow o to vary in the fit in the range 1074 to 107! along with the other three-flavor
oscillation parameters as discussed before, we see a small suppression in the fraction of
ocp(true). In both the panels, around o,y (true) = 6 x 1073, the CP-violation discovery
reach of DUNE deteriorates substantially, which we also observe in Fig. 9.14, and the

marginalization over 6,3 is mainly responsible for this as we have already discussed. Once
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Figure 9.15: Fraction of dcp(true) for which a discovery is possible for CP-violation is
plotted as a function of true value of ¢t assuming NH as true hierarchy. In each panel,
we compare the performances of DUNE (35 kt) and LBNO (70 kt) which are shown by
red and blue lines respectively. We give the results at 20 (left panel) and 3o (right panel)
confidence levels. In both the panels, the solid lines portray the ‘SM’ scenario where

= 0 in the data and also in the fit. For the ‘SM+LRF’ case (dashed lines), the data is
generated with the true value of o,y as shown in the x-axis and in the fit, we marginalize

over test values of o, in its allowed range. The rest of the simulation details are exactly
similar to the ‘SM’ case (see text for details).

Oy (true) approaches toward 1072, the coverages in dcp(true) for which CP-violation can
be observed, shrink very rapidly for both the set-ups, and ultimately around o, (true) =
2 x 10752, the coverages almost become zero. We can understand this feature from our
discussions in section 9.2.1, where we have seen that in the presence of V,,, as we increase
E, 675 quickly approaches toward 45° (see middle panel of Fig. 9.1), and the resonance
occurs at much lower energies as compared to the SM case. Finally, 6/; reaches to 90°
as we further increase E, and the v, — Vv, oscillation probabilities vanish for most of the
energies where we have significant amount of neutrino flux. It causes a huge suppression

in the event rates and as a result, the sensitivity goes to zero. Next, we turn our attention

to the mass hierarchy discovery potential of DUNE and LBNO.

9.5.4 Impact of LRF on Mass Hierarchy Measurements

The large Earth matter effects at both the DUNE and LBNO baselines enhance the separa-
tion between the oscillation spectra of NH and IH, and hence, we have large differences in

the event rates for NH and IH, leading to unprecedented sensitivity toward neutrino mass
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Figure 9.16: Discovery reach for mass hierarchy as a function of test o, assuming NH
in the data and IH in the fit. The upper (lower) panels are for DUNE (LBNO). We give
the results for four different true values of dcp in each panel. The solid horizontal lines
in each panel show the ‘SM’ case where o, = 0 in the data and also in the fit. For the
‘SM+LRF’ case (dashed lines), the data is generated with the true value of ot = 10733
(left panels), 1072 (middle panels), and 10~>! (right panels). Then, in the fit, we vary the
test values of o, while marginalizing over 6,3 and dcp. The rest of the simulation details
are exactly similar to the ‘SM’ case (see text for details). Also, note that the ranges in the
x-axis and y-axis are different in some of the panels.

hierarchy. Now, it would be quite interesting to see how robust are these measurements in
the presence of LRF? A ‘discovery’ of the mass hierarchy is a discrete measurement and
is defined as the ability to exclude any degenerate solution for the wrong (fit) hierarchy
at a given confidence level. For hierarchy sensitivity, we first assume NH to be the true
hierarchy and we choose a true value of dcp and a,,. We compute the NH event spectrum
for these assumptions and the other true values of the oscillation parameters (see the third
column of Table 9.2) and label it to be data. Then, we estimate the various theoretical
event spectra assuming IH and a test value of o, as shown in the x-axis of Fig. 9.16,
and by varying simultaneously test 6,3 in its 3¢ allowed range and test dcp in the full
allowed range (-180° to 180°). Next, we compute the Ay between each set of predicted
and theoretical event spectra using the numerical technique described in section 9.4. The

smallest of all such Ay? values: A)Q%,[H is shown in Fig. 9.16 as a function of a,(test) for
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Figure 9.17: Discovery reach for mass hierarchy as a function of test o assuming IH
in the data and NH in the fit. The upper (lower) panels are for DUNE (LBNO). We give
the results for four different true values of dcp in each panel. The solid horizontal lines
in each panel show the ‘SM’ case where o, = 0 in the data and also in the fit. For the
‘SM+LRF’ case (dashed lines), the data is generated with the true value of ot = 10733
(left panels), 1072 (middle panels), and 10~>! (right panels). Then, in the fit, we vary the
test values of o, while marginalizing over 6,3 and dcp. The rest of the simulation details
are exactly similar to the ‘SM’ case (see text for details). Also, note that the ranges in the
x-axis and y-axis are different in some of the panels.

