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SUMMARY
In this thesis, we looked at various new physics scenarios at long-baseline experiments. We studied sterile neutrino in the context of various long-baseline experiments.
First, we studied the capability of DUNE near detector to probe the LSND parameter
space. We simulated DUNE for 5 years in neutrino and 5 years in antineutrino mode.
We varied baseline and fiducial mass of the near detector. We found that 595 m baseline
gives the optimum sensitivity among three benchmark points 595 m, 1 km and 3 km,
chosen by us. We also found that sensitivity increases with the fiducial mass; however,
above a certain mass, the sensitivity saturates. We also studied the e↵ect of systematic
uncertainties and the e↵ect of decay pipe length on the performance, but we did not find
much e↵ect. Next, we studied the e↵ect of sterile neutrino on the standard measurement
of T2HK/ T2HKK, DUNE and their combination. We saw that when the mass hierarchy is known, the CP-violation sensitivity, in general, reduces for all cases, especially
T2HK; however, the presence of sterile state sometimes helps the sensitivity for some
combination of phases. We also studied the e↵ect of sterile neutrino on the octant and
mass hierarchy at these experiments. Again we found that sometimes mass hierarchy
(MH) and octant sensitivity increases and sometimes they decrease. For T2HK, the MH
sensitivity is increased a lot if the sterile mixing angles are chosen to be large. After
that, we investigated the expected sensitivity to the sterile phase

CP

from DUNE, T2HK

and T2HKK. We found that all these experiments can measure the sterile phase pretty
well, but T2HK has the best sensitivity and DUNE has worst sensitivity. For example, if
24

= 90 , DUNE, T2HK and T2HKK can constrain

30.10 

24

 147.9 and 26.27 

24

CP

between 23.35 

24

 180 ,

 157.62 , respectively at 2 . We also studied

the e↵ect of sterile phases on the measurement of standard CP-phase. We found that the
CP

is worsened due to the presence of sterile phase and the e↵ect is maximum for DUNE

and almost negligible for T2HK. Then, we showed the existence of a fake solution in the
⌫µ ! ⌫e appearance probability, coming from m241 . A fake solution is obtained in Pµe
at the oscillation maximum for m241 =

1
2

m231 when the true m241 is large enough such
1

that the fast oscillations due to m241 get averaged out and the condition required for this
is

13

+

24

= 0. We also show that this fake solution goes away if we add the ⌫µ ! ⌫µ

disappearance channel.
We studied source, detector and matter NSI in the context of DUNE. We studied the
expected sensitivity of DUNE to the NSI parameters. The bound does not improve much
for source-detector NSIs, but the bound improves substantially for matter NSIs (up to a
factor of about 15). We found appearances of fake solutions in the ✓23 -

CP

plane under the

assumption of both matter as well as source-detector NSIs in the data. Some correlations
between source/detector and matter NSIs are observed in the analysis.
We discussed invisible neutrino decay in the context of present and future long-baseline
experiments. First, we analysed the latest T2K and NOvA data to constrain the neutrino
decay lifetime. We found that both the experiments prefer neutrino decay slightly over
stable neutrino. The best-fit for ⌧3 /m3 = 5.05 ⇥ 10
found the lower bound on ⌧3 /m3 as ⌧3 /m3

12

s/eV for the combined fit, and we

1.50 ⇥ 10

12

s/eV at 3

level. We also

found that if we include decay in our fit, the best-fit values for sin2 ✓23 and m232 change
significantly. The best-fit (sin2 ✓23 , m232 ) obtained for the standard oscillation case from
analysis of NOvA, T2K and both experiments combined are (0.45, 2.41 ⇥ 10
(0.52, 2.56 ⇥ 10

3

eV2 ) and (0.46, 2.51 ⇥ 10

3

3

eV2 ),

eV2 ) respectively. On including decay in

the fit, the corresponding best-fit points become (0.48,2.39 ⇥ 10
2.62 ⇥ 10

3

eV2 ) for T2K and (0.48, 2.52 ⇥ 10

3

3

eV2 ) for NOvA, (0.62,

eV2 ) for NOvA and T2K combined.

Next, we studied the sensitivity of DUNE to constrain ⌧3 and we obtained expected bound
⌧3 /m3

4.50 ⇥ 10

11

s/eV at 90% confidence level for normal hierarchy (NH) using 5+5

years of DUNE simulation data. If we assume ⌧3 /m3 = 1.2 ⇥ 10
that the allowed region after 5+5 years will be 1.71 ⇥ 10
at 3

11

11

s/eV in data, we found

> ⌧3 /m3 > 9.29 ⇥ 10

12

s/eV

. We found an interesting correlation between the ✓23 and ⌧3 /m3 . We found that

the best-fit of ✓23 shifts towards a lower value in both octants and thus gives an erroneous
value of ✓23 if decay is present but not considered in the fit.

2

List of Figures

2.1

Hierarchy degeneracy for ⌫µ ! ⌫e channel at 810 km baseline. The left
panel is for neutrino and the right panel is for antineutrino. . . . . . . . .

2.2

Hierarchy degeneracy for ⌫µ ! ⌫e channel at 1300 km baseline. The left
panel is for neutrino and the right panel is for antineutrino. . . . . . . . .

2.3

46

Pµe probability at 595 m for di↵erent sterile neutrino oscilation parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.2

45

Octant degeneracy for ⌫µ ! ⌫e channel. The left panel is for neutrino and
the right panel is for antineutrino. . . . . . . . . . . . . . . . . . . . . . .

4.1

44

66

Left: 5 years of events at neutrino appearance channel for the case with
sterile neutrino at a 5t near detector kept at a baseline of 595 m. Right: 5
years of events at neutrino appearance channel for the case with no sterile
neutrino with same detector configuration. . . . . . . . . . . . . . . . . .

4.3

Left: Exclusion contours at 3 & 4

67

confidence levels for near detector

of mass 5t with di↵erent baselines. Right: Exclusion contours at 3 &
4

confidence levels for near detector at 595 m baseline with di↵erent

detector mass. We consider an exposure of 5+5 for ⌫µ + ⌫¯ µ .

3

. . . . . . .

68

4.4

Left:Exclusion contours for at 3 & 4

confidence levels for di↵erent

energy calibration errors for DUNE near detector at 595 m baseline with
5t mass. Right: Exclusion contours for 3 & and 4

confidence levels for

di↵erent signal normalisation error. We consider an exposure of 5+5 for
⌫µ + ⌫¯ µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5

68

The left (right) panel shows the result for running DUNE for 5 years in
the neutrino (antineutrino) mode. In both panels, the solid lines are the
exclusion curves for 3 C.L. and the dashed lines are the exclusion curves
for 4 C.L. The red lines are for 5 t detector and green lines are for 400 t
detectors, while the yellow shaded region is the 90% C.L. LSND allowed
region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.6

Expected sensitivity at the 3

and 4

70

C.L. for the case when there is a

sterile neutrino in the data. The black star is the value for which the data
is generated. The blue contour shows the 3 and the green contour shows
the 4 C.L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.7

71

Pµe vs P̄µe bi-probability plots for JD and KD. The first row shows the
plots for JD (295 km and E = 0.5 GeV ) and the second row shows
the plots for KD (1100 km and E = 0.66 GeV). The left column is for
lower set of sterile mixing angles and the right column is for higher set
of sterile mixing angles. The shaded regions show the variation of the
bi-probability when the sterile phases

24

and

34

are varied within [-⇡,⇡].

The solid curves describe the 3+0 case. The di↵erent colours correspond
to di↵erent combinations of mass hierarchy and octant of ✓23 .
4.8

. . . . . .

76

CP-asymmetry at JD(left) and KD(right). The bands represent the variation of

24

and

34 .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

77

4.9

MH-asymmetry as a function of
represent the variation of

24

and

13

for JD(left) and KD(right). The bands

34 .

. . . . . . . . . . . . . . . . . . . .

79

4.10 The expected CP violation sensitivity of T2HK (JD⇥2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we do not know the source
of its violation. The bands correspond to variation of

24

and

34

in the

true parameter space. The results are for true normal hierarchy. . . . . . .

80

4.11 The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we know the source of its
violation and it is due to
34

13 .

The bands correspond to variation of

24

and

in the true parameter space. The results are for true normal hierarchy. .

82

4.12 The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we know the source of its
violation and it is due to
34

24 .

The bands correspond to variation of

13

and

in the true parameter space. The results are for true normal hierarchy. .

82

4.13 The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we do not know the source
of its violation as well as the hierarchy. The bands correspond to variation
of

24

and

34

in the true parameter space. The results are for true normal

hierarchy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

83

4.14 The expected mass-hierarchy sensitivity of T2HK (JD⇥2) and T2HKK
(JD+KD). The upper panel is for true NH while the lower panel is for
true IH. The bands correspond to the variation of the sterile phases in the
true parameter space. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

85

4.15 The expected octant discovery potential of T2HK (JD⇥2) and T2HKK (JD+KD). In the
LO (HO), we consider ✓23 = 40.3o (49.7o ) as the true value. The upper panel is for
T2HK (JD⇥2) while the lower panel is for T2HKK (JD+KD). The bands correspond to

. . . . . . . . . . . . . . . . . . . . . . . . .

87

4.16 The octant discovery potential of DUNE+T2HKK(JD+KD). . . . . . . .

88

the variation of the sterile phases.

2

4.17 The

vs.

24 (test).

The black curves are for T2HK, the red curves are

for T2HKK and the blue curves are for DUNE. The top left panel is for
24 (true)=

0 , the top right panel is for

panel is for
180 .

24 (true)=

24 (true)=

90 , the bottom left

90 and the bottom right panel is for

24 (true)=

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

94

4.18 Top panels show the appearance event spectrum for DUNE (left) and
T2HK (right) for di↵erent values of
red lines are for

24

red lines are for

24

24

The green lines are for

= 0 , the blue lines are for

24

24

= 90 ,

= 90 and the dark

= 180 . The lower panels show the appearance event

rates at the oscillation maximum as a function of

24

for DUNE (left) and

T2HK (right). While the black curves give the expected number of events,
the green and yellow bands show the 1 and 3 statistical uncertainties. .
4.19 The expected 95 % C.L. contours in
C.L. is defined as
of
24

(

24

13 (true)

and

=0 (

24

2

13 (test)

vs

24 (test),

97

where 95 %

= 5.99 for 2 parameters. The stars show the value

24 (true)

taken in the data. The top left (right) panel is for

= 90 ) and the bottom left (right) panel is for

24

=

90

= 180 ). The black dotted curve is for T2HK, the red dash-dotted

curve is for T2HKK, the blue dashed curve is for DUNE, the grey solid
curve is for DUNE+T2HK and the magenta solid curve is for DUNE +
T2HKK. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

99

4.20 The expected precision on

13

for the 3+0 and 3+1 scenarios. The left

panel is for T2HK, the middle panel is for T2HKK and the right panel is
for DUNE. The blue dash-dotted curves are for the 3+0 case and the red
dashed curves are for 3+1 case in both theory and data. The curves are
24 (true)=

90 .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.21 The left panel shows the expected 95 % C.L contours in the sin2 ✓14 (test)m241 (test) plane, while the right panel shows the 95 % C.L. contours in
the sin2 ✓24 (test)- m241 (test) plane. The colour code is same as Fig. 4.19. . 102
4.22 The expected 95 % C.L contours in sin2 ✓24 (test)-sin2 ✓14 (test) plane. The
colour code is same as Fig. 4.19. . . . . . . . . . . . . . . . . . . . . . . 103
4.23 The expected 95 % C.L exclusion curves in the sin2 ✓14 (test)- m241 (test)
plane shown in the left panel and in the sin2 ✓24 (test)- m241 (test) plane
shown in the right panel. The data in these plots correspond to standard
three-generation oscillation scenario with no sterile mixing while the fit is
done in the 3+1 framework to obtain the exclusion contours. The colour
code is same as Fig. 4.19. . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.24 The expected 95 % C.L exclusion curves in the sin2 ✓14 (test)-sin2 ✓24 (test)
plane for a fixed m241 = 1.0 eV2 . The colour code is same as Fig. 4.19. . 106
4.25 Appearance probability as a function of energy for T2HK (left panels) and
DUNE (right panels). The solid curves are for the case m241 = 1.6eV2
after averaging over the fast oscillations induced by the high mass-squared
di↵erence, while the dashed curves are for the case when m241 =
The red solid and blue curves are for m221 = 7.5 ⇥ 10

3

1
2

m231 .

eV2 while the

green and black curves are for the approximate case of m221 = 0. The
fast oscillations due m241 has been averaged out by Gaussian smearing. . 110

7

4.26

2

as a function of m241 for di↵erent combinations of CP-violating phases

(left panels) and various values of m231 (right panels). Top panels are for
T2HK while bottom panels are for DUNE.

. . . . . . . . . . . . . . . . 112

4.27 The figure shows the positions of the fake solutions. The red data points
show the positions of the fake solutions in m241 as a function of m231
and the black straight line is a linear fit to red points corresponding to
m241 = (1/2) m231 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.28 Impact of disappearance channel on removing the
The blue lines show the

2

m241 fake solution.

as a function of m241 (test) for the appearance

channel only for T2HK (left panel) and DUNE (right panel). The red lines
show the corresponding

2

when both disappearance and appearance data

are taken together in the fit.
5.1

. . . . . . . . . . . . . . . . . . . . . . . . 114

Variation in the neutrino oscillation probability Pµe as a function of neutrino energy E
with some of the NSI parameters varied in their allowed range. The central dark curve
corresponds to the case of no NSIs. The values of the standard oscillation parameters
used in generating these figures are ✓12 = 33.5 , ✓13 = 8.48 , ✓23 = 42 ,
m221 = 7.50 ⇥ 10

5.2

5

eV2 and m231 = 2.45 ⇥ 10

Sensitivity of DUNE in the ✓23

CP

3

eV2 .

CP

=

90 ,

. . . . . . . . . . . . . . . 122

plane. The simulated true values of these param-

eters are 42 and 90 , respectively. The contours enclose the allowed region at 90 %
credible regions obtained by marginalizing over only the standard parameters, standard
parameters and source/detector NSI parameters, standard parameters and matter NSI parameters, and standard parameters and all NSI parameters. In the left (right) panel, the
true values of the NSI parameters are taken to be zero (non-zero).

5.3

. . . . . . . . . . 125

Precision in the standard oscillation parameters in the presence of NSIs at DUNE. The
contours shown correspond to 68 % (red), 90 % (green) and 95 % (blue) credible regions.

8

126

5.4

Correlations between matter NSI parameters and source/detector NSI parameters at DUNE.
d
The 68 % (red), 90 % (green) and 95 % (blue) credible regions are shown in the "m
⌧e "⌧e

plane in the left panel and in the "m
µe

5.5

"d⌧e plane in the right panel.

. . . . . . . . . . 130

Correlations between matter NSI parameters and source NSI parameters with current
bounds at DUNE. The 68 % (red), 90 % (green) and 95 % (blue) credible regions are
shown.

5.6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Correlations between matter NSI parameters and detector NSI parameters with current
bounds at DUNE. The 68 % (red), 90 % (green) and 95 % (blue) credible regions are
shown.

5.7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Sensitivity of DUNE in the ✓23

CP

plane with 3+3 years (blue, dashed contours) and

5+5 years (red, solid contours) of data. The simulated true values of these parameters
are 42 and 90 , respectively. The contours enclose the 90 % credible regions.

6.1

2

=

2

2
min

. . . . 133

vs ⌧3 /m3 obtained from the analysis of T2K data (red

dashed line), NOvA data (solid green line) and T2K+NOvA data (black
long dashed line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
6.2

Muon event spectra for NOvA and T2K. The left panel is for NOvA while
the right panel is for T2K. The black dots with the error-bar are actual data
points. The error bars correspond to the 1 statistical error. . . . . . . . . 142

6.3

The 95 % C.L. allowed areas obtained in the sin2 ✓23

m232 plane, from

analysis of T2K data (red lines), NOvA data (green lines) and T2K+NOvA
data (black lines). The solid lines are for standard three-generation oscillations while the dashed lines are for oscillation with decay.
6.4

. . . . . . . 142

Muon event spectra for NOvA and T2K. The left panel is for NOvA while
the right panel is for T2K. The black dots with the error-bar are actual data
points. The error bars correspond to the 1 statistical error. . . . . . . . . 143

9

6.5

The 95 % C.L. allowed areas obtained in the ⌧3 /m3

sin2 ✓23 plane, from

analysis of T2K data (black dashed line), NOvA data (blue solid line) and
T2K+NOvA data (red dashed-dotted line). . . . . . . . . . . . . . . . . . 145
6.6
6.7

2

vs sin2 ✓23 , where the

2

is marginalised over all other parameters. . . 145

The 95 % C.L. allowed areas obtained in the ⌧3 /m3

m232 plane, from

analysis of T2K data (black dashed line), NOvA data (blue solid line) and
T2K+NOvA data (red dashed-dotted line).
6.8
6.9

2

vs m232 , where the

2

. . . . . . . . . . . . . . . . 146

is marginalised over all other parameters. . . . 147

The left panel of this figure shows the expected sensitivity of DUNE to
constraining the decay parameter ⌧3 /m3 . The right panel of this figure
presents the potential of DUNE to discover a decaying ⌫3 . See text for
details.