given choices of Oy (true) and dcp(true). As mentioned above, we always assume NH
in the data and IH in the fit while generating the curves in Fig. 9.16. The upper panels
portray the performance of DUNE (35 kt), while the lower panels are for LBNO (70 kt).
In each panel, the results are given for four different choices of dcp(true) and the solid
horizontal lines depict the ‘SM’ case where @, is zero in the data and also in the fit. For
the ‘SM+LRF’ case (dashed lines), the data is generated with the true value of o as
mentioned in the top part of each panel, and in the fit, we vary the test values of o, while
marginalizing over 6,3 and dcp. The rest of the simulation details are exactly similar to
the ‘SM’ case as mentioned above. Though in Fig. 9.16, we have shown the results for
three benchmark values of o, (true) = 10733 (left panels), 10732 (middle panels), and
107> (right panels), but, we have checked that for DUNE, the mass hierarchy sensitivity

always stays above the standard expectations irrespective of dcp(true) provided the true
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value of ot <5 X 10732, There is a large suppression in the appearance event rates when
we generate the data with a true value of o around 5 x 10732, and if we further increase
the value of a,y(true), the statistical strength of the data reduces very rapidly, and the
sensitivity goes below the standard expectation. The upper right panel in Fig. 9.16 clearly
shows this behavior. In case of LBNO, the mass hierarchy discovery reach never goes
below the ‘SM’ value irrespective of dcp(true) if the true choice of oy is smaller than
1072, Once we consider the true value of Oty > 1072, the appearance event rates get re-
duced in data by considerable amount, causing a significant drop in the sensitivity which
can be clearly seen from the lower middle and right panels in Fig. 9.16. In Fig. 9.17, we
generate the data with IH and fit it with NH. We see almost similar behavior in all the

panels of Fig. 9.17 as we have noticed in Fig. 9.16.

9.6 Summary

Let us now make a brief summary of what we have studied in this chapter. First of all
we have derived approximate analytical expressions for the effective neutrino oscillation
parameters to study how they ‘run’ as functions of the neutrino energy in the presence of
both long-range and Earth matter potentials. We have also obtained a compact and simple
expression for the resonance energy, where 0,3 becomes 45° in the presence of both V¢
and V. We have observed that in the presence of V,;, as we increase the neutrino energy,
0,3 in matter quickly approaches toward 45°, and the resonance occurs at much lower
energies as compared to the SM case. Finally, 83 in matter reaches to 90° as we further
increase the energy, causing a large suppression in the appearance probability for most of
the energies where we have significant amount of neutrino flux for both the set-ups. As
a result, the event rates get reduced which can be clearly seen from the bi-events plot in

Fig. 9.10.

As the long-range potential due to gauged L. — L, symmetry can change the standard
oscillation picture of these future facilities significantly, we can expect to place strong
constraints on oy, if these experiments do not observe a signal of LRF in oscillations. For
an example, if dcp(true) is —90° and true hierarchy is NH, then the expected bound from
the DUNE (35 kt) set-up at 90% C.L. is a,y < 1.9 X 10733, The same from the LBNO
(70 kt) experiment is O,y < 7.8 X 1074, suggesting that the constraint from LBNO is 2.4
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times better than DUNE. This future limit from the DUNE (LBNO) experiment is almost
30 (70) times better than the existing bound from the SK experiment [116]. We have
noticed that these future limits on @, from DUNE and LBNO are not very sensitive to
the true choice of dcp and mass hierarchy. We have also estimated the discovery reach
for o, if we find a positive signal of LRF in the expected event spectra at DUNE and
LBNO. We have found that the spectral information on the signal and background events

is quite crucial to constrain/discover this new long-range force.

We have also studied in detail the CP-violation discovery reach of DUNE (35 kt) and
LBNO (70 kt) in the presence of LRF. We have seen that the CP-violation measurements
can be deteriorated by considerable amount as compared to the standard expectation de-
pending on the true value of ;. At 36 with o (true) = 1072 and true NH, the coverage
in dcp(true) for which a discovery is possible for CP-violation is 41% (30%) for DUNE
(LBNO) while in the standard case, the coverage is 48% for DUNE and 55% for LBNO.
In case of true IH, the impact of long-range potential is even more striking for these future
facilities. As an example, if @, (true) = 10772, their chances of establishing CP-violation
are quite minimal: only for 37% (12%) values of dcp(true), DUNE (LBNO) can reject
both the CP-conserving values 0° and 180° in the fit at 3o, while in the ‘SM’ frame-
work, DUNE (LBNO) can do so for 53% (60%) values of true ocp. As the true value of
Oy approaches toward 10792, the coverages in 8cp(true) for which CP-violation can be
observed, diminish very quickly for both the set-ups, and ultimately around @ (true) =

2 x 10732, the coverages almost become zero.

Finally, we have asked the question, how robust are mass hierarchy measurements in
these future facilities in the presence of LRF? In the standard case, due to the large Earth
matter effects at the Fermilab-Homestake and CERN-Pyhédsalmi baselines, both DUNE
and LBNO can resolve the issue of mass hierarchy at very high confidence level. Now, if
LREF exists in Nature, then for DUNE, the mass hierarchy sensitivity remains above the
standard expectations provided the true value of o, < 5 X 1072, In case of LBNO, the
mass hierarchy discovery reach does not go below the ‘SM’ value as long as the true value

of oy is smaller than 1072,
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Conclusion : Present Status and Future

Outlook

In this thesis we have mainly focused on two important areas of new physics which can
be probed or constrained in long-baseline neutrino oscillation experiments. One is the
presence of an eV-scale sterile neutrino and other one is the presence of long-range force

in Nature.

Sterile Neutrino : In the first part of the thesis we have discussed the impact of
an eV-scale sterile neutrino on the expected full data coming from the LBL experiments
like T2K, NOVA, and DUNE. As a common to all these experiments, we have presented a
detailed discussion on the behavior of the 4-flavor v, — v, and vV, — V, transition proba-
bilities, and then we have extended our discussions by representing the bi-probability and
bi-event plots for the first time in 3+1 scheme, commonly used in the 3-flavor framework.
In chapter 6, in case of T2K and NOVA (taken alone and in combination), we have accom-
plished an extensive sensitivity study in order to evaluate their discovery potential in the
presence of a sterile neutrino. We found that the performance of both the experiments in
claiming the discovery of the CP-violation induced by the standard CP-phase 6,3 = dcp,
and the neutrino mass hierarchy gets substantially deteriorated. The degree of loss of
sensitivity depends on the value of the unknown CP-phase &;4. We have also assessed
the discovery potential of total CP-violation (i.e., induced simultaneously by the two CP-
phases 93 and 8;4) and the capability of the two experiments of reconstructing the true

values of such CP-phases. In case of total CP-violation, the most important conclusion to
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make is that if we do not know the exact source of the CP-violation (induced by 8,3 or
014) then we may have chance to observe CP-violation at more than 3¢ confidence level
in case of the combined operation of T2K and NOVA. Now in case of CP reconstruction
analysis, we have found that the typical (10 level) uncertainty on the reconstructed phases

is approximately 40° for 8,3 and 50° for 4.

Similar to T2K and NOVA, in chapter 7, we have also performed a detailed study of the
physics potential of the highly sophisticated future generation experiment DUNE from
the perspective of CPV, mass hierarchy, and octant sensitivity. We have found that the
discovery potential of the neutrino mass hierarchy (MH), remains well above the 50 level
if all the three active-sterile mixing angles are relatively small (04 = 64 = 634 = 90y,
In contrast, if the third mixing angle 654 is taken at its upper limit (634 = 30%), the MH
sensitivity can drop to the 40 level. From the analysis it is clear that the spectral infor-
mation of the wide-band beam in DUNE plays a fruitful role in preserving a good MH
sensitivity even in the 3+1 scheme. We have also assessed the sensitivity to the CPV
induced both by the standard CP-phase &;3 = dcp and by the new CP-phases (014 and
034 in our parameterization). We have found that the performance of DUNE in claiming
the discovery of CPV induced by 6,3 is appreciably degraded with respect to the 3-flavor
case. In particular, the maximal sensitivity (reached around &;3 = +90°) decreases from
the 5o to the 40 level if all the three new mixing angles are small (814 = 6,4 = 034 = 90y
and can drop almost to the 36 level for 634 = 30°. The sensitivity to the CP-violation
induced by the new CP-phase 814 can reach the 3¢ level for an appreciable fraction of
its true values but never reaches the 40 level. The sensitivity to the third CP-phase 834,
which arises exclusively through matter effects, is appreciable only if 834 is large. We
have also shown that the typical 16 level uncertainty on the reconstructed CP-phases is
approximately 20° (30%) for &3 (814) in the case 634 = 0. The reconstruction of ;4 (but

not that of 8;3) appreciably degrades if 634 is large.

Now concerning to octant issue, in chapter 8, we have addressed for the first time the
impact of a light eV-scale sterile neutrino in identifying the octant of the mixing angle 63
at DUNE. We have shown that in the 3+1 scheme, the new recently identified interference
term [104] that enters the v, — V, transition probability can perfectly mimic a swap of
the 6,3 octant, even when we use the information from both the neutrino and antineutrino

channels. As a consequence, the sensitivity to the octant of 6,3 can be completely lost
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in the presence of active-sterile oscillations. It remains to be seen if other kinds of ex-
periments, in particular those using atmospheric neutrinos, can lift or at least alleviate the
degeneracy that we have found in the context of LBL experiments. Our educated guess is
that this would prove to be very difficult since obtaining a satisfying 6,3 octant sensitivity
with atmospheric neutrinos is a very hard task already in the 3-flavor framework, and in
the enlarged 3+1 scheme, the situation should naturally worsen. At the end, we just want
to emphasize the fact that the presence of light sterile neutrinos will have far-reaching
consequences on the physical effects that we are going to observe in future long-baseline
experiments such as DUNE, and we may land up with a different interpretation of the

measured event spectra.