6.10 The

2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
as a function of ⌧3 /m3 (test), showing the precision with which

⌧3 /m3 could be measured at DUNE when its true value is 1.2 ⇥ 10

11

s/eV. 151

6.11 The appearance (left panels) and disappearance (right panels) channel
neutrino probabilities as a function of neutrino energy. The di↵erent lines
are described in the legends and also in the text. The top panels show
the e↵ect of ⌫3 decay for a larger value of ⌧3 /m3 while the bottom panels
show the e↵ect for a smaller value of ⌧3 /m3 .

. . . . . . . . . . . . . . . 152

6.12 Same as in Fig. 6.11 but showing neutrino events at DUNE instead of
probabilities. The left panels show the electron appearance events, while
the right panels show the muon disappearance events. The top panels
shows the impact of a larger ⌧3 /m3 , while the bottom panels are for a
smaller ⌧3 /m3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

10

6.13

2

as a function of ✓23 (test). The left, middle and right panels are for the

cases when the data is generated at ✓23 = 42 , ✓23 = 48 and ✓23 = 49.3 ,
respectively. The dark red solid curves are for the standard case when
both data and fit are done within the three-generation framework of stable
neutrinos. The green dashed curves are for the case when the data is
generated for unstable ⌫3 with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV but it is fitted

assuming stable neutrinos. . . . . . . . . . . . . . . . . . . . . . . . . . 156
6.14 The probabilities Pµµ (blue lines) and Pµe (magenta lines), shown as a
function of ✓23 . The plots have been drawn for the DUNE baseline and
E = 2.5 GeV, taking all oscillation parameters as mentioned in subsection
III. The left and right panels are identical apart from the horizontal and
vertical lines which show the probabilities for the cases when the data is
generated at ✓23 = 42 (left panel) and ✓23 = 49.3 (right panel). The
solid curves show the probabilities for the standard case while the dashed
curves are for the case for unstable ⌫3 with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV. The

probabilities are shown for the full three-generation framework including
earth matter e↵ect. The black dot shows the point at which data is generated for the decay case, while the green dots show the points which give
the same Pµµ as the black dot, but for the standard case. The red dots
show the Pµµ for the data generated for the standard case at ✓23 = 42 (left
panel) and ✓23 = 49.3 (right panel) and the corresponding fake minima
when fitted by the standard case. . . . . . . . . . . . . . . . . . . . . . . 157

11

6.15 The plots show the expected 3 C.L. contours in the ✓23

✓13 plane for

the case when the data is simulated at ✓23 = 42 (left panel), ✓23 = 48
(middle panel), and ✓23 = 49.3 (right panel). The value of ✓13 = 8.5 in
all panels. The black stars show the data points in the plane. The dark
red solid curves show the expected 3 contour for the standard scenario
in absence of decay in data and theory. The green dashed curves show the
3 contour for the case when the data corresponds to a decaying ⌫3 with
⌧3 /m3 = 1.2 ⇥ 10

11

s/eV, which is fitted with a theory where all neutrinos

are taken as stable. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6.16 Expected octant sensitivity at DUNE. The dark red solid curve is for standard case of stable neutrinos. The green dashed curve is for the case when
⌫3 is taken as unstable with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV in the data, but in

the fit we keep it to be stable. . . . . . . . . . . . . . . . . . . . . . . . . 162
6.17 Expected CP-violation sensitivity at DUNE. The dark red solid curve is
for standard case of stable neutrinos. The green dashed curve is for the
case when ⌫3 is taken as unstable with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV in the

data, but in the fit we keep it to be stable. . . . . . . . . . . . . . . . . . . 163
6.18 Expected mass hierarchy sensitivity at DUNE. The dark red solid curve
is for standard case of stable neutrinos. The green dashed curve is for the
case when ⌫3 is taken as unstable with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV in the

data, but in the fit we keep it to be stable. The left panel is for NH true
while the right panel is for IH true.

12

. . . . . . . . . . . . . . . . . . . . 163

List of Tables

1.1

Current values of oscillation parameters assuming NH [24]. . . . . . . . .

22

4.1

The DUNE near detector specification used in this work. . . . . . . . . .

65

4.2

The 2 allowed ranges of

24 (test)

for the three experiments in the 3+1

scenario. The assumed true value of
ranges of
24 (true).

4.3

The 2

24 (test)

for

tr
24

13

is 90 . We give the allowed

= 0 , 90 , 90 , 180 . Here

tr
24

stands for

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

allowed

13 (test)

ranges for the three experiments both in 3+0

and 3+1 scenario. In both the scenarios, assumed true value of
90 while in 3+1 case, we give the allowed ranges of
0 , 90 , 90 , 180 . Here
5.1

95

tr

13 (test)

for

13

is

tr
24

=

stands for (true). . . . . . . . . . . . . . . . 101

Expected 90 % credible regions on NSI parameters from DUNE.

13

. . . . . . . . . . . 127

1

Introduction

1.1

Neutrinos: nature’s invisible

In 1896, Becquerel discovered radioactivity and soon it was found by Rutherford that
the radiation emitted by radioactive materials are made of three beams: alpha, beta and
gamma. The beta particles are basically electrons and the process in which they are
emitted is called beta decay. Here a heavy nucleus emits an electron and one of the
neutrons inside the nucleus becomes a proton; the nucleus gains atomic number by unity
with mass number fixed. Naively it seemed like a two body decay process, however, the
theory of two body decay was soon in trouble. This is because, in a two-body decay
the energy of spectrum of the daughter particle is monochromatic, whereas beta decay
spectrum has a broad distribution to understand the problem, let us assume that the initial
nucleus has a mass of M0 . In the lab frame, its momentum is zero. Suppose the final
nucleus and the electron has energies E1 and E2 and momenta p1 and p2 respectively.
From conservation of momentum, we get,
p1 + p2 = 0.

(1.1)

|p1 | = |p2 |.

(1.2)

Hence,
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From energy conservation we get,
E 1 + E 2 = M0 .

(1.3)

The energies can be expressed in terms of the momentum in the following way.
q
Ei = |pi | + m2i .

(1.4)

Where, mi is the mass of the ith particle. After solving these equations we get
M02 + M12 M22
,
2M0
M02 + M22 M12
E2 =
.
2M0

E1 =

(1.5)
(1.6)

From the above equations, it can be seen that the energies of the final particles only
depend on the masses. Therefore, the final states energies are uniquely determined in a
two body decay. To overcome this problem, In 1930, Pauli proposed a hypothesis which
is now known as the neutrino hypothesis. He proposed existence of a new particle with
zero or tiny mass which is emitted along with the electron. The new particle carries
away the extra missing momentum to conserve the total linear momentum. In order to
maintain the charge conservation, this new particle must be neutral. To conserve the
angular momentum, the new particle has spin 1/2. Thus it is a fermion. As the neutrino
is neutral, it can be either Dirac or Majorana fermion. In 1933, Fermi gave a complete
theory of beta decay involving neutrino. The neutrino was finally discovered by Clyde
Cowan and Fredrick Reines in 1953 when they were able to detect the particles coming
out of a nuclear reactor. Now it is established that there are at least three types of neutrinos
and they have tiny mass but the exact mass is yet unknown.
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1.2

Where do we get neutrinos?

There are neutrinos everywhere. After the first observation, neutrinos have been detected
from various sources. Some of them are natural sources and some are artificial.

1.2.1

Natural sources

One of the most common sources of neutrinos is the sun. Neutrinos are produced inside
the sun as a result of the thermo-nuclear fusion processes in the core of the sun where
hydrogen is converted into helium in the following process:
4p ! ↵ + 2e+ + 2⌫e +

(1.7)

This process occurs through the pp chain and CNO cycle in the solar core. The energy
released in this process is 26 MeV. However, most of the energy is carried away by the
photons and neutrinos carry only a small fraction of it. About 2 ⇥ 1038 solar neutrinos are
emitted per second and at the surface of the earth the flux is ⇠ 6 ⇥ 1010 cm 2 s
energy range E 0.42 MeV and ⇠ 5 ⇥ 106 cm 2 s

1

1

in the

between 0.8 MeV and 15 MeV.

Another large source of neutrinos are the atmospheric neutrinos. The atmospheric
neutrinos were first discovered in the Kolar Gold Field mines [1] in India and at a gold
mine in South-Africa [2] in the similar time. Atmospheric neutrinos are generated from
the interactions of high energy cosmic rays with atomic nuclei in the upper atmosphere.
From these interactions, pions and kaons are created. These pions and kaons being unstable produce neutrinos from their decay in the following series of processes:
⇡± (K ± ) ! µ± + ⌫µ (¯⌫µ ),
µ± ! e± + ⌫e (¯⌫e ) + ⌫¯ µ (⌫µ ).
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(1.8)

The above processes show that during the production of atmospheric neutrinos, the expected number of ⌫µ is almost twice the number of ⌫e . Atmospheric neutrinos span a wide
range of energy from few MeV to hundreds of GeV. The typical number of atmospheric
neutrinos at the surface of the earth is ⇠ 10

1

cm 2 s 1 .

There are other natural sources of neutrinos like the supernovae neutrinos, the ultra
high energy neutrino of cosmic origin, etc. Neutrinos are emitted from supernovae explosion during the end of a star. Almost 99% of the explosion energy is carried out by the
neutrinos having energies between 10-30 MeV. In 1987, 19 neutrinos were observed from
supernova SN1987A [3], which exploded in the Large-Magellanic-Cloud. There are also
ultra-high energy neutrinos of energies in the range of TeV to peV, which have been observed in IceCUBE [4]. There is also the cosmic neutrino background which was created
after the big bang, but they are yet to be detected.

1.2.2

Artificial sources

Apart from the natural sources, there are also many man made sources of neutrinos. ⌫¯ e
are emitted in nuclear reactors. These reactor antineutrinos have energies starting from
1.8 MeV to about 8 MeV. About 7.7 ⇥ 1020 neutrinos are generated per second in a 3 GW
reactor.
Neutrinos can also be generated in high energy particle accelerators. In these experiments, a high energy proton beam is bombarded into a fixed target. Charged pions are
created from the collision of the protons. Then the charged pions are decayed producing
neutrinos. The decay of the pions can be either at rest, or they can decay during its flight.
In the decay at rest (DAR) method, the ⇡ are absorbed and the ⇡+ are brought into rest
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and are allowed to decay via the following decay chain:

⇡+ ! µ+ + ⌫µ
µ+ ! e+ + ⌫e + ⌫¯ µ .
In this type of experiment, the ⌫¯ µ can have maximum energy of 52.8 MeV. The main aim
of these experiments is to observe oscillation in the clean channel of ⌫¯ µ ! ⌫¯ e . In the
decay in flight experiments, the charged pions are allowed to decay in a long decay pipe.
The resulting muons are absorbed before they are decayed. In this way, these experiments
can achieve a ⌫µ or ⌫¯ µ beam depending on the polarity of the charged pion, which is
determined by a magnet. These accelerators can give neutrinos from few 10s of MeV to
few GeV neutrinos. In this thesis, we have only considered decay in flight experiments,
which are also called conventional beam experiments. We will introduce long-baseline
experiments later in this chapter and discuss accelerator based long-baseline in details in
chapter 3.

1.3

Neutrino oscillation, a signature of physics beyond
the standard model

In the standard model of particle physics, neutrinos are massless. All standard model
fermions get mass from the Higgs-Mechanism and this mass-generation requires both left
and right handed fermions. In the SM, there are no right-handed neutrinos as neutrinos.
Therefore, it is not possible to generate neutrino mass without extension of the standard
model. However, observation of solar and atmospheric neutrinos established that neutrinos have tiny mass.
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1.3.1

Solar neutrino problem

Solar neutrino flux was calculated in the standard solar model (SSM) [5,6]. In this model,
all the neutrinos coming from the sun are ⌫e . Ray Davis and his collaborators tried to test
the SSM using chlorine (37Cl) [7]. They were able to count the number of ⌫e interactions
over a period of time. They observed only about one-third of the solar neutrino flux
prediceted by the SSM. This deficit defines "the solar neutrino problem". Many proposals
were put forward, including some where it was assumed that SSM is wrong [8–10]. The
idea of neutrino oscillation was also proposed to address the problem. Kamiokande [11]
was a water Cherenkov detector which could observe electron-neutrino scattering in realtime. They confirmed the deficit and also confirmed that the neutrinos were coming from
the sun. Then there were the Ga based experiments SAGE [12] and GALLEX [13]. These
were able to detect the lower energy pp neutrinos due to their lower threshold. They also
observed the discrepancy. An upgraded version of Kamiokande experiment called SuperKamiokande [14] provided more evidence with more statistics. Both chlorine and gallium
based experiments could only see the charged-current (CC) interactions while the water
based experiments were able to see charged current as well as the neutral current (NC)
interactions together. Finally, the heavy water based experiment SNO (Sudbury neutrino
observatory) [15, 16], was able to measure the solar neutrino flux via both CC and NC
interactions independently. The CC interactions gave the ⌫e flux while the NC interactions
gave the total neutrino flux coming from the sun. They found the NC flux which is sum of
all flavours consistent with the SSM, however, the CC events were about 1/3 of the total
NC events. This showed that neutrinos indeed change their flavour while coming to the
earth.
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1.3.2

Atmospheric neutrinos

We mentioned above that during the production of atmospheric neutrinos, the expected
number of ⌫µ is almost twice the number of ⌫e . However, water Cherenkov detectors
like Kamiokande [17], IMB [18, 19] and iron-calorimeter experiment like SUDAN2 [20]
found this to be di↵erent. In order to reduce the flux uncertainties of the atmospheric
neutrinos, they reported the following double ratio:
R=

(Nµ /Ne )obs
(Nµ /Ne ) MC

(1.9)

The above experiments found the value of R to be significantly less than unity. This
discrepancy is called the "atmospheric neutrino anomaly". This could be explained using
neutrino oscillation of type ⌫µ ! ⌫e or ⌫µ ! ⌫⌧ or both. Finally, SK measured the
zenith angle dependence of the atmospheric neutrino flux [21]. They found ⌫e flux to be
consistent with the atmospheric neutrino flux prediction but, they found the upward going
⌫µ flux to be less than the predicted flux whereas the downward going ⌫µ flux was found
to be consistent with the flux prediction. The deficit of the upward going ⌫µ could be
explained by the oscillation of neutrinos. This unambiguously showed the existence of
neutrino oscillation.

1.3.3

Flavour oscillation of neutrinos

Neutrino oscillation is direct consequence of neutrino mass. The theory of neutrino oscillation was first given by Bruno Pontecorvo [22]. In neutrino oscillation, neutrinos are
created in a certain flavour and later they can be measured in a di↵erent flavour. This
is because of neutrino masses and mixing which means the mass-eigenstates and the
flavour-eigenstates are not same. If mass eigenstates are given by ⌫i and ⌫↵ represents
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Parameter
✓12 /
✓13 /
✓23 /
CP /
m221
10 5 eV 2
m231
10 3 eV 2

bfp ±1
33.82+0.78
0.76
8.60+0.13
0.13
48.6+1.0
1.4
221+39
28
7.39+0.21
0.20
+2.528+0.029
0.031

3 range
31.61 ! 36.27
8.22 ! 8.98
41.1 ! 51.3
144 ! 357
6.79! 8.01

+2.436 ! +2.618

Table 1.1: Current values of oscillation parameters assuming NH [24].

the flavour-eigenstates, then these two bases are related by
| ⌫↵ i = U↵i | ⌫i i,

(1.10)

where, i = 1, 2, 3, ↵ = e, µ, ⌧ and U is a unitary matrix called Pontecorvo-Maki-NakagawaSakata (PMNS) matrix [23]. The probability that a neutrino created in a state ⌫↵ transforms to a state ⌫ is given by
P↵ = |h⌫ |⌫↵ (t)i|2 .

(1.11)

We will derive the oscillation probability in chapter 2. We will see that the neutrino
oscillation probability depends on the mass-squared di↵erences defined by m2i j ⌘ m2i m2j
and the mixing angles.
The standard three generation oscillation is described by three mixing angles (✓12 , ✓13 , ✓23 ),
two mass-squared di↵erences ( m221 , m231 ) and one CP-violating phase (

CP ).

values of these parameters are given in Table. 1.1. We see that ✓12 , ✓13 and

Current
m221 are

known with high precision. Although the value of | m231 | is known with high precision,
but we don’t know its sign. If it is positive, it is called normal hierarchy, whereas, if it is
negative, it is inverted hierarchy.

CP

is not known. The octant of ✓23 is also unknown,

i.e., we don’t if it is less than ⇡/4 or greater.
Neutrino oscillation data not only establishes neutrino mass but also say that the neutrino mixing is very di↵erent from the quark mixing. While neutrino mixing angles are
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large, the quark mixing angles are very small. Moreover, the data show that the neutrino
masses are unnaturally small and they are less hierarchical than quark masses. All of
these hint at some non-trivial physics beyond the standard model.

1.4

Long-baseline experiments, a probe to study neutrino
oscillation

Long-baseline experiments have baseline typically more than hundreds of kilometres. In
this thesis, we will only consider accelerator based long-baseline experiments. In these
experiments, a neutrino beam is produced and sent to the far site of the experiment where
they are detected in a detector. There are also one or more near detectors which are put
near the source to measure the flux precisely. These experiments have energies in the
range of few hundred MeVs to few GeVs. The baseline is chosen such that L/E ⇠ 103
km/GeV. Thus these experiments are sensitive to the oscillation driven by both m231 and
m221 . As a result, the experiments become sensitive to the CP-violation phase. These
experiments have matter e↵ects due to the long baseline. Therefore these experiments
can probe the sign of m231 .
Long baseline experiments like T2K [25], NOvA [26] are currently running and there
are many proposed experiments planned in the near future like DUNE [27], T2HK/T2HKK
[28, 29], ESS⌫B [30], P2O [31], etc. This work is based on the currently running experiments NOvA & T2K and future experiments DUNE & T2HK/T2HKK. We will discuss
long-baseline experiments in great detail in chapter 3.
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1.5

Possibility of new physics at long-baseline experiments

In addition to the CP-sensitivity, mass-hierarchy sensitivity and precision measurement
of the oscillation parameters, long-baseline experiments can be used to search for new
physics that a↵ects the oscillation probability at the long-baseline experiments. There
are some observations which hint at new physics beyond the standard oscillation framework. The solar experiments prefer the value of

m221 around 5 ⇥ 10

KamLAND reactor experiment prefers value of m221 around 7.5⇥10

5

5

eV2 whereas,

eV2 . There seems

to be an inconsistency between NOvA and T2K initial result. There is also the so-called
"LSND anomaly". LSND [32] at LosAlamos reported 3.8

excess of positron events

at short baseline experiments. These results could be best explained in terms of neutrino oscillations driven by a new mass-squared di↵erence of

m2 ⇠ 1 eV2 . While,

experiments like MiniBooNE appearance experiment [33, 33, 34], reactor [35–37] and
Gallium [38–41] anomaly supports the LSND result; KARMEN [42], CDHS [43], NOMAD [44], atmospheric experiments like SK IceCUBE [45] and MiniBooNE disappearance [46] disfavours the LSND claim. This is known as the LSND anomaly and it is still
far from settled. LSND results could be explained by additional neutrino states. These
extra states must be sterile because the number of active neutrino state has been precisely
measured as 3 by LEP [47].
Presence of these anomalies motivates for new physics a↵ecting neutrino oscillation.
Sterile neutrino is one such idea. There are other ideas like invisible neutrino decay,
non-standard interactions (NSI) etc. These new physics can lead to the modification of
the oscillation probability at the long-baseline experiments. In this thesis, we studied
these new ideas in the context of the present (NOvA, T2K) as well as future (DUNE,
T2HK/T2HKK) long-baseline experiments. We performed our analysis in two ways. On
the one hand, we studied the sensitivity to new physics at the experiments and on the
other hand, we looked at the e↵ect of new physics on the standard measurements at these
experiments.
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1.6

Thesis overview

The thesis is organised in the following way. In chapter 2, we discuss physics of neutrino
oscillation in detail. We derive the oscillation probability in vacuum and in the presence
of matter. Then we discuss various degeneracies present in the oscillation probability.
Finally, we sketch the current situation of the various oscillation parameters. In chapter 3, we discuss the long-baseline experiments. We discuss a general description of the
long-baseline experiments followed by an overview of the experiments on which we have
worked. Chapter 4 is dedicated to the sterile neutrino searches at long-baseline experiments. First, we discuss the sensitivity to the sterile neutrino at DUNE near detector.
Then, we give the results of our study, which shows the e↵ect of sterile neutrino on the
standard measurement at T2HK/T2HKK and their combination with DUNE. Next, we
present the sensitivity of DUNE and T2HK to the measurement of sterile phase

CP

and

the last part of chapter 4 shows the presence of a new degeneracy at sterile neutrino sector
for the ⌫e appearance channel. In chapter 5, we discuss NSI at DUNE. Here we considered
source, detector and matter NSI together in our analysis. Chapter 6 discusses the invisible
neutrino decay at long-baseline experiments. This chapter has two parts. The first part
consist of discussion of invisible neutrino decay in the context of current data from NOvA
and T2K and the second part discusses the future possibility of invisible neutrino decay
at DUNE. Finally, we conclude in chapter 7 with future prospects.
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2

Standard Neutrino Oscillation

In this chapter, we discuss various aspects of neutrino oscillation phenomena. Neutrino
oscillation describes the flavour transition of neutrinos from one to another. We mentioned
in the introduction that the neutrino oscillation depends on mass-squared di↵erences of
the neutrinos, the mixing angles, the ratio L/E and density of the matter it propagates
through. In this chapter, we derive the expression of probabilities in various cases to
understand various features of neutrino oscillations, which are relevant for long-baseline
experiments. We will also show existence of degeneracies that are important for longbaseline experiments.

2.1

Neutrino oscillation in vacuum

In this section, we discuss neutrino oscillations in vacuum. In vacuum, neutrino oscillation probability can be exactly derived for an arbitrary number of generations. However,
for matter, the exact probability can only be derived for two generations. Below, we first
derive the probability expression for two generations, followed by a general derivation
valid for arbitrary number of generations. The two-generation discussion will give a general idea of the neutrino oscillation phenomena and it can be used in many realistic cases
as a good approximation.
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2.1.1

Neutrino oscillation in vacuum: 2 generations

Let ⌫e and ⌫µ be the two neutrino flavour states, and ⌫1 and ⌫2 be the two mass-eigenstates.
In general, the bases are not the same. In that case, they are related to each other by a
unitary matrix U
| ⌫↵ i = U↵i | ⌫i i,

(2.1)

where, ↵ = e, µ, i = 1, 2 and U is a 2⇥2 unitary matrix which can be parametrized by
angle ✓ in the following way:
0
1
BBB cos ✓ sin ✓ CCC
B
CCC
U = BBBBB
C.
@ sin ✓ cos ✓CCA

(2.2)

The mass-eigenstates are eigenstates of the free Hamiltonian in vacuum, therefore time
evolution of flavour state ⌫e in vacuum is given by
| ⌫e (t)i = e

iE1 t

cos ✓ | ⌫1 i + e

iE2 t

sin ✓ | ⌫2 i

(2.3)

iE2 t

cos ✓ | ⌫2 i.

(2.4)

and for ⌫µ , this will be
| ⌫µ (t)i = e

iE1 t

sin ✓ | ⌫1 i + e

Here, E1 and E2 are energies of the neutrinos in the mass eigenstates ⌫1 and ⌫2 with masses
m1 and m2 , respectively, given by
Ei2 = p2 + m2i .

(2.5)

If m is very small compared to the energy, i.e., in the ultra-relativistic limit, the energy
can be approximated as
Ei ' p +
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m2i
2p

(2.6)

Here we have assumed all massive states to have same momentum. In this approximation,
we can write the probability of ⌫e to be in ⌫e as
Pee =| h⌫e | ⌫e (t)i |2
=1

sin2 2✓ sin2 [(E2

(2.7)

E1 )t/2].

In the relativistic limit, p ⇡ E and L ⇡ t. Therefore,
Pee = 1

where,
ij

m2i j = m2i
m2i j L

= 1.27

E

2

sin 2✓ sin

m2j . We define

ij

=

2

m2i j L
4E

!
m221 L
,
4E

(2.8)

. If we take L in km and E in GeV,

. For two generation, the probability Peµ , .i.e. the transition from ⌫e to ⌫µ

is given by,
Peµ = 1

Pee

= sin2 2✓ sin2

!
m221 L
4E

(2.9)
.

From, Eq. (2.7) and Eq. (2.9), it can be seen that the oscillatory behaviour comes from the
term sin2

i j.

It can be seen that if neutrino mass vanishes,

ij

vanishes and oscillations

goes away. Another thing to notice is that oscillation probabilities do not depend on the
octant, i.e. ✓ ! ⇡/2

✓ leaves the probability invariant. The probability also is invariant

under the transformation m221 !

m221 Therefore, two generation vacuum oscillation

can not distinguish if, m1 < m2 or m1 > m2 and octant of ✓. Neutrino oscillation also depends on L/E. If L/E is small, then the oscillatory phase

21

! 0 and the oscillation does

not occur but if L/E is large enough, there will be large number of oscillations between
the source and detector and the e↵ect of oscillation will be averaged out. Therefore, L/E
plays a very important role in the oscillation experiments and the value of L/E determines
the relevant m2 for an experiment. Neutrino oscillation also vanishes if the mixing angle
is zero.
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Next, we give a di↵erent approach of derivation of the oscillation probability in vacuum for two generations. The time dependent schrödinger equation in the mass basis is
given by
i

@⌫m
= H⌫m ,
@t

(2.10)

where, H is the Hamiltonian in the mass basis, and ⌫m is in neutrino mass-basis. For two
generations, the Hamiltonian is given by
0
1
BBBE
CCC
0
BBB 1
CCC
H = BBB
C.
@ 0 E CCA
2

(2.11)

Using plane-wave and ultra-relativistic approximations, one gets
0
1
BBBm2 0 CCC
1 BBB 1
CCC
H = p+
BBB
C.
2p @ 0 m2 CCA
2

(2.12)

One can transform the Eq. (2.10) into flavour basis by using Eq. (2.1) as
i

@⌫ f
= H̃⌫ f ,
@t

(2.13)

where, H̃ is the Hamiltonian in the flavour basis given by H̃ = UHU † . Now, we can
subtract a constant term proportional to identity from the Hamiltonian, since this will be
!
m21
like a overall phase which does not a↵ect the total probability. Thus subtracting E + 2E I
from the Hamiltonian we get,

0 1
0
BBB ⌫ CCC
BBB0
@ BBB e CCC
B
i BBB CCC = U BBBBB
@t @⌫ A
@0
µ

Using Eq. (2.2) we can write

1 0 1
0 CCCCC † BBBBB ⌫e CCCCC
CC U BBB CCC .
CA B@ CA
m221 C
⌫µ
2E

0 1 0
10 1
m221 C
BBB ⌫ CCC BBB sin2 ✓ m221
CC BBBB ⌫e CCCC
sin
✓
cos
✓
@ BBB e CCC BBB
2E
2E C
CCC BBB CCC ,
i BBB CCC = BBB
CCA BB@ CCA
2
2
m
m
@t @⌫ A @sin ✓ cos ✓ 21
2
21
cos
✓
⌫µ
µ
2E
2E
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(2.14)

(2.15)

or,

!
0
0 1 BB
m2
B
BBB ⌫ CCC BB 1 cos 2✓ 4E21
B
@ B eC B
i BBBBB CCCCC = BBBB
@t @⌫ A BBB
m2
@ sin 2✓ 4E21
µ

1
CCC 0 1
sin 2✓
CCC BBB ⌫ CCC
CCC BBB e CCC
!
CC BBB CCC .
2
m21 C
@ A
1 + cos 2✓ 4E CCA ⌫µ
m221
4E

(2.16)

One can again subtract a constant term m221 /4E proportional to the identity from Eq. (2.16)
and get two coupled di↵erential equations
m221
m221
@⌫e
i
=
cos 2✓
⌫e + sin 2✓
⌫µ ,
@t
4E
4E
m221
m221
@⌫µ
i
= sin 2✓
⌫e + cos 2✓
⌫µ .
@t
4E
4E

(2.17)
(2.18)

The above coupled di↵erential equation can be exactly solved and the general solution is
given by,
i!t

⌫e (t) = Ae
⌫µ (t) = Ce
where, ! =

i!t

+ Bei!t

(2.19)

+ Dei!t ,

(2.20)

m221 /4E. If the initial neutrino flavour is ⌫e , the initial conditions for the

solution become,
⌫e (0) = 1,

⌫µ (0) = 0.

(2.21)

And we obtain,
A = sin2 ✓,

B = cos2 ✓,

C = sin ✓ cos ✓,

D=

sin ✓ cos ✓.

(2.22)

Thus, the probability of oscillation between ⌫e ! ⌫µ becomes
2

2

Peµ =| ⌫µ (t) | = sin 2✓ sin
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2

m221 L
4E

!

(2.23)

and the probability of the neutrino being in flavour state ⌫e becomes
Pee = 1

2.1.2

2

Peµ = 1

2

sin 2✓ sin

!
m221 L
.
4E

(2.24)

Neutrino oscillation in vacuum: N generations

Now we discuss the exact neutrino oscillation probability in vacuum assuming N generations of neutrino states. The time dependent Schrödinger equation in the mass basis is
given by
i

@⌫m
= H | ⌫m i.
@t

(2.25)

In mass basis, the Hamiltonian is diagonal and has eigenvalues E1 & E2 . Therefore, the
time evolution of the mass-eigenstates is given by
| ⌫i (t)i = e

iEi t

(2.26)

| ⌫i i.

The mass-basis and the flavour-basis are related by the unitary matrix U as ⌫ f = U⌫m .
For N generation, an N ⇥ N unitary matrix can be parametrized by N 2 number of real
independent parameters. Among these,

N(N 1)
2

are mixing angles and

N(N+1)
2

are phases. If

neutrinos are of Dirac type, (2N 1) of these phases can be absorbed among the 2N number of leptonic fields in the Lagrangian by global phase rotations of the fields. Therefore,
there are in total (N

1)(N

2)/2 phases. However, if the neutrinos are Majorana, the

Majorana mass term is not invariant under the global U(1) transformations and there will
be additional N

1 phases. But these extra phases, which are called Majorana phases, are

not present in neutrino oscillation probabilities.
Time evolution of the flavour states is given by
| ⌫↵ (t)i =

N
X

U↵i e

i=1
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iEi t

| ⌫i i,

(2.27)

where, i = 1, N and ↵ represents N number of flavour eigenstates. Now, the oscillation
probability ⌫↵ ! ⌫ is given by
= | h⌫ | ⌫↵ (t)i |2
2
X
⇤
iEi t
=
U↵i U i e

P↵

(2.28)
(2.29)

i=1

=

XX⇣

iEi t

U↵i U ⇤i e

i=1 j=1

=

X
i= j

=

X
i= j

Now,

X

X

|U↵i |2 |U i |2 +
2

⌘⇣
⌘
U↵⇤ j U j eiE j t

U↵i U j U ⇤i U↵⇤ j e

i, j

2

|U↵i | |U i | + 2Re

2

U↵i U ⇤i =

i

X
i

Xh

(2.30)
i(Ei E j )t

U↵i U j U ⇤i U↵⇤ j e

i(Ei E j )t

i> j

|U↵i |2 |U i |2 +

X

(2.31)
i

(2.32)

.

U↵i U j U↵⇤ j U ⇤i .

(2.33)

i, j

Therefore, the probability becomes,
P↵ =

X

2

U↵i U ⇤i

i

+Re

2Re

X

X

U↵i U j U↵⇤ j U ⇤i

(2.34)

i> j

U↵i U j U↵⇤ j U ⇤i e

i(Ei E j )t

(2.35)

.

i> j

Using the unitarity of the matrix U,
X

U↵i U ⇤i =

↵

(2.36)

,

i

we get,
P↵ =

↵

2

X

Re(U↵i U j U↵⇤ j U ⇤i )

2

i> j

X
i> j

+2

X
i> j
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⇣
Re(U↵i U j U↵⇤ j U ⇤i ) cos (Ei
⇣
Im(U↵i U j U↵⇤ j U ⇤i ) sin (Ei

⌘
E j )t (2.37)
E j )t

⌘

Finally, we obtain the expression for the probability in vacuum for N generation as
P↵ =

↵

4

X

Re(U↵i U

2
⇤
⇤
j U ↵ j U i ) sin

Im(U↵i U

⇤
⇤
j U ↵ j U i ) sin

i> j

+2

X
i> j

m2i j L
4E
m2i j L
2E

!

!

(2.38)

.

And the probability for antineutrinos is given by
P↵ =

↵

4

X

Re(U↵i U

2
⇤
⇤
j U ↵ j U i ) sin

Im(U↵i U

⇤
⇤
j U ↵ j U i ) sin

i> j

2

X
i> j

m2i j L
4E
m2i j L
2E

!

!

(2.39)

.

Form Eq. (2.38) and Eq. (2.39) we see that the probabilities for neutrinos and antineutrinos
are not same and
P⌫↵

P⌫↵¯

=4

X

Im(U↵i U

⇤
⇤
j U ↵ j U i ) sin

i< j

m2i j L
2E

!

(2.40)

.