So, we have seen that the presence of a sterile neutrino can highly affect the so-called stan-
dard 3-flavor phenomena. However there are few important points need to be addressed
here. First of all, the discovery of a sterile neutrino at the new short-baseline experiments
may be around the corner and, if realized, it may have formidable consequences on our
understanding of the microcosmos. Now in the process of discovering the sterile neutrino
at the new short-baseline experiments, we will face two challenges. First, we will have
to reassess the status of the 3-flavor parameters whose best fit values will change in the
3+1 scheme. The second, perhaps more stimulating challenge, will be that of determining
all the new parameters that govern the enlarged 3+1 scheme. According to our study, the
LBL experiments may be able to give the first indications on the new CP-phases involved
in the 3+1 scheme. Although, for establishing the existence of sterile neutrino and for the
determination of the new mixing angles we need more and more dedicated SBL experi-
ments. However we hope that the comprehensive analysis presented in this thesis would

give much deeper insight in exploring light sterile neutrinos at the long-baseline facilities.

LREF : Let us now come to the second part of the thesis. In chapter 9, we have studied
the impact of long-range force in the long-baseline neutrino oscillation experiments taking

DUNE and LBNO as a case study.

Flavor-dependent long-range leptonic forces mediated by the extremely light and neu-
tral bosons associated with gauged L, — Ly or L, — L; symmetries, constitute a minimal
extension of the SM preserving its renormalizability and can lead to interesting phe-
nomenological consequences. For an example, the electrons inside the Sun can gener-

ate a flavor-dependent long-range potential V,, /. at the Earth surface which can give
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rise to non-trivial three neutrino mixing effects in terrestrial experiments, and could in-
fluence the neutrino propagation through matter. The sign of this potential is opposite
for antineutrinos, and affects the neutrino and antineutrino oscillation probabilities in a
different fashion. This feature invokes fake CP-asymmetry like the SM matter effect
and can severely affect the leptonic CP-violation searches in long-baseline experiments.
In this thesis for the first time, we have investigated in detail the possible impacts of
these long-range flavor-diagonal neutral current interactions in the oscillations of neutri-
nos and antineutrinos in the context of future high-precision superbeam facilities, DUNE
and LBNO. The key point here is that for long-baseline neutrinos, Am? /2E ~ 2.5 x 1013
eV (assuming Am? ~2.5%x 1073 eV? and E ~ 5 GeV) which is comparable to V, even
for Qpy ~ 1072, and can influence the long-baseline experiments significantly. For the
Fermilab-Homestake (1300 km) and CERN-Pyhisalmi (2290 km) baselines, the Earth
matter potentials are also around 10~13 eV (see Table 9.1), suggesting that V¢ can also
interfere with V,,;; and Am% \/2E, having substantial impact on the oscillation probability.

We have explored these interesting possibilities in detail in this thesis.

We have asked few questions which can be studied in these LBL experiments in presence
of LRF. First is related to constraining the new physics. Whenever there is some new
physics appears on top of standard model, a simple question comes into our mind that can
we discover this new physics or can we give stringent bound on it. Second is related to
the CP-violation sensitivity in presence of LRF, and third is related to the possibility of
determining MH in presence of LRF. We have addressed all these issues systematically

and sufficiently.

To start with first we derived the very simple and compact analytical expressions of v, —
Vv, appearance and v, — Vv, survival oscillation probabilities in presence of long-range
and earth matter potentials. There we have also shown the running behavior of all the
standard oscillation parameters as a function of neutrino energy, which is quite helpful to

have better understanding about the numerical behavior of all the results.

As mentioned above, the long-range potential due to gauged L, — L, symmetry can
change the standard oscillation picture of these future facilities significantly. In that case
we have explored the possibility of constraining this new physics. We found that for
Ocp (true) = —90° and for NH true, the expected bound from the DUNE (35 kt) set-
up at 90% C.L. is @y < 1.9 x 1073, The same from the LBNO (70 kt) experiment is

Page 176 of 221



Chapter 10. Conclusion : Present Status and Future Outlook

Oteyy < 7.8 % 10734, suggesting that the constraint from LBNO is 2.4 times better than
DUNE. We have noticed that these limits are robust with respect to the true choice of dcp
and mass hierarchy. This future limit from the DUNE (LBNO) experiment is almost 30

(70) times better than the existing bound from the SK experiment [116].

We have also studied in detail the CP-violation discovery reach of DUNE (35 kt) and
LBNO (70 kt) in the presence of LRF. We have seen that the chance of CP-violation
(CPV) discovery gets substantially deteriorated as compared to the standard expectation
depending on the true value of . At 30 with o, (true) = 10732 and true NH, the CPV
coverage in Ocp(true) is 41% (30%) for DUNE (LBNO) while in SM case, the coverage is
48% for DUNE and 55% for LBNO. In case of true IH, the impact is even more striking.
For example, if ot (true) = 1072, the 30 C.L. CPV coverage in dcp(true) is 37% (12%)
for DUNE (LBNO), while in the ‘SM’ framework, DUNE (LBNO) can do so for 53%
(60%) values of true dcp. As the true value of o,y approaches toward 10732, the CPV
coverages in dcp(true) fall sharply for both the set-ups, and ultimately around o (true) =

2 x 10772, the coverages almost become zero.

Finally, we have investigated the possibility of mass hierarchy determination in presence
of LRF. In the standard case, due to the large Earth matter effects, DUNE and LBNO
both can resolve the issue of mass hierarchy at very high confidence level. However,
if LRF exists in Nature, then for DUNE, the MH sensitivity remains above the standard
expectations provided the true value of oty <5 X 1072, and for LBNO, the MH discovery

reach does not go below the ‘SM” value as long as @, (true) is smaller than 10772,

The last but not the least, it is worth to mention that here we have presented all the results
considering the L, — Ly, symmetry. But similar analysis can also be performed for the L, —
L or other kind of anomaly free leptonic symmetries which we will present elsewhere.
The important point to note here is that, even if the mass of the new gauge boson is very
light due to the long-range nature of this new force, and the value of the gauge coupling
parameter is very low, it can have significant effect on the standard neutrino oscillation
physics. As a consequence, we can either constrain or discover this new physics using
the neutrino oscillation data. Another noteworthy point to make is that this is one of such
new physics examples where the behavior for neutrinos and antineutrinos is different and
for that we do not need to invoke the scenarios like CP or CPT violation. This special

characteristic emphasizes the importance of analyzing this double behavior separately.
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We hope that our rigorous efforts would certainly help to explore this new physics in

detail in near future.
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Derivation of the Long-Range Potential

Here we give the details of the derivation of the long-range potential arises because of
the inclusion of an additional U(1) gauge symmetry in addition to the SM gauge group.
The impact of this potential in long-baseline neutrino oscillation experiments has been

discussed in chapter 9.

A.1 Introduction:

To include an additional U(1)x gauge symmetry keeping in mind the standard Model
(SM) particle content one gets these following three anomaly free symmetries with mini-

mal matter content, which includes X = L, — Ly, L, — Ly or, Ly, — L.

For the purpose of our work, here we present the details of the calculation of long-range
potential arising because of the U (I)Le,Lu symmetry, however the same approach can
be followed in case of U(1)r,—r, or U(1)r,—r, symmetries. The new renormalizable
Lagrangian after breaking of SU(3)c x SU(2)L x U(1)y xU(1)L,-r, symmetry will look
like,

L = Lsy+ Ly + Lnix (A.1)

where we have followed the notations used in [290].
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Now, the Lagrangians Zsyy, %7, and .Z,,;; can be written as

1 oY A 1 o o 1 ~ A A é . A é . n
agSM = _ZBNVB”V - ZW;LZVW”WI + EM%ZNZ” — E]#Bﬂ — E‘]{.ﬁlfawﬁ7
1 ) A% 1 ~ A ~ U . A
Yy =22 2T g2
SINY 4 uv 4 NP
Lo = — > 7" By + SM*Z! 7M. (A.2)

Where, ¢y = cos Oy, Sy = sin By and Oy is the Weinberg angle. The currents above are

defined as,

| i i I v i .
]5 = — Z [ILY”IL—I-ZIR’}’#IR} —|—§ Z [QL’}/”QL +4LIR’}/“L1R—2dRY”dR],
I=e,u,t quarks
i _  o¢ _ #Ga
W= Y ZLY'UTIL‘F Y Ouy RS
l=e,u,7 quarks
Jy = evte+ Ve PLve — it u — VY PLvy. (A.3)

Where, P, = (1 —95)/2. Qr and I are the left-handed SU (2); doublets for quark and
leptons. ug, dg, and Ig are the right handed components of up-quark, down-quark and
charged leptons. o“ are the pauli matrices. Here the electromagnetic current can be
defined as ji,, = jt{; + % jy and the weak neutral current is ji e = 2 j"f — 28% js-
From the above Lagrangian we can see that the term %M%,ZA’ ”2’ " breaks the U (DeLe-1,
symmetry which in turn is generated from a vev of Higgs sector not shown here explicitly.

The mixing of the Z — Z’ is shown in the .%},;x, where sin x can arise directly or radiatively
[291].