This di↵erence shows that neutrinos and antineutrinos oscillate di↵erently if the imaginary term is non-zero, and it gives the measure of CP-violation in neutrino oscillation.
For three generations, the mixing matrix can be parametrized in the following way
0
BBB
c12 c13
BBB
BBB
U = BBBB s12 c23 c12 s23 s13 ei CP
BBB
BB@
s12 s23 c12 c23 s13 ei CP

s12 c13
c12 c23
c12 s23

s13 e

s12 s23 s13 ei CP
s12 c23 s13 ei CP

CP

s23 c13
c23 c13

1
CCC
CCC
CCC
CCC .
CCC
CCC
A

(2.41)

Here, ci j = cos ✓i j and si j = sin ✓i j . This is called the PMNS matrix. For the three neutrino
case, the imaginary parts in Eq. (2.38) and Eq. (2.39), is given by
Im(U↵i U j U↵⇤ j U ⇤i ) = s↵,
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;k j J,

(2.42)

where, the coefficients s↵,

;k j

= ±1 are antisymmetric in ↵, and in k, j. J is a constant

which is called the Jarlskog invariant and it is given by
J = 1/8 sin 2✓12 sin 2✓23 cos ✓13 sin 2✓13 sin

CP .

(2.43)

From Eq. (2.43), we can see that the CP violation is directly proportional to sin

CP .

Moreover, if any of the mixing angles is zero, CP violation can not be probed and it can
be shown that in this case, by choosing appropriate permutations of the rows and column
of the mixing matrix, one can make the phase disappear.

2.2

Neutrino oscillation in matter

Neutrino propagation inside matter is modified due to the interactions of neutrinos with
the electrons and nucleons present in matter. The neutrino evolution is a↵ected as the
neutrinos encounter an e↵ective potential in the matter created due to the coherent forward elastic charged and neutral current scatterings between the neutrinos and electrons,
protons and neutrons inside the medium.

2.2.1

E↵ective potential in matter

Among the three neutrino flavours, only ⌫e interacts with the matter via charged current
interactions with the electrons and these interactions in the low energy limit is given by
GF h µ
LCC
e f f = p ē (1
2

5 )⌫e

ih
⌫¯ e µ (1

i

(2.44)

i

(2.45)

5 )e

Using the Fierz transformation we get
GF h µ
LCC
e f f = p ē (1
2

5 )e
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ih
⌫¯ e µ (1

5 )⌫e

The e↵ective Hamiltonian for the charged current interactions is obtained by averaging
over all electrons present in the background and it is given by
GF
µ
H̄eCC
f f = p hē (1
2

5 )ei

h

⌫¯ e µ (1

In the non-relativistic limit, it can be shown that hē

µ 5 ei,

5 )⌫e

i
.

(2.46)

hē i ei and hē 0 ei give aver-

age spin, velocity and density of the electrons in the medium. Now, in a static medium,
the average spin of the electrons is zero and the average velocity of the electrons vanishes. Therefore, the only term which survives is due to density and hence the e↵ective
Hamiltonian due to the charged current interaction becomes
H̄eCC
ff =

p

2G F Ne ⌫¯ eL 0 ⌫eL

= VCC ⌫¯ eL 0 ⌫eL ,

(2.47)
(2.48)

where, Ne is the electron density and VCC is the e↵ective charged current potential. For
antineutrinos, VCC has opposite sign. Neutral current interactions are the same for all
three flavours and it can be given by
H̄eNC
¯ ↵L 0 ⌫↵L .
f f = VNC ⌫

(2.49)

Therefore, the modified Schrödinger equation in flavour basis in the presence of matter
becomes
i

⇣
⌘
@
⌫ f = UHU † + Ve f f ⌫ f ,
@t

(2.50)

where, Ve f f is the e↵ective potential and for three generations, it is given by

Ve f f

0
1
BBB
C
0 CCCC
BBBVcc + VNC 0
CCC
BBB
C
= BBBB
0
VNC 0 CCCCC .
BBB
CCC
BB@
C
0
0 VNC A
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(2.51)

One can see from the Eq. (2.51) that VNC is a constant term proportional to the identity
matrix and hence, it does not a↵ect the neutrino oscillation probability. Thus, the e↵ective
potential for the standard three generation case becomes

Ve f f

0
1
BBB
C
BBBVcc 0 0CCCCC
BBB
CCC
= BBBB 0 0 0CCCC .
BBB
CCC
BB@
CC
0 0 0A

(2.52)

Finally, the evolution equation of neutrinos for the standard three generation case in matter
is

0 1
0
BBB CCC
BBB
⌫
BBB0
BBBB e CCCC
BBB
B
C
@ B C
i BBBB⌫µ CCCC = U BBBB0
BBB
@t BBB CCC
BB@ CCA
BB@
⌫⌧
0

0
m221
2E

0

1 0 1 0
10 1
C B C B
CB C
0 CCCC BBBB ⌫e CCCC BBBBVcc 0 0CCCC BBBB ⌫e CCCC
CCC BBB CCC BBB
CCC BBB CCC
CCC † BBB CCC BBB
CB C
0 CCC U BBB⌫µ CCC + BBB 0 0 0CCCCC BBBBB⌫µ CCCCC .
CC BBB CCC BBB
CCC BBB CCC
CA B@ CA B@
CB C
m231 C
⌫⌧
0 0 0A @ ⌫⌧ A
2E

(2.53)

Although this equation can be solved exactly in two generations for constant matter density but there is no useful analytical solution available for three generations. In the following, we discuss first the exactly solvable two generation case and then we give various
approximate expressions that can be obtained for three generations.

2.2.2

Neutrino oscillation in matter: 2 generations

Here, we consider only two generations of the leptons and therefore the evolution equation
in this case becomes
i

@
⌫ f = Hmatt ⌫ f ,
@t

(2.54)

where, Hmatt is given by

Hmatt

0
10
10
1 0
1
BBB cos ✓ sin ✓ CCC BBB0 0 CCC BBBcos ✓
CCC BBBV
C
sin
✓
0
BBB
CCC BBB
CCC BBB
CCC BBB CC CCCCC
= BBB
CB
CB
C+B
C
@ sin ✓ cos ✓CCA BB@0 m2 CCA BB@ sin ✓ cos ✓ CCA BB@ 0 0CCA
2E
0
1
CCC
BBB m2 cos 2✓ + A
2
m
sin
2✓
1 BBB
CCC
=
BBB
CCC ,
4E @
m2 sin 2✓
m2 cos 2✓A
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(2.55)

(2.56)

where,

p
A = 2 2G F Ne E.

(2.57)

We can solve the evolution by diagonalizing the Hamiltonian. The energy eigenvalues are
given by
E1,2
Now, 2E(E2

r
"
⇣
1
=
A±
m2 cos 2✓
4E

⌘2

A +

⇣

m2

⌘2 #
sin 2✓ .

(2.58)

E1 ) gives the e↵ective mass-squared di↵erence in matter given by
⇣

m2

⌘M

=

r
⇣

m2 cos 2✓

⌘2 ⇣
⌘2
A + m2 sin 2✓ .

(2.59)

Let us define the unitary matrix U M that diagonalizes Hamiltonian as:
0
1
BBB cos ✓
sin ✓ M CCCCC
M
BBB
CC .
U M = BBB
@ sin ✓ cos ✓ CCA
M
M

(2.60)

Now, the probability can be written similar to the case of vacuum as

Peµ = sin2 2✓ M sin2
Pee = 1

⇣

sin2 2✓ M sin2

m2

⌘M !
L

4E
⇣

m2

⌘M !
L

4E

(2.61)

,

,

(2.62)

where, ✓ M is obtained by setting the o↵-diagonal terms of UHmatt U † to zero and we get
tan 2✓ M =

m2 sin 2✓
.
m2 cos 2✓ A

(2.63)

We saw that for vacuum, the probability expressions were independent of the octant and
the mass-hierarchy. However, in matter, both mixing angle and mass-squared di↵erence
are a↵ected. In Eq. (2.63), A is positive for neutrino and negative for antineutrinos. Also,
the denominator of Eq. (2.63) depends on the octant of theta and the sign of m2 . If octant of theta is known and it is in lower octant, ✓ M is increased when m2 is positive for
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neutrinos and for antineutrinos, this is reversed. Thus matter e↵ect can help in determination of mass hierarchy. There is another interesting thing to note from Eq. (2.63). If
A = m2 cos 2✓, the ✓ M becomes 45 and there is maximal mixing between two flavours
and maximal flavour transition occurs. This is called the MSW (Mikheyev-SmirnovWolfenstein) resonance [48–51].

2.2.3

Neutrino oscillations in matter: 3 generations

In this subsection, we will derive an approximate expression for neutrino oscillation in
constant matter for three generations. For this derivation, we will follow the analysis given
in [52] using the series expansion method. Here we will do the perturbative expansions in
m221
m231

terms of two dimensionless parameters: ↵ =

and ✓13 . And, we will keep terms upto

the second order of the series. We start by writing the Hamiltonian in the flavour basis as
Hmatt

"
#
m231
†
=
Udiag(0, ↵, 1)U + diag(Â, 0, 0) ,
2E

(2.64)

where, Â = A/ m231 . U can be written as
U = R23 U R13 U † R12 ,

(2.65)

where, Ri j are the rotation matrices in the i-j plane and U =diag(0, 0, ei ). We can rewrite
the Hamiltonian as
Hmatt =

m231
R23 U MU † RT23 ,
2E

(2.66)

with M = R13 R12 diag(0, ↵, 1)RT12 RT13 +diag(Â,0,0). We start by diagonalizing the matrix
M by M = X M̂X † with M̂ =diag( 1 ,

2,

3)

and X is a unitary matrix. We perform the

diagonalization by using second order perturbation theory in ↵ ands13 . We write M as
M = M (0) + M (1) + M (2) ,

39

(2.67)

where M (0) ,M (1) and M (2) are zeroth, first and second order terms of M. And using
Eq. (2.66) we obtain
M (0) = diag(A, 0, 1) = diag( (0)
1 ,
0
1
BBB
C
2
BBB ↵s12 ↵s12 c12 s13 CCCCC
BBB
CCC
M (1) = BBBB↵s12 c12 ↵c212
0 CCCCC ,
BBB
CCC
BB@
C
s13
0
0A
0
BBB
2
0
BBB s13
BBB
M (2) = BBBB
0
0
BBB
BB@
↵s13 s212
↵s13 s12 c12

(0)
2 ,

(0)
3 )),

(2.68)

(2.69)
1
CCC
CCC
CCC
↵s13 s12 c12 CCCCC .
CCC
CA
2
s
↵s13 s212

(2.70)
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For eigenvalues and eigenvectors, we can similarly write perturbative expansion:
2
i

(2.71)

xi = xi0 + xi1 + xi2 ,

(2.72)

i

=

0
i

+

1
i

+

and

respectively. As M (0) is diagonal from beginning, we have
xi0 = êi ,

(2.73)

where êi are unit vectors. Now, the first and second order corrections to the eigenvalues
can be written as
(1)
i

= Mii(1) ,

(2)
i

= Mii(2) +

X
j,i
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⇣

⌘
(1) 2

Mii

(0)
i

(0)
j

(2.74)
(2.75)

and the corrections to the eigenvectors are given by

xi(1) =

X
j,i

xi(2)

=

X
j,i

⇣

Mii(1)

(0)
i

(0)
j

1
(0)
i

⌘2

ê j ,
"

(2.76)

Mi(2)
j
(0)
j

+

⇣

⌘

M (1) xi(1)
j

(1)
i

⇣

⌘#

xi(1)
j

ê j .

(2.77)

The energy eigenvalues of the Hamiltonian are given by
m231
Ei =
i.
2E

(2.78)

Using Eq. (2.74) and Eq. (2.75), we get the expressions for energies
E1 =
E2 =
E3 =

!
2
m231
Â
2
2
2 sin 2✓12
Â + ↵s12 + s13
+↵
,
2E
Â 1
4Â
!
2
m231
2
2 sin 2✓12
↵c12 ↵
,
2E
4Â
!
m231
Â
2
1 s13
.
2E
Â 1

(2.79)
(2.80)
(2.81)

And using Eq. (2.76) and Eq. (2.77) the eigenvectors can be obtained as

x1

x2

x3

1
0
BBB
CCC
1
BBB
CCC
BBB
CCC
2
= BBBB ↵ sin 2✓12 + ↵ sin 24✓12 CCCC ,
4Â
BBB 2Â
CCC
BB@ s
CCA
2
Â↵s
s
13 12
13
0
BBB
BBB
BBB
= BBBB
BBB
BB@

(Â 1)2

2Â

↵ sin 2✓12
2Â

1

↵s13 sin 2✓12 (Â+1)
2Â

1
0
BBB s13 ↵Âs13 s212 CCC
BBB Â 1 + (Â 1)2 CCC
BBB
CCC
= BBBB ↵Âs13 sin 2✓12 CCCC
2(Â 1)
BBB
CCC
BB@
CCA
1
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1

↵2 sin 4✓12 C
CCC
CC
4Â2

CCC
CCC ,
CCCC
CCA

(2.82)

(2.83)

(2.84)

The new mixing matrix in matter is given by
U 0 = R23 U X.

(2.85)

Now we can derive the oscillation probabilities following similar procedure as the vacuum
case but with modified mixing matrix and mass-squared di↵erences. Therefore, using
Eq. (2.38) and using the modified mixing matrix and mass-squared di↵erences, we obtain
the probabilities as
Pµe = 4s213 s223

where,

=

m231
.
4E

sin2 (Â 1)
+ 2↵s13 sin 2✓12 sin 2✓23 cos( + CP )
(Â 1)2
⇣ ⌘
⇣
⌘
sin Â sin (Â 1)
⇥
Â
(Â 1)
⇣ ⌘
sin2 Â
,
+↵2 sin2 2✓12 c223
Â2
Pµµ = 1 sin2 2✓23 sin2 + higher-orders,

For anti-neutrinos, we have to transform Â ! Â and

inverted ordering, we have to replace

CP

(2.86)

(2.87)

!

CP .

For

by - and Â by -Â.

For long-baseline experiments, the oscillation is mainly governed by m231 and hence
this approximation is valid for long-baseline experiments and we can use these expressions.

2.3

Ambiguities in measuring the oscillation parameters

In this section, we will discuss difficulties in measuring oscillation parameters due to the
existence of degeneracies among them. Degeneracy in the context of oscillation means
equal probabilities for two or more sets of parameters. Since the event rate in an oscillation experiment is directly proportional to the probability, presence of degeneracies give
many solutions for oscillation parameters and it becomes very challenging to measure the
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parameters.
There are three types of degeneracies widely discussed in literature: a ) the masshierarchy-

CP

degeneracy [53]:
Pµe (NH,

CP )

= Pµe (IH,

0
CP ),

(2.88)

b) the ✓23 octant degeneracy [54]:
Pµµ (✓23 ) = Pµµ (⇡/2
and c) the intrinsic ✓13

CP

✓23 )

(2.89)

degeneracy [55]:
Pµe (✓13 ,

CP )

0
= Pµe (✓13
,

0
CP ).

(2.90)

Together these three degeneracies form an eight-fold degeneracy [56]. There are also
other degeneracies like ✓23

degeneracy and the generalized mass hierarchy degener-

CP

acy. In the following, we will briefly discuss each of the three degeneracies:

2.3.1

The hierarchy-

CP

degeneracy

The hierarchy degeneracy as defined by Eq. (2.88) means that probability that is obtained
for normal hierarchy and certain

CP

can also be obtained for some other values of

CP

with inverted hierarchy. We illustrate this degeneracy in Fig. 2.1. Here, the left panel
gives the ⌫µ ! ⌫e probability for neutrinos and the right panel gives the ⌫¯ µ ! ⌫¯ e probability for antineutrino. The bands are for the variation of

CP

in its full range. The cyan

horizontal-crossed bands are for normal hierarchy and the green diagonally crossed bands
are for inverted hierarchy. The overlapping regions in both panels show the existence of
degeneracy for those values of

CP .
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Figure 2.1: Hierarchy degeneracy for ⌫µ ! ⌫e channel at 810 km baseline. The left panel
is for neutrino and the right panel is for antineutrino.
We see from this figure that for neutrinos NH probability band is higher than the IH
probability band and this is opposite for the antineutrinos. For neutrinos,
the highest points and

CP

CP

= 90 are

= 90 are the lowest points in the bands (both for NH and IH),

whereas, for the antineutrinos, this is also reversed. We can divide the entire range of
in two halves: the lower half plane (LHP) is for 180 
plane is for 0 

CP

CP

CP

 0 and the upper half

 180 . For both panels, we see that the NH-LHP and IH-UHP

are at far away from the overlapping regions. Therefore, if NH is true in nature, LHP
has less degeneracy and if IH is true in nature, UHP has less degeneracy. On the other
hand degeneracies are more for NH-UHP and IH-LHP cases. Hence, for NH, hierarchy
sensitivity will be more for

CP

< 0 and less for

CP

> 0 and opposite behaviour will be

expected for true IH.
One way to resolve the hierarchy-

CP

degeneracy is to go for a longer baseline as

longer baseline will require larger energy to maintain the same L/E ratio and hence increasing the matter e↵ect thereby. As the matter e↵ect is increased for longer baseline, the
two bands will be more separated and there will be less overlapping regions. Therefore
the degeneracy will also get reduced. This is shown in Fig. 2.2, where we give the similar
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Figure 2.2: Hierarchy degeneracy for ⌫µ ! ⌫e channel at 1300 km baseline. The left
panel is for neutrino and the right panel is for antineutrino.
figure like Fig. 2.1, but with a longer baseline of 1300 km. In this figure, we see that the
overlapping region is less compared to the smaller one and thus this baseline will have
less hierarchy-

2.3.2

CP

degeneracy.