A.2 Derivation of Current:

The derivations of the above mentioned currents are given below. The gauge invariant

Lagrangian in SM is given by,

& = QrilPQy + il + iigid ug + drid dg + Ixid Ix, (A.4)
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where,
o’ < oA
DIJ = Hu +1g7Wﬁ +lg YBN’

9, =0u+ig'YBy. (A.5)

From spontaneous symmetry breaking we know that,

g g/\Vgr+g?  sinby

— =tan By = = ,
8 g/Vg +g* cosbw
/
A 88
8 t8
Weak current part:
q - .0 e - ,0% ..
Zy = _gQLVHTQLWM = _gQL'}’NTQLW ; (A7)
and,
- 0% e - ,0%
L= —glLy"?lLW[f = —glLy“?lLWﬁ. (A.8)
Combining Egs. (A.7) and (A.8), we can write,
gl ° 'y“ca oy, Ve = — & ey A9
v T QLY = QL+iy -l w= g, w W (A.9)

Electromagnetic part:

2 = g (Ory*Yor0r)By — &' (ILY*YirlL) By — ¢ (i y* Yurug) By
—8'(drY*Yardg)Byu — &' (IRV"*YirlR)By. (A.10)

hypercharge QL lL UR dR lR

Y +

AN
1
o=
+
WIN
1
W=
1

[SS=N

Table A.1: Hypercharge quantum numbers of quarks and leptons in the SM.
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So,

28/
L = (gEQLY”QL - _ILY#IL - _”RY““R - _dRY”dR g ERY”IR)
g { (1420 l) + 5 (Our Qo+ i~ zgRyﬂdR)] 5

_ _nggu_ (A.11)
w

Adding Egs. (A.9) and (A.11), we get,

[ € u3 € up
Lo+ L = ——Jélv Wi = 2oy B (A.12)
w
Using the transformation,
B cw —S§ A
SO e IR N R (A.13)
w3 Sw Cw Zy

e ‘” A ~ A A
— —SwZ 'wA
28w ( w ﬂ+CW /J)

Sw
é é A é é "
o ~ U3 A LU 7 A U3 N
=|—3 5 — | —Swiw +5—Cwiy |A
( Sw ZCW ) K (SW Tw ZCW Ty #

(A.14)

From above expression, it is very clear that the electromagnetic current is given by

u
. s
Jem = Jw + 5 (A.15)
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Similarly, the weak neutral current is given by,

An po)
NC _ CCW [ .u3 Sy .u) 5
.,%W = — (]W - 2A2 Jy Z,u

W
écw 3
=% (2] 2A2 ]EM+2A;V]5,>ZH
w Cw Cw
AN AD A
ecy Cyw +SW U3 Sw . ) A
=—— 2= jhe—2 Wk )7
28w ( C‘Z/V w %V EM | “u
é A
- _2§WCW (2JW B ZSWJEM) Zu: (A.16)
So,
jélVNc = (2] 2VW]EM) (A.17)
From Eq. (A.14), we see that,
+ é L 5 PN
gch +$]§1M = —mJWNcZu —CjemAp- (A.18)

A.3 Diagonalization of kinetic terms:

From Eq. (A.2), we can write down the kinetic terms as,

1 A A 1 oy A v
— BuvB" — 22"

1. . A ALV A
T4 [BuvB”V +2 2"+ 2Sin%Z'uvBﬂV]

Slan,uVBuv
= —4—1‘ {(aﬂév — yBy) (MBY = 3¥B") + (uZ'v — a7y ) (92" 9V 2")
2sing (92" =9V 2M) (duby - avéu)] .

(A.19)

Now after a straight forward calculation we can show that if we replace the fields B, and

Z’V as
év — év + Sln%zlv = Bv, (A.ZO)
7', = cosyZy =7, (A21)
X v
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We can write down the fully diagonalized kinetic terms as,

1 1

~ 5 (OuBy—3yBy) (B~ 9"BM) - (0 —av2,) (942
1 1

- ZBNVB”V - ZZ;LVZ/”V'

After the diagonalization of kinetic terms, the new gauge fields are,

AF = ey B* + sy W3,
AP 5 oy (l?” + sian’“) + S WH3,

AM = AM 4y sin g 2"
Again,

7H = —§WE”+6WW“3,
/o (B“ +sin)(2’“) + WH3,

ZH s ZH — sy sin g 2",

A.4 Diagonalization of mass terms:

From Eq. (A.2), we have the mass terms,
l A A A A n A A A A
: (V32,20 + W2, 2" 42602, 7).

In matrix form, we can write it as,

(2 7 w2 e\ [
2o 2y )| 2 .
SN W7V CR vE Vi

To diagonalize it, let us write down the fields in mass basis as,

z cosé  siné Vi

Vs —sin&  cosé& Vi

_avz’ﬂ)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)
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where, Z; and Z; are the two physical fields. So the new fields in mass basis are,

Z)' = cosEZH +sinEZ*
— cos& (Z“ —Sw sianA’”) +sin& cos g2/

—5 cosEZM + (sin & cos y — S cos & sin ) 2" (A.28)
and,

ZF = —sin&ZF 4 cos EZM
— —siné (Z“ —Sw sin%i’“) +cos & cos y 2™

— —sinEZ* + (cos & cos x + S sinE siny) 2. (A.29)
In matrix form these fields can be written as,