The octant & ✓23

CP

degeneracy

As the Eq. (2.89) suggests, there is an intrinsic degeneracy between ✓23 and ⇡/2

✓23 for

the ⌫µ ! ⌫µ channel as the expression for Pµµ does not contain any term proportional to
sin2 ✓23 at leading order. Therefore this channel can not di↵erentiate between the two octants of ✓23 . However, Pµe has sin2 ✓23 dependence and therefore, in principle ⌫µ ! ⌫e can
distinguish the octants. But with unknown
can also be obtained for another value of

CP ,

CP

some value of Pµe for ✓23 and certain

CP

but with ✓23 in the other octant [57]. This is

illustrated in the Fig. 2.3. This figure shows the octant-

CP

degeneracy for neutrino and

antineutrinos in left and right panels at 810 km baseline. The bands, like the hierarchy figure, are for variation of

CP

in its entire range. Here, the cyan horizontally crossed bands

are generated assuming lower octant of ✓23 (✓23 = 42 ) and the green diagonally crossed
bands are generated assuming higher octant of ✓23 (✓23 = 48 ). In both panels, normal
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Figure 2.3: Octant degeneracy for ⌫µ ! ⌫e channel. The left panel is for neutrino and the
right panel is for antineutrino.
hierarchy is assumed to be true. Like Fig. 2.1, here also the overlapping regions show
the e↵ect of degeneracy. Now, the leading order terms of the ⌫µ ! ⌫e appearance probability depends on sin2 ✓23 for both neutrinos and antineutrinos, therefore, the probability
is higher for higher values of ✓23 for a given

CP

and thus the higher octant (HO) bands

are always higher than the lower octant (LO) bands in both panels. Again, like Fig. 2.1,
the lowest (highest) points in the bands correspond to

CP

= 90 ( 90 ) for neutrinos and

opposite for antineutrinos. Therefore, for neutrinos, HO-LHP and LO-UHP are further
away but for antineutrinos, LO-UHP and HO-LHP are far away. So, here unlike hierarchy,
octant sensitivity is low for LO if

CP

is in LHP for neutrinos, whereas for antineutrinos

this is reversed and octant sensitivity is high for LO if

CP

is in LHP. Therefore, unlike

hierarchy sensitivity, neutrino-antineutrino runtime ratio plays a very important role for
the resolution of octant.

2.3.3
The ✓13

✓13
CP

CP

degeneracy

degeneracy defined in Eq. (2.90) means that there are two sets of (✓13 ,

CP )

at a given energy and baseline giving same ⌫µ ! ⌫e probability. This can be understood
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form Eq. (3.1) in the following way. We start by writing Eq. (3.1) in a simpler form:
2
Pµe = A± ✓13
+ B± ✓13 cos( ±

For, antineutrinos the

CP

CP ,

!

equation to get ✓13 as a function of

✓13 =

B+
cos(
2A+

CP )

+ P sol .

(2.91)

A+ ! A and B+ ! B . We can solve the above

CP :

CP )

(2.92)
"
±

B+
2A+

cos(

!2
CP ) +

1
(Pµe (✓ˆ13 , ˆ CP )
A+

#
P sol ) .

Here, ✓ˆ13 and ˆ CP are the values of these parameters, chosen by nature. From the above
equation it can be seen that for each values of

CP ,

we get di↵erent values of ✓13 for a par-

ticular probability Pµ,e (✓ˆ13 , ˆ CP ). Similar exercise can also be done for antineutrino. After
the precise measurement of ✓13 , now the degeneracy associated with the ✓13 is resolved.

2.3.4

Generalized mass-hierarchy degeneracy

Apart from the eight-fold degeneracy discussed above, there is also another important
degeneracy in neutrino oscillation [58]. Neutrino oscillation is invariant under the transformation of vacuum Hamiltonian as H ⌫ ! (H ⌫ )⇤ . This is a direct consequence of CPT
symmetry. The above transformation translates into
m231 !

m231 + m221 ,

(2.93)

sin ✓12 ! cos ✓12 ,
CP

! ⇡

CP .

This degeneracy is always present in vacuum. However, if NSI 1 (non-standard interactions) are present, the situation becomes worse. If the NSI parameters transform along
1

We will discuss NSI in detail in chapter 5
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with the above transformations as
(✏ee

✏µµ ) !

(✏ee

✏µµ )

(✏⌧⌧

✏µµ ) !

(✏⌧⌧

✏µµ ),

✏↵

✏↵⇤

!

2,

(2.94)

(↵ , ),

neutrino oscillation remains invariant even in the presence of matter and this can not be
resolved using oscillation experiments only.
From the above discussion, it is clear that the existence of these degeneracies makes it
very difficult to measure the oscillation parameters. Particularly

CP

makes all the degen-

eracies complicated. Hierarchy and octant degeneracy together make a four-fold degeneracy. As the two degeneracies are intertwined, measurement of one of the observables
depends on knowledge about the others. The hierarchy and octant sensitivity of the longbaseline experiments su↵er due to these degeneracies as

CP

is unknown now. Hence these

degeneracies become very important for the discussion of the long-baseline experiments.
In the next chapter, we will discuss long-baseline experiments in detail.
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3

Long-Baseline Experiments

In this chapter, we will discuss long-baseline experiments in detail. First, we will give
a brief general idea about long-baseline followed by descriptions of some of the present
and future long-baseline experiments for which we have done our analysis. Long-baseline
experiments, as the name suggests, refer to earth-based neutrino oscillation experiments
with long baseline. i.e. long distance between the source and the detector of the neutrinos typically distances being more than kilometres. These experiments can be of two
types: the reactor based experiments and accelerator based experiments. The reactor
based experiments have baselines of the order of few kilometres. As the energies of
the reactor neutrinos lie around few MeV, these reactor based experiments can probe the
m2 ⇠ 10

3

eV2 . Examples of this types of experiments include CHOOZ [59], Palo-

Verde [60], Double-CHOOZ [61], RENO [62], DayaBAY [63], etc. On the other hand
accelerator based long-baseline experiments typically have baselines in the range of hundreds to thousands of kilometres. The accelerator based experiments can generates neutrinos with energies around hundreds of MeV to GeV range. Therefore, these can explore
m2 ⇠ 10

3

eV2 . In this thesis, we will only discuss these type of experiments.
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3.1

Overview of accelerator based long-baseline experiments

In a typical accelerator based long-baseline experiment, a high energy proton beam is first
created using an accelerator and the proton beam is bombarded on a fixed target. From
the collision of the protons with the nucleons in the target, lots of pions and kaons are
created. The charged pions of a pre-decided polarity are then directed to a long decay
pipe using a horn magnet. Finally, the charged pions are allowed to decay, producing
neutrinos inside the decay pipe during their flight. If the charged pions are ⇡ , the created
neutrinos are mostly ⌫µ and if the charged pions are ⇡+ , the created neutrinos are mostly
⌫¯ µ . The decay of the charged pions mostly gives muon-type neutrinos because of the
helicity suppression. There is also ⇠ 1% ⌫e contamination, which results from the decays
of K 0 and µ+ . The polarity of the charged pions can be controlled by the polarity of the
horn magnet. The neutrino beam is sent through the earth to a detector located at a long
distance from the accelerator complex. A near detector is also placed near the decay pipe
to measure the flux with high precision. The beam at the far detector can be either narrow
or wide depending on the o↵-axis or on-axis location of the detector with respect to the
beam-line.

3.1.1

Physics at long-baseline experiments

Long-baseline experiments have L and E such that they see oscillations both due to m231
and m221 . For example, if L is 1300 km, the first oscillation maximum for m231 occurs
around 2.6 GeV. For DUNE, the flux is peaked around 2.6 GeV. Therefore, the baseline
is chosen as 1300 km so that the first oscillation maximum occurs at the peak of the flux.
Also at 2.6 GeV the oscillation due to m221 is not very small as sin(1.27 m221 L/E) ⇠ 0.04.
Therefore, with this choice of L and E, the experiments can see both
oscillations. So, this can probe CP violating phase
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CP .

m231 and

m221

The ⌫µ ! ⌫e probability at long-baseline experiments is given by
Pµe '

sin
4s213 s223

2

(Â 1)
+ 2↵s13 sin 2✓12 sin 2✓23 cos( + CP )
(Â 1)2
⇣ ⌘
⇣
⌘
⇣ ⌘
sin Â sin (Â 1)
sin2 Â
⇥
+ ↵2 sin2 2✓12 c223
.
Â
(Â 1)
Â2
(3.1)

From this equation, we can see that the ⌫µ ! ⌫e oscillation probability indeed depends on
the CP-violating phase.
In the above equation,

= m231 L/4E and Â = A/ m231 , where, A is the matter term.

Under the change of hierarchy, both

and Â flip signs. So, from Eq. (3.1), we see that

the first two terms are not invariant under hierarchy flip. And it is increased as the matter
e↵ect is increased. Hence, long-baseline can investigate mass-hierarchy.
Also from Eq. (3.1), we see that there are terms which depend on sin2 ✓23 or cos2 ✓23 .
Therefore, ⌫e appearance channel can also di↵erentiate between the octant of ✓23 .
Long-baseline detectors can be either on-axis or o↵-axis. For on-axis experiments the
detectors are set at such locations which coincide with the beam axis, whereas, for the
o↵-axis case, they are slightly away from the beam axis.
The o↵-axis location gives a narrow and sharply peaked neutrino beam. In the meson
rest frame, pions and kaons decay mono-energetically and isotropically. However, when
they are boosted, the energy spectrum in the lab frame has a broad distribution. The flux
falls o↵ with the angle between the boost direction and neutrino production angle. If
there is a detector of area, A located at a distance of, z from the target, the flux and energy
distribution of the neutrinos can be written as
!2
2
A
=
,
2
2
1 + ✓ 4⇡z2
xEmes
E =
,
1 + 2 ✓2
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(3.2)
(3.3)

where,

is the flux, E is the neutrino energy, is the boost factor given by

= Emes /mmes ,

with Emes and mmes being parent meson energy and mass respectively, ✓ is the angle between the boost direction and neutrino production direction and x is a numerical factor
which is 0.43 for pions and 0.96 for kaons. Therefore, kaons have more energetic and
wider energy distribution for a given meson energy compared to the pions. The main
advantage is that the o↵-axis location makes the beam narrower compared to the on-axis
beams.
Another important advantage of the o↵-axis beam is the increased background rejection. Although pions decay into ⌫µ via two body process, the kaons decay into ⌫e through
three body decay. So, there are always some ⌫e present in the neutrino beam and these ⌫e
make intrinsic background for the ⌫e appearance channel. As these neutrinos come from
three body decays, they have much wider energy distribution compared to the ⌫µ which
are produced in two body processes. Therefore, this intrinsic ⌫e background is always
reduced in o↵-axis setup.
Earlier, before the measurement of ✓13 , the long-baseline experiments were designed
with the aim of precise measurement of ✓13 . This required high signal to background
ratio for the experiments. Therefore, o↵-axis position was preferred for experiments like
NOvA and T2K.

3.1.2

Backgrounds

Before going to describe individual experiments, we present here the general backgrounds
of a long-baseline experiment. For appearance channel, there are intrinsic background,
neutral current background, tau background and the mis-id background. The intrinsic
background comes from the contamination of ⌫e in the beam. Event topology of neutral
current events and tau events are similar to the ⌫e signal events. Therefore, NC and tau also
form important backgrounds. Sometimes ⌫µ CC events can be mis-interpreted as ⌫e signal
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events and this makes the mis-id background. Usually, disappearance channel has large
statistics and therefore backgrounds for the disappearance channel are less important.

3.2

Presently running experiments

In this section, we briefly overview the currently running long-baseline experiments.
NOvA [26] and T2K [25] fall into this category. Both the experiments are running now
and results have been published from both the experiments, although final results of these
experiments are yet to come. We will give brief description of each of these experiments
in the following.

3.2.1

NOvA

NOvA [26] or NuMI O↵-axis ⌫e Appearance experiment is the presently running experiment at Fermilab, USA. NOvA consists of the upgraded NuMI beam at Fermilab accelerator complex which can produce beam power of 700 KW. This creates a proton beam
of 120 GeV energy. This high energy beam is bombarded into a 1.2 m graphite target
creating pions and kaons from the collision. Then the pions and kaons are focused in a
675 m long decay pipe by horn magnet. Finally, the mesons are allowed to decay during
the flight in the decay to create the neutrino beam. The accelerator facility can deliver
6 ⇥ 1020 protons per year and hence it will give 36 ⇥ 1020 protons on target during its total
runtime of 6 years.
NOvA has two detectors, located at 1 km and 810 km away from the beam target.
Both detectors are situated at an o↵-axis angle of 14.7 mrad with respect to the beam axis.
But the near detector is much smaller compared to the far detector. The detectors are
totally active scintillator detectors. Each detector is made of scintillator cells containing
mineral oil and 5 % pseudo-cumene as the scintillator material. The near detector (ND)

53

has a total mass of about 290 tons and the far detector has a total mass of 14 kton.
The physics goals of NOvA are the following:
• It was set up to observe the ⌫µ ! ⌫e appearance at a L/E in the range of 102 to 103
km/GeV. This gives NOvA sensitive to sin2 2✓13 .
• With 810 km baseline, NOvA has matter e↵ect which enables it to determine masshierarchy with some significance.
• ⌫µ ! ⌫e channel also has sensitivity to the CP-violation phase.
• NOvA can also determine how close ✓23 is to maximal mixing by precise measurement of ⌫µ ! ⌫µ disappearance.

3.2.2

T2K

T2K (Tokai to Kamiokande) [25] is another current experiment in Japan. T2K neutrino
beam is created by the J-PARC (Japan Proton Accelerator Research Complex) accelerator
facility situated in Tokai. J-PARC can generate a proton beam of 30 GeV corresponding
to a beam power of 240 KW. The beam is then bombarded into the graphite target which
gives the mesons after collisions. These charged pions and kaons are then focused in a
decay pipe using three horn magnets. The decay pipe has length 96 m where the pions
and kaons decay to create the neutrino beam. After the decay pipe, there is a beam dump
and a muon counter. Then there is the near detector complex at about 280 m away from
the target. There are two near detectors for T2K: the INGRID detector which is a on-axis
detector and ND280, the o↵-axis detector which is at 2.5 o↵-axis from the beam-line.
The far detector is the Super-Kamiokande (SK) detector, which is situated at 295 km
away from the target. This is also located at 2.5 o↵-axis from the beam axis.
The on-axis INGRID near detector is made of 7⇥7 identical modules arranged in a
cross-configuration and two diagonal modules. The INGRID detector has a total mass of
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about 160 tons. It can detect more than 105 neutrino events/day. This detector measures
the beam direction and profile everyday. This helps in reducing the systematic from the
uncertainty of the o↵-axis angle.
ND280 is the main near detector of the T2K experiment placed 100 m deep underground. It is made of three time projection chambers (TPC) and two Fine Grain Trackers
(FGT). Each FGT has a mass of about 1.1 tons.
The far detector of T2K experiment is the SK water Cherenkov detector situated in the
Kamioka village. In a charged current interactions, neutrinos produce their corresponding charged leptons. These charged leptons produce Cherenkov light inside the water
if they have energy more than a certain threshold (0.76 MeV for electrons and 158.7
MeV for muons). The Cherenkov light propagates in the water as a cone. When these
Cherenkov photons reach the inner PMTs, they create ring like pattern. Then the algorithm can extract information like vertex and momenta of the daughter particles. The
strategy of SK detector is to find the flavour composition of the T2K beam by counting
the charged-current-quassi-elastic(CCQE) interactions for ⌫µ and ⌫e s. Electrons, as they
are light, continuously scatter as they travel through the water. The electron scattering
emits Bremsstrahlung photons which can further create e e+ pairs which again produce
Cherenkov radiation or may scatter like before creating an electromagnetic shower. The
overlapping Cherenkov cones produce a di↵use ring in the detector. Muons, on the other
hand, being heavy, do not deflect much and thus create sharp rings in the detector.
The physics potential of T2K is given below:
• The main purpose of the experiment is to precisely measure m232 and sin2 2✓23 by
⌫µ disappearance channel ( ( m232 ) ⇠ 10

4

eV2 and (sin2 2✓23 ) ⇠ 0.01).

• When this was first proposed, ✓13 was not known and it has sensitivity to ✓13 of about
20 times more than the then best limit obtained from CHOOZ [64]. T2K was the
first experiment that reported a nonzero ✓13 . Later reactor experiments confirmed
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this.
• T2K also has good sensitivity to

CP

at 90 % C.L. or more for over a significant

range. Latest data from T2K rules out CP conserving values at more than 2

[65].

• Apart from the oscillation studies T2K has also potential in measuring neutrino
cross-section in the resonance production and deep inelastic scattering regions.