/s 1 cosécosy +8wsinEsiny Sy cosésiny —siné cosy z

" | cosy sin& cos& zy

Now using Eq. (A.30), we can write the Eq. (A.25) as

1 A ~ .
E{ 2 (cos & cos y + S sin & sinx)zzlqu + M2 (§ cosE siny —sin& cos;()zZz“Z§i
+2M2 (cos cos )y +Swsingsiny) (Sycosgsiny —singcosy)Z; 7*
A us2
-H\;I%/s%Zlqu -H\Al%/c%Zzng +2M%,S§C§Z|MZ§L +28M° <s€c§cx +sé§wsx) ZluZiL

+28M? (c%fwsx —sgce Cx) ZouZl +25M? (25 cedwsy +cycos28) Zi1uZ } (A31)
The diagonalization of the above equation requires,

2MZ (cos & cos y + Sw sin & sin ) (S cos € sin y — sin & cos )
+ M, sin2& +28M? (sin2& Sy sy + ¢y cos2&) =0. (A.32)
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So,
—2cosy (6M?* +MZsws
tan2é = ———— EM —Z ;‘) . (A.33)
M, — Mzc5, + MzSy, 55, +26M=8y sin
Alternatively, we can follow this procedure also. If we have a matrix like this,
a b
, (A.34)
b ¢
then, the angle for which it becomes diagonal is,
2b
tan20 = . (A.35)
c—a
Where,
~y  SM? .
b = $w tan Yy M3 . a=M>,
Swtany Z+cos% a 7
1 N N N
= o'z (MZ3w sin® x + 28w sin x SM* + M,). (A.36)
Now, the masses of the physical fields Z; and Z, are given as
271/2
a+c a—c
My 7= {b2+( 5 ) 1 : (A.37)

For the 7' to be very light, we need to consider ¥ < 1 and SM? < M%, due to which

2
M7 , becomes,

2 2 b
MZ1 :Mz, MZ2 ﬁc—a_c,
and the corresponding mixing angle becomes,
SM?
~Swx+—=5- A.38
& ~Swx V2 (A.38)

For y < 1 and M? < M% & becomes very small, as can be confirmed from Eq. (A.38).

Now we have the total Lagrangian density associated with the WH3, Eu, 7! p currents can
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be written as,

toral € .u313 € up s
L urr ——Jw Wi — CWJYBﬂ_gZ']Z’Z/H

current A
Sw

é ~ U3 é A U\ 5 ~ U3 é NI ~ Uy
—(-Le¢ T — Cr YA —gajh2
( §WLWJW +2CAWSWJY> 1 <eJW +2JY> =8zl

Au—(AyrewsingZ'y) é . u3 e . u\»s
> —A—iju + Swiy | Zu

Sw ZCAW
A3 € o 2 N A3 € TR
- (6]5, —i—Ej#) Ay — lcwsmx (e]ﬁ, +§]§> +gZ/J‘Z‘,1 7'y (A.39)

Now from Eq. (A.30), we use the following relations to calculate the Lagrangian for the

physical particles A, Z;, and Z»,

A 1 1

Z, = cosx (cos&cosy + SwsinEsiny) Z)' + cosx (SwcosEsiny —sin& cos x) 25,
(A.40)

and,
5 1
= in&Z’ 7). A4l
K™ cosy (sinéZ +cos8Z; ) (A.41)
Vey Vyyy Vr Ve, Vyy Uz
Z/
6_ 6_

> >
> >

Figure A.1: (ve, Vi, VT) — e~ long-range interaction through Z’ light mediator.
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A.S5 Current Lagrangian for A, Z,, and Z, fields:

Using Eqns. (A.40) and (A.41), we can write down the current Lagrangians for the fields
A, Z, and Z, from Eq. (A.39) as,

For A field:
Ly =—bj Ay = —e i A (A.42)
A ¢JemAp = —€JEmAp- :
For Z, field:
. 4 U3 2 .U A
ZZI - |:_§W6WCX <]W _SW-]EM> (CéCX+SWS§Sx)
1 1
— —edysingsin& ji,, — — sinéngjif} Ziy. (A43)
Cx Cx
For 7, field:
. e 3 0 .U ~
0 = [_ Swéwcy <']W _SW']EM) (C‘SSWSX _S‘:CX)
cosé u cos&
— ———g.j | Zoy. A.44
cosy ¢w Sy Jem cos)(gZ Iz } 2 ( )

From Eq. (A.42), we see that the Lagrangian density for A, field is canonical one and
that is why we write € = e. Also the other gauge coupling g is simply g in the physical
basis.