3.3

Future long-baseline experiments

In this section, we will talk about the next generation of long-baseline experiments that
are going to be built in the near future. There are many experiments that are planned all
over the world. DUNE [27], T2HK/T2HKK [28, 29], ESS [30], P2O [31] are some of the
future long-baseline experiments. However, in this thesis, we have done phenomenology
for only DUNE and T2HK/T2HKK and therefore, we will limit our discussions only to
DUNE and T2HK/T2HKK.

3.3.1

DUNE

DUNE (Deep Underground Neutrino Experiment) is the next-generation international
neutrino experiment which will be built in USA. It will generate its high intensity (1.2
MW to 2.4 MW) neutrino beam at the Long Baseline Neutrino Facility (LBNF) at Fermilab. The target will be graphite target based on the NuMI target design. The secondary
particles produced from the collision of the protons will be then focused to the 195 m
long decay pipe using two magnetic horns, which will use pulsed toroidal magnetic field
for focusing. There will be two detectors for the DUNE experiment. One will be a near
detector which will be placed about 575 m from the target and there will be a far detector
about 1300 km away at Sanford Underground Research Facility (SURF) in South Dakota.
DUNE near detector is not yet finalized. It will be placed at a distance of about 575 m
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in the underground near detector hall from the target. Currently, the plan is to make a near
detector consisting of a Fine Grain Tracker (FGT) and an electromagnetic calorimeter
(ECal) inside a 0.4 T magnetic dipole. This design is expected to have 8 tonne mass.
Its primary purpose is to precisely measure of neutrino fluxes, cross-sections, signal and
background rates. However, the design is not yet not final.
The far detector of DUNE will be built in an underground cavern 1475 meters deep
in Sanford Underground Research Facility (SURF) in Lead, South Dakota and this far
detector will be on-axis. Therefore, DUNE will have wide band beam. There will be four
detector modules which will be placed in two long caverns. These modules will be four
liquid argon time projection chambers (LArTPC). In liquid argon, neutrino interactions
with argon produce charged particles which ionize the liquid as well as produce scintillation. In a time projection chamber, a uniform electric field is applied so that the electrons
produced by the ionization drift towards the wall where they are picked up by the wires
that are kept on the wall perpendicular to the electric field. Readings from the wires give
information about the amount of charge and the position inside the liquid, from where
the charges drifted. There will also be PMTs put behind the walls to pick the scintillation signal created during the interaction and this will help in determining the initial
time of the interaction. ⌫µ produces muon in a charged-current interaction. As muons are
heavy, they produce long tracks in the TPC readout. ⌫e on the hand produces electrons
during charged-current interactions and these electrons produce shower in the TPC. Liqp
uid argon TPCs have very good energy resolution. DUNE is expected to have 20%/ E
p
and 15%/ E energy resolutions for muons and electrons, respectively. The total fiducial
mass of the detectors will be around 34 kton. There are two proposed designs for the
detector modules: the single phase time projection chambers and the dual phase time projection chambers. In single phase TPCs, charge generation, drift and collection all happen
inside the liquid argon whereas in the dual phase detector, the ionization electrons are first
extracted into gaseous phase and then amplified before collection by the wires.

57

DUNE has very rich physics program planned for the coming years.
• Its main goal is to find the CP-violation phase in the leptonic sector and to determine
mass hierarchy. DUNE can discover CP-violation for 75% of the
than 5

CP

values at more

level in 9 years.

• It can determine the mass hierarchy for all values of
more than 5

significance and at more than 3

CP

in 6 years of running at

significance in less than 3 years.

• DUNE has also potential in measuring other oscillation parameters with high-precision.
• Apart from standard neutrino oscillation physics, DUNE can also probe subdominant new physics e↵ects that a↵ect the oscillation probability. [66–78] show some
of such possibilities.
• Apart from oscillation, DUNE near detector can also serve as a probe to explore
physics beyond standard model like dark matter searches [79, 80].

3.3.2

T2HK

T2HK [28, 29] (Tokai to Hyper-Kamiokande) is an upgradation program of the currently
running T2K experiment. It plans to use an upgraded version of the J-PARC beam for
neutrino generation. Currently, the horn magnet is operated by a pulsed current of 250
kA, by the time of operation of T2HK, the current is expected to be 320 kA. Currently,
the J-PARC beam power is around 470 KW but it is planned to be increased beyond 1.3
MW by 2025, which will be before T2HK becomes operational.
For the near detector of T2HK, upgradation of the current near detector ND280 is
under consideration. There is also plan to build a water Cherenkov detector as a near
detector. As there are many uncertainties in modelling neutrino interactions with the
nuclear targets due to complicated nuclear e↵ects, it will be best to use identical types of
detectors at both near and far sites. However, a water Cherenkov near detector should be
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large enough to contain the muons up to the energy of interest relevant at the far detector
and it should be at enough distance from the neutrino production region to have minimal
pile up. These conditions imply a kiloton size detector about 1-2 km away from the
target. Water Cherenkov detectors also have good particle identification capability. The
water Cherenkov detector will also be complimented by the magnetized ND280 detector
which can operate below the Cherenkov light threshold in water and can separate neutrino
and antineutrino beam components by measuring lepton charge.
As the far detector, T2HK is going to use the Hyper-Kamiokande (HK) which will be
upgradation of the currently running SK detector. The HK detector is going to be built
at Tochibora at 295 km away from the source and, near to Mozumi, the site for super-K.
Location of HK will also be at 2.5 o↵-axis from the beam-line. The HK detector will
consist of two identical cylindrical tanks placed upright. Each tank will be filled with
pure water which will give a total fiducial mass of about 187 ktons and 374 ktons for
two tanks. The detector will use recently developed high efficiency and high resolution
(timing) PMTs which will be able to detect more photons compared to the SK PMTs
and will enhance sensitivity to low energy events like neutron capture and nuclear deexcitations. This will, in turn, increase the sensitivity to the proton decay search and
detection of supernova antineutrinos. Physics programs of T2HK are the following:

• Main goal of T2HK is to probe CP-violation in the leptonic sector. With 1.3 MW
beam power, T2HK can discover CP-violation at more than 5
55 % of the

CP

significance for

values within 10 years of operation if mass-hierarchy is known

beforehand.
• Another goal of T2HK is to measure ✓23 and m231 precisely.
• Apart from these, it is also possible to search for various new physics using T2HK.
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3.3.3

T2HKK

Although T2HK has great sensitivity to the CP-violation for known mass-hierarchy, it has
very low mass-hierarchy sensitivity, therefore if mass-hierarchy is unknown, hierarchyCP degeneracy discussed in subsection. 2.3.1 will come into play and the CP-violation
sensitivity will drop significantly. In order to overcome this difficulty, there is a proposal
to shift one of the tanks of HK to Korea. This proposal is known as T2HKK (the second
K is for Korea). The advantage of shifting the detector is that it will have longer baseline
and therefore will have more matter e↵ect due to the larger densities of earth matter. Thus
the mass hierarchy sensitivity will be increased significantly and hence the CP-violation
sensitivity will also increase. However, in this case the second detector at Korea will be
at a distance such that beam energy peak will be at second oscillation maximum instead
of the first.
The location of the Korean detector is not yet final. There are many possible sites
mentioned in the letter of intent [29]. And, these sites are in the southern part of the
Korean peninsula which is at about 1100 km away from the Tokai source and are exposed
to the JPARC beam at 1-3

range of o↵-axis angle. There are many o↵-axis angles

considered in the letter of intent from 1.5 -2.5 but we have taken the 2.5 o↵-axis beam
at 1100 km baseline for our analysis.
In this chapter, we described various long-baseline experiments for which we have
done our analysis. We have used GLoBES (Global Long Baseline Experiment Simulator)
[81,82] along with additional codes [83–85] for all our analysis. In the next three chapters,
we will discuss the phenomenology of new physics like sterile neutrino, non-standard
interactions and neutrino decay at these experiments.
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4

Sterile neutrino at long-baseline experiments

Data from some oscillation experiments suggest oscillation of high frequency corresponding to a mass-squared di↵erence of m2 ⇠ 1 eV2 . LSND [32] experiment at Los-Alamos,
USA was the first experiment which presented result suggesting this new oscillation frequency. LSND used a ⌫¯ µ beam. The beam was sent to a detector at a short distance of
30 m. However, the collaboration reported 3.8 excess of positron events which can be
explained by ⌫¯ µ ! ⌫¯ e oscillation corresponding to a mass-squared di↵erence of m2 ⇠ 1
eV2 . Since this oscillation requires mass-squared di↵erence completely di↵erent from
the solar and atmospheric mass-squared di↵erences, we need another neutrino state in
order to explain everything. Together, however, LEP [47] data showed that the number
of active neutrinos is strictly 3. Therefore, the new state must be a singlet of the standard model gauge group and hence it is called a sterile neutrino. And this scenario is
called the 3+1 scenario [86], if masses of the three active states are consistent with the
solar and atmospheric observations. KARMEN [42] and MiniBooNE [33, 34] tested the
LSND claim. KARMEN did not find any oscillation in ⌫¯ µ ! ⌫¯ e . However, it could
not entirely rule out the LSND allowed region of the parameter space. MiniBooNE also
did not see any excess in its neutrino mode but it indeed reported some excess in its antineutrino mode consistent with the LSND parameter space. It also reported some excess
events in the low energy bins of both electron and positron channels but this could not
be explained by any oscillation physics. Main challenges came to the 3+1 scenario from
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the short-baseline ⌫µ disappearance experiments like CDHS [43] and NOMAD [44], atmospheric experiments like super-Kamiokande [87] and MiniBooNE disappearance [46]
channel. Neither of these experiments saw any deficit of ⌫µ (¯⌫µ ). Therefore, there is a
strong tension between these results. 3+1 scenario was proposed to explain the so-called
reactor [35–37] and Gallium anomalies [38–41]. These reactor experiments explored
⌫¯ e ! ⌫¯ e , therefore, the parameter space probed by these set of experiments were di↵erent
from the LSND parameter space. Recently data from reactor experiments NEOS [88] and
DANSS [89]also disfavours this parameter space as they did not observe any deficit of
positrons that can be explained by neutrino oscillation. Long-baseline experiments like
MINOS/MINOS+ [90, 91], NOvA [92] and T2K [93] also prefer 3+0 case over the 3+1
case. And atmospheric experiment IceCUBE put strong constraints on the sterile neutrino
hypothesis by ruling out most of the LSND parameter space [45]. But, recently MiniBooNE again published their new result [94] which not only saw excess consistent with
their old data but combining the LSND result they reported an excess of 6.0 . Combining
all the available data together in global fits show strong tension between various data and
the topic is highly debatable.
Another challenge to the sterile neutrino hypothesis comes from cosmology. The
existence of a light sterile neutrino in the eV mass range a↵ects various cosmological
observations like big bang nucleosynthesis, CMB anisotropy and large scale structure
formations and it is very difficult to accommodate a sterile neutrino consistent with all the
cosmological observations.Therefore, to address the problem of light sterile neutrino we
have to wait for the future. Many experiments are planned in the future to test the sterile
neutrino hypothesis, some of them are Short Base- line Neutrino Program (SBN) [95],
stopped pion beam experiments (OscSNS [96], LSND reloaded [97]), kaon decay at rest
beams [98], decay in flight neutrino beams (BooNE, LArTPC detectors at CERN [99],
MicroBooNE [100], Very Low Energy Neutrino Factory [101, 102]) and reactor experiments like STEREO [103], PROSPECT [104], SOLID [105] etc. Although these are
dedicated experiments designed for testing the 3+1 scenario, it has been shown in liter62

ature that sterile neutrino can also be probed in long-baseline experiments and existence
of a sterile neutrino a↵ects the performance of long-baseline experiments. In this work,
sterile neutrino at long-baseline experiments like DUNE, T2HK/T2HKK is discussed.

4.1

Sterile neutrino formalism

We assume there is one sterile state with m2 ⇠eV2 . This is the 3+1 case. For the 3+1
case, the full neutrino mixing matrix will have six mixing angles, three phases and three
mass-squared di↵erences. This mixing matrix can be parametrized in the following way:
3+1
UPMNS
= O(✓34 ,

Here, O(✓i j ,

i j)

34 )O(✓24 , 24 )R(✓14 )R(✓23 )O(✓13 , 13 )R(✓12 )

are 4 ⇥ 4 unitary matrices with associated phase

ij

(4.1)
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(4.2)

(4.3)

(4.4)

R(✓i j ) are the rotation matrices in the i j sector. For example, Since m241 ⇠ 1 eV2 , the
oscillations driven by this mass parameter would be averaged out at the far detectors of
T2HK, T2HKK as well as DUNE.

4.2

Constraining sterile neutrinos from DUNE near detector

In this section, we explore the capability of DUNE to probe the sterile neutrino hypothesis using its near detector [106]. We check the impact of the baseline, detector fiducial
mass and systematic uncertainties on the sensitivity of the DUNE near detector to sterile
neutrino oscillations.
The benchmark near detector configuration in our analysis is summarised in the Table
4.1. The energy resolution, detector mass and baseline are taken from the near detector
specifications given in the DUNE near detector document [107]. In addition to the benchmark choices for these parameters given in [107], we use two other choices of baseline
and detector mass to show the impact of these on the sensitivity of the experiment. For
detector mass, we also show results for 400 t and 1 kt. The mass of 400 t is motivated by
the ProtoDUNE proposal, which is expected to have 400 t of LArTPC [108] and could at
some point be placed along the LBNF beam-line. The 1 kt mass is just an ad-hoc choice
of a very large fiducial mass to show that the experiment reaches its statistical saturation
already at 400 t and the LSND sensitivity becomes insensitive to any further increase in
statistics. For baselines, we also show results for 1 km and 3 km. For the systematic
uncertainties, since the possible near detector systematics are not yet clear, we assume the
same as that given for the DUNE far detector [109]. We vary this benchmark systematic
uncertainties to showcase their impact of the mass and mixing sensitivity.
We use the DUNE flux provided by [110] for this work. A beam power of 1.2 MW
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Baseline
Fiducial mass
Detector type
Energy Resolution e
Energy Resolution µ
Signal Normalization Error
Background Normalization Error
Energy Calibration Error
Energy Range
Bin Width
Backgrounds

595 m /1km /3km
5t /400t /1kt
HiResMnu
p
6%/ E
3.7%
1%
5%
2%
0-8 GeV
0.25 GeV
0.1% ⌫µ CC mis-identification , 0.1% NC background

Table 4.1: The DUNE near detector specification used in this work.
and an exposure of 5 years in ⌫µ and 5 years in ⌫¯ µ mode is used in our analysis. We
use the GLoBES package [81, 82] for simulating the DUNE experiment. The neutrino
oscillation probabilities in the presence of sterile neutrino are calculated using snu, which
is a neutrino oscillation code for calculating oscillation probabilities for GLoBES in the
presence of sterile neutrino [83, 84].

4.2.1

Probability at near detector

As at short baselines, the oscillations due to

m231 and

m221 do not develop, at such

distance we can approximate the oscillation probability by an e↵ective two-generation
framework, which can be written as

2

P(⌫µ ! ⌫e ) ' sin 2✓µe sin
where, ✓µe is the e↵ective mixing angle and

2

!
m2 L
,
4E

(4.5)

m2 is the new mass squared di↵erence.

Throughout this article, we work in this approximation and study everything in terms of
electron appearance data only.
The Fig. 4.25 shows the probability of ⌫µ going to ⌫e as a function of energy at the 595
m baseline, in the presence of one extra sterile neutrino. The red solid curve depicts prob-
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Figure 4.1: Pµe probability at 595 m for di↵erent sterile neutrino oscilation parameters.

ability for ✓µe = 10 and m2 = 0.42 eV2 . The blue solid, green dot-dashed and magenta
dashed curves are for ✓µe = 5 and m2 = 0.42 eV2 , 1.0 eV2 and 10.0 eV2 , respectively.
We see that for higher mixing angles, the amplitude of the oscillation increases, and for
higher mass-squared di↵erences, the oscillations become faster. In all of the cases depicted in Fig. 4.25, we can see substantial oscillations between ⌫µ and ⌫e in the presence
of sterile neutrino. The DUNE beam has huge flux in this energy window. Therefore,
DUNE near detector should be highly sensitive in this region of the parameter space.

4.2.2

Events and statistical analysis

Fig. 4.2 shows the event rates for 5 years exposure from a 1.2 MW beam at the near
detector for ✓µe = 5 and m2 = 0.42 eV2 for the appearance channel. The left panel
shows the event rate when there is a sterile neutrino, whereas the right panel shows the
event rate when there is no sterile neutrino. We can see that oscillations due to the sterile
neutrino state changes the number of events significantly for the appearance channel. Note
that the high flux at the near detector magnifies the e↵ects of any oscillation at this small
baseline.
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Figure 4.2: Left: 5 years of events at neutrino appearance channel for the case with
sterile neutrino at a 5t near detector kept at a baseline of 595 m. Right: 5 years of events
at neutrino appearance channel for the case with no sterile neutrino with same detector
configuration.