We know for, ¥ < 1 and SM? < M2, & becomes very small. Also, the physical Weinberg
2 Jt(x(le)
W= \ﬁGFM%I
of éw — cw, Sw — sw and My — M7z, which ultimately leads to the identity éw Sw My —
Cw Sw le [290].

angle can be defined as s, ¢

. This equation is also true with the replacement

Using all these approximations, Eq. (A.43) and Eq. (A.44) can be written as,

. . e .
gzl —— |:(]€}1V3 _S%/VJEM> _— +gz’§]5:| lei' (A45)
SwcCw
. e u3 . .
L7, = — [&’J? — (& —swx) swew <Jéiv _S%VJgM) +6CWXJgM} Loy (A.46)
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A.6 Derivation of the Potential:

Now to calculate the potential created by this new gauged symmetry, we have to know
the dynamiticity of the new particle (Z,) [283]. The full Lagrangian for the particle (Z,)

is given as

1 1
‘szu” = —ZZza;sZS‘ Py EM%ZZMZEX +.27,, (A.47)

where,

Lz, =~ |82J% = (E—swx) —— (/W —siitu) +ecwXjiu| Zoa. (A48

Swew

Let us now give the derivation of the static potential generated by the electrons in Sun

for the neutrinos (V,, vy, and v¢) on Earth. The potential due to the gauged symmetries

L, — Ly and L, — L is exactly same except the corresponding gauge coupling parameters

oy and o.; respectively. Considering the time-like components in Eq. (A.48), we have

ng =0, jg/ = n, (electron number density) assuming that Sun is not polarized, and we

should also note that since the particle Z’ couples directly to the electrons in the Sun, we
e

do not consider the contribution of Z — Z' mixing term (§ —sw) -5 (Jf’ — siyjgy) in

Eq. (A.48).

Now using Euler-Lagrangian equation, we solve the Lagrangian of the new parti-

cle Z,, which is followed as,

d 1

o |—-7%7

“a(avzzu){ 472 2“‘3}
2 1,

— 35 {—MZZZZ(XZEI - (gz’jz’a -

e(&—swx) (
02y, |2

% = s itu) + eCW%ng) ZZoc] =0.
SwCw

(A.49)
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Solution:

(—0*+M3,) 23 = g4 j2(3),
= (9° - M32,) 23 = g2 jo (%),

=2 = [GE-7) (~e: ) (A50)

Now we write down the Green’s function and delta function as a fourier transform of

momentum space.

(27)
o d37£ 7; v
53(x—y):/(27c)3e k), (A51)
Again,
(0> —M2,) e ™) = — (12 4 MB) e K, (A.52)

So from equation (A.50), we can write,

(9>~ M) G(F—7) = -8 (7).

e (A.53)
)

Now putting the value of G(%) in the expression of G(X — ), we get

Bh k)
o5 - | .
(X-5) (27)3 <k2+M%2>

(A.54)
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Let, (X —¥) =7. So,

. 1 2k?sin @ e %7050 49 dk
GF) = (27:)3/ 242 ’
(k +MZZ)
1 * 2 k2 si
=G = 2/ k s1n(kr)dk,
Cr) ok (104 M3,
1 oo tkr oo —ikr
= G(F) = —5— / K gk [T
87(: rt —ook +MZ2 —ook ‘i‘MZ2
=L—-bh. (A.55)

Here,

1 oo kezkr
I = dk . A.56
' 8 /_w (k+ iMz,) (k— iMz,) (A.56)

The integrand has two poles, k = £iMz,.

For I, ¢* goes to zero when k has a large positive imaginary part i.e; k = +iMz,. The

solution is,

k—iM k ikr
I, =2mi lim 3 ( l, z,) ke ; )
k—iMz, 8T>ri (k4 iMz,) (k — iMz,)
1

- _rMZZ . A.57
8nre ( )

and,

k iM k —ikr
L=-21i lim (k+ iMz,) ke™™
k——iMz, 8T2ri (k+iMz,) (k— iMz,)
1

- —rMy, . A
87‘L’re ’ (A-58)

(anti-clockwise contour) ,

So, from Eq. (A.55),

1
G(F) = . e Mz (A.59)

We have jZO, = n,. In static case outside the Sun, n,(¥) = N,83(¥), where N, is the total
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electron number in the Sun. Also for Mz, — 0,

=79 = /G ) gz i () dy,
—[¥—y|Mz
e 2
= — o /N, &FY
2 4TC|)—C»_5]»| 87 Ne (y) Yy,
1
= 'N.
Amf—0] 877
1
= g7 Ne E (A60)
So the potential for v, and v, on Earth is,
1 N
Ve.u :I:gZ/N P =+q (A.61)
We can also write the above potential as,
8 NS _ NS _
Vee = - a I,L 6”7
4w RES RE
Vo — 82N NE
aa 4r RES euRE o Kk
VTT — O.

Where, N (2 10°7) is the total number of electrons in the Sun, and Rgs (=~ 7.6 x 102°GeV~!)
is the Sun-Earth distance. We should also note that this potential changes sign for antineu-

trinos.
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