We next define a
2

2

as

(ntrue , ntest , f ) = 2

N
reco
X
i

✓

ntrue
ln
i

ntrue
i
+ ntest
i (f)
ntest
(
f
)
i

◆
ntrue
+ f2 ,
i

(4.6)

where, ni is the number of events, i is the bin index, f represents the nuisance parameters,
and 0 true0 and 0 test0 represent data and fit respectively. The systematic uncertainties and
backgrounds assumed in the simulations are given in Table 4.1. Using Eq. (4.6) we
present exclusion plots in the m2

sin2 2✓µe plane. In order to do that we take no sterile

neutrino in data and scan the m2 sin2 2✓µe parameter space in the fit. The following plots
depict how much region of the LSND parameter space can be excluded by the DUNE near
detector. In our fit, we consider only the appearance data.
The plots in Fig. 4.3 are exclusion curves for di↵erent near detector configurations.
The simulation is done for 5+5 years of ⌫µ , ⌫¯ µ beam at 1.2 MW. The solid and dashed
lines give the 3

and 4

exclusion limits, respectively. The yellow shaded area shows

the 90% C.L. allowed region from LSND [32]. The left panel shows how exclusion
limit changes as we go to higher baselines, for a fixed detector mass of 5 t. We have
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Figure 4.3: Left: Exclusion contours at 3 & 4 confidence levels for near detector of
mass 5t with di↵erent baselines. Right: Exclusion contours at 3 & 4 confidence levels
for near detector at 595 m baseline with di↵erent detector mass. We consider an exposure
of 5+5 for ⌫µ + ⌫¯ µ .

Figure 4.4: Left:Exclusion contours for at 3 & 4 confidence levels for di↵erent energy
calibration errors for DUNE near detector at 595 m baseline with 5t mass. Right: Exclusion contours for 3 & and 4 confidence levels for di↵erent signal normalisation error.
We consider an exposure of 5+5 for ⌫µ + ⌫¯ µ .
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kept the other detector parameters same as described in Table 4.1. We can see that the
DUNE near detector is able to almost rule out the LSND results [32] for all the baseline
options. However, we notice that the curve showing exclusion limit changes shape as we
change the baseline. We see that as we move to longer baselines, the sensitivity to lower
mixing angle is reduced while sensitivity to mass-squared di↵erence at higher mixing
angle is increased. The main reason is that the statistics at the higher baselines are 1/L2
suppressed, leading to loss of sensitivity for lower mixing angles for which the oscillation
probability is proportionally suppressed. However, longer baselines allow for oscillations
of lower m2 better, leading for better sensitivity for these parameter regions. The shorter
baseline, on the other hand, has higher statistics due to lower L, allowing it to measure
lower mixing angles better. However, the oscillations for lower m2 do not develop and
the corresponding sensitivity drops.

1

The right panel of Fig. 4.3 gives the variation of the exclusion limits as we vary the
fiducial mass. We have kept the baseline fixed at 595 m for all cases in this panel. Results
for the three benchmark masses of 5 t, 400 t and 1 kt are shown. The 5 t is chosen
for it is given in the DUNE near detector proposal [107], 400 t is chosen because it is
going to be the mass of the ProtoDUNE detector [108] and 1 kt is just another benchmark
point. We can see that the 400 t configuration can comfortably rule out the LSND result.
The 5 t detector can also almost rule out the LSND allowed region with about 3 C.L..
The figure also shows that fiducial mass has reached its plateau at 400 t, such that any
further increase in detector mass and/or exposure does not change the sensitivity by any
significant amount. So 400 t LArTPC ProtoDUNE placed at a baseline of about 595 m
can be a good choice for the near detector for testing LSND. We have checked that the
detector energy resolution does not bring any significant change to our final results.
In Fig. 4.4 we have shown the e↵ect of systematic uncertainties on the sensitivity of
1

The decay pipe of the DUNE beam has a length of about 210 m. This could bring uncertainty in the
distance of flight of the neutrinos which might have a bearing on the oscillation signal at the near detector.
We have explicitly checked that the impact of this uncertainty is not very significant. We stress that the
sensitivity plots shown in this paper are for illustration only.
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Figure 4.5: The left (right) panel shows the result for running DUNE for 5 years in the
neutrino (antineutrino) mode. In both panels, the solid lines are the exclusion curves for
3 C.L. and the dashed lines are the exclusion curves for 4 C.L. The red lines are for
5 t detector and green lines are for 400 t detectors, while the yellow shaded region is the
90% C.L. LSND allowed region.

the near detector to the LSND region. We have considered one optimal (2%) and one
conservative (10%) energy calibration error as systematic error in the left panel. In the
right panel, we have considered 1% and 15% flux normalisation error of signal. We
can see from this figure that the systematic uncertainties have a very small e↵ect on the
sensitivity.
In Fig. 4.5 we study the sensitivity of DUNE near detectors separately in the neutrino and the antineutrino modes. Both LSND [32] and MiniBooNE [33, 34, 111] have
reported electron excess compatible with oscillations only in the antineutrino channel.
Since DUNE will be running for 5 years in the neutrino and 5 years in the antineutrino
mode, we can probe sterile neutrino oscillations separately in the two data sets. The results of our study has been shown in Fig. 4.5. The left (right) panel shows the result for
running DUNE for 5 years in the neutrino (antineutrino) mode. In both cases we show the
sensitivity curves for the 5 t and 400 t detector mass cases. One can see that the neutrino
mode can better exclude the parameter space for both 5 t as well as 400 t options, but the
antineutrino mode also performs well and can test the LSND region.
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Figure 4.6: Expected sensitivity at the 3 and 4 C.L. for the case when there is a sterile
neutrino in the data. The black star is the value for which the data is generated. The blue
contour shows the 3 and the green contour shows the 4 C.L.

There are quite a few experimental proposals that plan to test the LSND signal before
DUNE near detector becomes operational. If any of these experiments manage to see a
signal compatible with sterile neutrino oscillations, then it is pertinent to ask how well
the DUNE near detector could measure the m2 and sin2 2✓µe . To that end, we perform
a study of the projected reach of the DUNE near detector by generating the data at one
benchmark point in the

m2

sin2 2✓µe plane. This data is then fitted and the results

shown in Fig. 4.6. The black star shows the benchmark point chosen. The blue contour
shows the bound at 3

C.L. and the green contour shows the 4

C.L. We see that the

sensitivity is very good at the 3 and 4 confidence levels and DUNE near detector can
tightly constrain the parameter space.
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4.3

Imprints of a light sterile neutrino at DUNE and T2HK/
T2HKK

This section is based on the paper [69]. In this work, we focus on two main purposes.
Firstly, we consider the impact of sterile neutrino mixing in the 3+1 scenario on the
physics reach of the T2HK and T2HKK set-ups. We calculate the expected sensitivity to
neutrino mass hierarchy, CP violation and octant of ✓23 both in the absence (referred to
as the 3+0 case) as well as presence (referred to as the 3+1 case) of a sterile neutrino.
Secondly, we present a combined analysis of the T2HKK set-up with DUNE to check
for possible synergies between the two experiments. We present the expected sensitivity
of the T2HK and T2HKK set-ups to the oscillation parameters in both 3+0 and 3+1
scenarios.

4.3.1

Simulation procedure

In our analysis, we have used GLoBES (Global Long Baseline Experiment Simulator)
[81, 82] to perform all our computations, along with additional sterile neutrino codes
[83, 84]. In all the results presented in this paper, we do a full four-generation analysis
in the 3+1 framework and calculate the oscillation probabilities in matter using exact
numerical codes. Throughout this analysis, we choose the true values of the standard
neutrino oscillation parameters as follows [112]:
✓12 = 33.5 , ✓13 = 8.5 ,

m221 = 7.5 ⇥ 10

5

eV2 ,

m231 = 2.52 ⇥ 10

3

eV2

(4.7)

We choose true value of ✓23 = 45.0 for CPV and mass hierarchy studies, whereas for
the octant sensitivity studies we generate data at ✓23 = 40.3 (we call this case Lower
Octant (LO)) and 49.7 (we call this case Higher Octant (HO)). The true mass hierarchy
is always taken as normal hierarchy. The true
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13

is varied in its full range [ ⇡, ⇡]. Since

there are twelve parameters in the 3+1 scenario, it is impossible to marginalise overall
parameters. Therefore, we check the impact of the relevant parameters on each sensitivity
study performed in this work and marginalise the resultant

2

only over the ones that

bring any significant change. We will state clearly our marginalisation procedure for
every result shown in this paper. Wherever relevant, the marginalisation is performed for
✓13 , ✓23 and m231 in the ranges are [7.990 , 8.910 ], [38.40 , 53.00 ] and [2.40, 2.64]⇥10
for NH & [ 2.64, 2.40]⇥10

3

3

eV2

eV2 for IH, respectively.

The issue regarding sterile neutrino mass squared di↵erence and mixing angles is far
from settled. While LSND [32, 113], MiniBooNE [33, 34, 111], gallium [38–41, 114] and
reactor anomaly [35–37] require sterile neutrinos mixed with the active ones, the Bugey3 [115], Daya Bay [116, 117], NEOS [88], IceCube [45], MINOS [118] and NO⌫A [92]
experiments are consistent with no active-sterile oscillations and put severe upper limits
on the mixing angles ✓14 [115–117, 119], ✓24 [45] and ✓34 [118] (see also [92]). The
phases are completely unconstrained at the moment. Since there is a certain degree of
uncertainty regarding the active-sterile mixing angles, we perform our analysis for two
sets of benchmark true values:
(✓14 , ✓24 , ✓34 ) = (6.5o , 3.5o , 12.5o ) ,

(4.8)

(✓14 , ✓24 , ✓34 ) = (12o , 7o , 25o ) ,

(4.9)

where, the former is the set of smaller values of the mixing angles, while the latter are
at the higher values. The marginalisation over these mixing angles are done in the range
✓14  13 [116], ✓24  7 [45] and ✓34  26 [118]. The phases are taken over their full
range [ ⇡, ⇡]. The mass squared di↵erence was taken fixed at m241 = 1 eV2 . The true
value of m241 (as well marginalisation over it) has absolutely no impact on our results
since the oscillations driven by m241 get e↵ectively averaged as long as they are significantly higher than 10

3

eV2 . For the numerical simulation we have used the following
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specifications for the experiments:

4.3.1.1

2

DUNE

In this work, we have considered a Liquid Argon detector of fiducial mass 34 kt at a
baseline of 1300 km. The neutrino flux is given by the 120 GeV, 1.2 MW proton beam.
Here we have considered 5 years of neutrino and 5 years of antineutrino. Appearance and
disappearance channels are combined for the analysis. The energy resolutions for the µ
p
p
and e are taken to be 20%/ E and 15%/ E, respectively. The signal efficiency is taken
to be 85%. The backgrounds are taken from [27]. In the neutrino (antineutrino) mode, the
signal normalization error is 2% (5%), the background normalization error is 10% (10%)
and the energy calibration error is 5% (5%). This choice of systematics is conservative
compared to the projected systematics in [27].

4.3.1.2

3

T2HK

For our analysis, we take a beam power of 1.3 MW and the 2.5 o↵-axis flux. We consider
a baseline of 295 km and the total fiducial mass of 374 kt (two tank each of which is
187 kt). We consider 2.5 years of neutrino and 7.5 years of antineutrino runs in both
p
appearance and disappearance channels. The energy resolution is taken to be 15%/ E.
The number of events are matched with the TABLE II and TABLE III of [29]. The
signal normalization error in ⌫e (¯⌫e ) appearance and ⌫µ (¯⌫µ ) disappearance channel are 3.2%
(3.6%) and 3.9% (3.6%), respectively. The background and energy calibration errors in
all channels are 10% and 5%, respectively.
2

Recently, in [120], the authors have put strong constraints on the sterile mixing angles from global
analysis. The upper limit, used in this work for ✓34 is far outside the range specified in [120]. But we have
explicitly checked our results with the new constrain on ✓34 and found that the results reported in this work
will not change by 5%.
3
The experimental specifications for DUNE has been updated in [121]. However, we have explicitly
checked that the physics results do not di↵er much for the two specifications. The older version was for
5+5 years of run while the newer one is for 3.5+3.5 years of run and yet inspite of lower statistics the
newer version is able to achieve similar physics goal because of the optimised fluxes, detector response and
systematics.
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4.3.1.3

T2HKK

In our analysis, we have considered signal normalization error of 3.2% (3.6%) in ⌫e (¯⌫e )
appearance channel and 3.9% (3.6%) in ⌫µ (¯⌫µ ) disappearance channel, respectively. The
background and energy calibration errors are 10% and 5% in all the channels, respectively.

4.3.2

Numerical probabilities

In this section, we present some of our results at the probability level in order to understand the physics potential of these experiments. The Fig. 4.7 gives the bi-probability
plots for JD (the Japan detector at 295 km) at its first oscillation maximum at 0.5 GeV and
KD (the Korean detector at 1100 km) at its second oscillation maximum at 0.66 GeV. For
each case we have considered all the four combinations of octant (Higher Octant (HO) or
Lower Octant (LO)) and mass hierarchy (Normal Hierarchy (NH) or Inverted Hierarchy
(IH)) i.e., NH-LO (red), IH-LO (blue), NH-HO (green) and IH-HO (black). As stated
before, for LO we have chosen ✓23 = 40.3 as the benchmark value and for HO we take
✓23 = 49.7 . For NH we have chosen | m231 | = 2.457 ⇥ 10 3 eV2 and for IH we have chosen
| m231 | = 2.449 ⇥ 10 3 eV2 . The e↵ect of the variation in the bi-probability plots due to
the sterile sector phases

24

and

34

varying in their [ ⇡, ⇡] range is shown by the shaded

regions. For comparison, we also show the bi-probability ellipse for the standard 3+0
case by the solid curves of the same colour.
The top-left panel shows that for JD there is a strong overlap for NH and IH biprobability curves even for the 3+0 case and for both LO and HO. This reflects the fact
that JD has a smaller baseline and energy and hence, small matter e↵ects. As a result, the
sensitivity of JD to CP violation is expected to su↵er from mass hierarchy degeneracy.
As we switch on the sterile neutrino mixing, the sharp bi-probability lines start to spread
and there is a whole band of bi-probabilities coming from the fact that now in addition
to

13

there are 2 additional phases

24

and

34 .
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The bi-probability bands for the di↵erent

Figure 4.7: Pµe vs P̄µe bi-probability plots for JD and KD. The first row shows the plots
for JD (295 km and E = 0.5 GeV ) and the second row shows the plots for KD (1100 km
and E = 0.66 GeV). The left column is for lower set of sterile mixing angles and the right
column is for higher set of sterile mixing angles. The shaded regions show the variation
of the bi-probability when the sterile phases 24 and 34 are varied within [-⇡,⇡]. The solid
curves describe the 3+0 case. The di↵erent colours correspond to di↵erent combinations
of mass hierarchy and octant of ✓23 .

colours representing di↵erent cases start to overlap more with each other. The overlap
increases significantly as we increase the sterile mixing angles, shown in the top-right
panel, owing to the fact that the e↵ect of the phases

24

and

34

increase. The correspond-

ing bi-probability results for the KD baseline and peak energy of 0.66 GeV is shown in
the lower panels. As for JD, the bi-probability curves for 3+0 overlap between the di↵erent hierarchies even for KD, but the overlap is less. As we switch on the sterile mixing
angle (bottom-left panel) the bi-probability lines blur into a band, though the spread in
the case of KD appears to be slightly less. As the sterile mixing angles increase (bottomright panel) the blurring increases showing the increased e↵ect of the phases associated
with the sterile mixing angles. We have checked that the main contribution to the blurring
of the bi-probability plot comes from the phase
although non-zero.
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24 .

The e↵ect of

34

is subdominant,

1
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Figure 4.8: CP-asymmetry at JD(left) and KD(right). The bands represent the variation
of 24 and 34 .

Here in Fig. 4.8, we show the CP violation in terms of an asymmetry defined at the
probability level to provide some additional insight. We define the CP asymmetry as
ACP =

Pµe P̄µe
.
Pµe + P̄µe

(4.10)

The left panel of Fig. 4.8 shows the CP-asymmetry as a function of

CP

for the JD base-

line of 295 km and at a fixed energy 0.5 Gev, which corresponds to the first oscillation
maximum at this baseline. The right panel shows the CP-asymmetry for the KD baseline
of 1100 km and at a fixed energy of 0.66 GeV, which corresponds to the second oscillation
maximum for this baseline. The solid blue curves depict the ACP for the 3+0 ⌫ case in
both panels. The bands represent the e↵ect of the sterile phases. For each
show the range of ACP for the full range of values of

24

and

34

13 ,

the bands

between [ ⇡, ⇡]. The

cyan bands show the e↵ect of the sterile phases for the lower set of sterile mixing angles
and the grey bands show the same for the higher set of mixing angles. We see that the
presence of the sterile neutrino mixing spreads the ACP in both sides of the standard 3+0
case. This implies that for a given true value of

13 ,

the CP asymmetry in the presence

of sterile neutrinos could either increase or decrease for both JD and KD baselines and
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energies, depending on the true values of a

and

24

34 .

Looking from another angle, this

also implies that the presence of sterile neutrino mixing brings in an uncertainty in the
expected CP asymmetry at long-baseline experiments. Observation of a certain CP asymmetry signal in the data could come from degenerate solutions involving mixing angles
and phases in the 3+0 sector and the sterile sector. We can also see from the plots that
with higher mixing, widths of the bands increase and hence the uncertainties in the CPsector introduced by the sterile phases increases. We also note that the CP-assymmetry is
significantly higher for KD than for JD. The reason is that, the shape and magnitude of
the curves largely depend on the baseline and energy value chosen, or more precisely on
the L/E factor.
The Fig. 4.9 shows the MH-asymmetry for JD(left) and KD(right) baselines at a fixed
energies of 0.5 GeV and 0.66 GeV, respectively. The MH-asymmetry is defined as:
A MH =

NH
Pµe

IH
Pµe

(4.11)

NH + PIH
Pµe
µe

In NH we have taken m231 = 2.45 ⇥ 10

3

eV2 while in IH we have taken m231 =

m231 + m221 . Just as in the previous figure, the blue solid curves show the MHasymmetry for the standard (3+0) case. As before the bands are obtained when the sterile
mixing angles

24

and

34

are varied in their full range [ ⇡, ⇡]. The cyan bands are for the

lower set of sterile mixing angles and the grey bands are for a higher set of sterile mixing
angles. From the Fig. 4.9, we can see the e↵ect of the new physics at the probability level.
We can see naively that at the probability level it appears that for the 3+1 scenario, the
mass hierarchy asymmetry has a chance of either increasing or decreasing compared to
its 3+0 expected reach, depending on the true values of

24

and

34 .

We can see that with

the increase of the sterile mixing angles the e↵ect increases. As in Fig. 4.8, we find that
the MH-asymmetry expected in KD is more than in JD and the reason for this is its higher
chosen energy value and earth matter e↵ects.
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Figure 4.9: MH-asymmetry as a function of
represent the variation of 24 and 34 .

4.3.3

0

13

for JD(left) and KD(right). The bands

CP sensitivity

In this section, we present our CP violation sensitivity results in the presence of a light
sterile neutrino. That is, we are addressing the following question: If CP is violated in
Nature, then at what C.L., T2HK(JD⇥2) and T2HKK(JD+KD) can exclude the CP conserving scenarios in the presence of a sterile neutrino? In the 3+1 scenario, we have two
more phases ✓24 and ✓34 in addition to the standard CP phase

13 .

So while studying CP

violation sensitivity of these experiments in the presence of sterile neutrinos, we consider
the following two situations:
1. CP is violated and we do not know the source of its violation. That is, it can be due
to any of the three phases.
2. CP is violated and we know the source of its violation. For instance, say we assume
that it is due to the standard Dirac CP phase

13 .

As explained above, we have presented our results for two sets of sterile mixing angles
and for each set we fix the standard oscillation parameters to their best fit values in ‘data’
and vary all the three true phases in their full range [ ⇡, ⇡]. While answering the question
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of CP violation in the first scenario, we generate the data at a given true value of
24

and

34

and calculate the

2
min

13 ,

by considering all the eight possible CP conserving

scenarios in the ‘fit’. We marginalise over a fine grid of ✓14 , ✓24 , ✓34 in their allowed range
in the ‘fit’. In addition, we have marginalised over the test ✓13 in its 3 allowed range.
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Figure 4.10: The expected CP violation sensitivity of T2HK (JD⇥2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we do not know the source of its violation.
The bands correspond to variation of 24 and 34 in the true parameter space. The results
are for true normal hierarchy.
The results of CP violation sensitivity in the first scenario are presented in Fig. 4.10.
The mass hierarchy is kept fixed as NH in both the ‘data’ as well as the ‘fit’ for this figure
and in the next two figures in this subsection. The blue dashed line corresponds to the
standard CP sensitivity in the 3+0 case as a function of

13 (true).

to the 3+1 case with all possible choices for the other two phases
The thinner cyan band gives this band for

24 (true)

and

34 (true)

The bands correspond
24 (true)

and

34 (true).

when the sterile mixing

angles are taken to be at their smaller benchmark value while the grey band is obtained for
the corresponding case when the sterile mixing angles are kept at their limiting benchmark
value. In both cases, these are the value of the sterile mixing angles in the ‘data’, kept
fixed in the entire band, while in the ‘fit’ they are marginalised as discussed above. We
observe that for all

13 (true)

which give more than 5 CP sensitivity, the cyan band almost

lies below the blue line. So for relatively small 3+1 mixing angles, sensitivity to CP
violation in the 3+1 case decreases compared to the standard 3+0 case. But as the mixing
angles increases, the 3+1 grey band spans both sides of the 3+0 plot. In the 3+1 case,
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as discussed in [67], there are two e↵ects that come into play. Firstly, the number of
parameters to be marginalised in the ‘fit’ is higher than the 3+0 case and marginalising
over a large number of parameters brings the

2
min

down. Secondly, the e↵ect of the

variation of the true phases changes with the variation of the true values of the mixing
angles. When mixing angles are small, the e↵ect of the true phases are also small and
hence the first e↵ect dominates the second one. As a result, the

2
min

decreases compared

to the 3+0 case. But as the true mixing angles increase, the e↵ect of the variation of the
true phases increases simultaneously and as a result, the width of the grey band increases.
So for higher values of the mixing angles, the second e↵ect tends to increase the

2
min

and

as a result, overall sensitivity increases and the grey band spreads on both side of the 3+0
plot.
As seen from Fig. 4.10, T2HKK (JD+KD) has slightly better sensitivity to CP violation in the 3+0 case than T2HK(JD⇥2). But in the 3+1 case, we observe that T2HK and
T2HKK have almost equal sensitivity to CP violation at

13

= ±⇡/2 when mixing angle

are large. But for smaller mixing angles, T2HKK gives slightly better sensitivity than
T2HK (JD⇥2). Also note that in the 3+1 case, we have non zero CP violation sensitivity
even at the CP conserving values of
13 (true)=

13 (true).

0 or ±⇡, we have more than 3

For the higher mixing angle case and for

CP violation sensitivity for

range [45 , 135 ] and [ 135 , 45 ]. The e↵ect of

34 (true)

24 (true)

in the

is less important. Combining

JD and KD with DUNE enhances the CP violation sensitivity and we observe that even
when

13 (true)=

0 or ±⇡, it is possible to achieve more than 5 CP violation sensitivity in

the higher mixing angle case for
the impact of

34

24 (true)

in the range [90 , 112 ] and [ 112 , 90 ]. Again

is not important.

To address the second scenario, we consider the CP conserving cases for
the ‘fit’ while we have marginalised over the two new phases,

24

and

34

13

alone in

in the allowed

3 range. All other 3+1 mixing angles and ✓13 are marginalised, as explained above. The
results are shown in Fig. 4.11, where we observe that the CP violation sensitivity in the
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Figure 4.11: The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we know the source of its violation and it
is due to 13 . The bands correspond to variation of 24 and 34 in the true parameter space.
The results are for true normal hierarchy.
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Figure 4.12: The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we know the source of its violation and it
is due to 24 . The bands correspond to variation of 13 and 34 in the true parameter space.
The results are for true normal hierarchy.
3+1 case decreases compared to the standard 3+0 sensitivity in all the three experimental
set-ups. Both the cyan and grey bands lie below the 3+0 sensitivity plot for all true

13 .

We

also observe that the minima of the grey band are nearly at the same level in T2HKK and
DUNE+T2HKK while it is slightly lower in the case of T2HK. From Fig. 4.11 (Fig. 4.12),
we observe that restricting the source of CP violation to only

13

(

24 )

in the ‘fit’ brings

down the sensitivity. In the previous case (Fig. 4.10), we have considered only eight
combinations of the phases in the ‘fit’ while in this case, we have marginalised over two
phases in their full allowed range. Marginalising over a large number of parameters lead
to decrease in sensitivity.
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In Fig. 4.12, we have shown the results for CP violation due to
of the bands are due to the variation of

13 (true)

and

34 (true)

24

and here the widths

in their full allowed range.

Also in the ‘fit’ we have marginalised over these two phases in their full range and choose
CP conserving values for

24 .

CP violation sensitivity, in this case, is much lower than

the previous two cases and the two bands are well separated from each other. So if there
is a sterile neutrino and CP violation is considered to be solely due to

24 ,

then T2HK

and T2HKK can measure it at 3

24

and as seen

C.L. only for some fraction of true

from Fig. 4.12, T2HK is better than T2HKK. Even after combining with DUNE, we can
achieve 5

CP violation sensitivity for some fraction of true

24

only around the peak

when the mixing angles are large.

4.3.3.1

CP Violation sensitivity if hierarchy is unknown

The results presented in the previous section is under the assumption that the mass hierarchy will be known by the time of operation of these experiments. We have also checked
the CP violation sensitivity for the true inverted hierarchy and the behaviours of the results
are consistent.
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Figure 4.13: The expected CP violation sensitivity of T2HK (JD⇥ 2), T2HKK (JD+KD)
and DUNE+JD+KD under the assumption that we do not know the source of its violation
as well as the hierarchy. The bands correspond to variation of 24 and 34 in the true
parameter space. The results are for true normal hierarchy.
In this section, we show the CP violation sensitivity in the 3+1 case without fixing
the mass hierarchy to its true case in the ‘fit’. In Fig. 4.13, we show the results for
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expected CP violation sensitivity for the first scenario where we rule out CP conserving
values of all the three phases and with marginalisation over MH in the ‘fit’. We have
assumed the NH to be true in this figure. That is, for each ‘simulated data’ case, we
find the

2

for eight combinations of CP conserving phases for each hierarchy in the
2
min

‘fit’ and hence sixteen combinations in total. The minimum
combinations are plotted in Fig. 4.13 as a function of
24 (true)

and

34 (true)

13 (true)

amongst these sixteen

where the full range of

are represented in the bands. Marginalisation over other parameters

are the same as explained in the previous subsection. The regions between the two cyan
lines represent the CP violation sensitivity for the small mixing angles benchmark point,
while the grey band depicts the sensitivity for the higher mixing angles benchmark case.
The blue dashed lines show the 3+0 sensitivity for each of the three experimental setups. We observe that in the 3+0 scenario, CP violation sensitivity decreases significantly
for T2HK, specially in the upper half-plane (UHP) (

13 (true)

> 0) if the MH is taken

to be unknown. For T2HKK although there is a drop in the sensitivity in the UHP for
the 3+0 case compared to its counterpart in Fig. 4.10, the e↵ect of marginalising over
hierarchy is less here than for T2HK. This happens because KD can resolve the mass
hierarchy degeneracy to a large extent in the T2HKK set-up. Once we combine DUNE
with T2HKK, the e↵ect of the unknown hierarchy almost vanishes. On the other hand, in
the presence of a sterile neutrino, the CP violation sensitivity decreases if the new mixing
angles are small. But for the larger mixing angles case, the sensitivity increases in the
UHP and for some combinations of
sensitivity at

13

24 (true)

and

34 (true),

we can have more than 5

= +⇡/2 for T2HK. Adding DUNE not only enhances the sensitivity but

also nullifies the e↵ect of unknown MH even in the presence of a sterile neutrino.

4.3.4

Mass hierarchy sensitivity

In this section, we discuss the expected sensitivity to neutrino mass hierarchy of T2HK
and T2HKK in the 3+1 scenario. For that, we generate the data at a given true MH and
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Figure 4.14: The expected mass-hierarchy sensitivity of T2HK (JD⇥2) and T2HKK
(JD+KD). The upper panel is for true NH while the lower panel is for true IH. The bands
correspond to the variation of the sterile phases in the true parameter space.

‘fit’ it with the wrong hierarchy. We marginalise over all the three phases in the ‘fit’ and all
the sterile mixing angles and also | m231 | and sin2 ✓23 . Here we have not marginalised over
✓13 due to computational challenges. We have seen in Fig. 4.9 that the MH-asymmetry
can change due to the presence of sterile neutrino mixing. However, there we have done
everything only at the probability level and for fixed values of oscillation parameters as
well as for a fixed energy. We will now show how the expected sensitivity to MH changes
due to sterile neutrinos from a full analysis of expected data when one takes all relevant
marginalisation into account.
The results for T2HK and T2HKK for both NH (upper panel) and IH (lower panel) as
true are shown in Fig. 4.14. The presentation and description of the bands are the same
as that in the previous subsection. We observe that the sensitivity to mass hierarchy in
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the presence of a sterile neutrino changes significantly in both the experiments. We have
explicitly checked the e↵ect of marginalisation on mass hierarchy sensitivity. Here also,
we notice the two features discussed in section V B. We observe that,

1. For the higher sterile mixing angles, the impact of the variation of the true phases
increases and it tends to increase the

2
min .

2. E↵ect of marginalisation over test | m231 | in the wrong hierarchy is very important
for the MH sensitivity study. Its e↵ect is seen to be most for the 3+0 case and keeps
decreasing with the strength of the true sterile mixing. As a result, the

2
min

goes up

for the higher set of sterile mixing angles.

For smaller sterile mixing angles, we observe that the width of the cyan band is small
in both the hierarchies and the sensitivity for the 3+1 scenario, in this case, is nearly same
as 3+0. In case of T2HK, the cyan band swings around the 3+0 plot but in T2HKK, it
lies below the 3+0 line for most of the

13 (true)

values, in both the hierarchies. However,

the mass hierarchy sensitivity seems to increase for the larger mixing angle case. This apparently appears counter-intuitive to what we have observed in Fig. 4.7 where the overlap
between the bi-probability plots was seen to increase when we increased the sterile mixing
angles, making it appear as though the sensitivity to mass hierarchy would decrease as the
sterile mixing angle was increased. We can also note that in Fig. 4.14 the grey band does
not span equally on both sides of the cyan band. Instead, the two bands get separated
for most values of

13 (true).

This again appears to be in contrast to Fig. 4.9 where the

cyan band was embedded nearly symmetrically inside the grey band. The reason for both
these apparent conflicts can be traced back to the impact of marginalisation of the mass
hierarchy

2

over | m231 |. We have checked that the marginalisation over | m231 | alone re-

duces the mass hierarchy

2

by nearly an order of magnitude for the 3+0 scenario. For

the smaller sterile mixing angle case, the e↵ect of sterile neutrino parameters is less and
the final marginalised

2

is close what we have for the 3+0 case. However, as the sterile
86

mixing angle is increased the e↵ect of marginalisation over | m231 | is able to reduce the

2

relatively less and as the result the final mass hierarchy sensitivity appears to rise. For the
same reason, the cyan band becomes asymmetric with respect to the grey band. For the
largest sterile mixing angle case, we have more than 5 sensitivity for mass hierarchy for
any

13 (true).
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Figure 4.15: The expected octant discovery potential of T2HK (JD⇥2) and T2HKK (JD+KD). In the LO
(HO), we consider ✓23 = 40.3o (49.7o ) as the true value. The upper panel is for T2HK (JD⇥2) while the
lower panel is for T2HKK (JD+KD). The bands correspond to the variation of the sterile phases.

4.3.5

Octant discovery

In this section, we study the octant discovery potential of T2HK and T2HKK in the 3+1
scenario. We also present a combined analysis of T2HKK with DUNE. We consider the
same benchmark value of true ✓23 for which we have shown the bi-probability plots in
Fig. 4.7. We then show the potential of these experiments to exclude the wrong octant for
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Figure 4.16: The octant discovery potential of DUNE+T2HKK(JD+KD).
the two sets of sterile mixing angles. In data, we vary all the three phases, as discussed
above, we show the band of

2
min

the full range of

34 (true).

24 (true)

and

as a function of the

13 (true).

The band corresponds to

In the ‘fit’, we marginalise over the sterile mixing

angles and the phases in their allowed ranges. In addition, we marginalise over ✓13 and
for a true LO (HO), ✓23 is marginalised in the HO (LO). We consider the full 3 allowed
range for both ✓13 and ✓23 . We show the results only for the assumed true normal mass
hierarchy.
From Fig. 6.4, we observe that the potential of T2HK to exclude the wrong octant
is slightly higher than for T2HKK. If LO is the true octant in the standard 3⌫ scenario,
then both T2HK and T2HKK can exclude the wrong HO at 5 for all
for true HO, excluding the LO is not possible at 5 for all

13 (true),

13 (true).

However,

though the expected

sensitivity reach is seen to remain high. In the presence of a sterile neutrino, the expected
sensitivity gets modified and we observe that for small sterile mixing, the potential to
exclude the wrong HO is significantly less than the standard 3+0 case. For large mixing angles, the width of the band increases and for some combinations of
34 (true),

the grey band slightly crosses the 3+0 plot for some fraction of

24 (true)

and

13 (true).

On

the other hand for true HO, the standard 3+0 plot lies within the grey band while the cyan
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band lies below it except for some small fraction of

13 (true)

around zero. Also, one can

note that for large sterile mixing angles, some combinations of the new phases give more
than 5 HO discovery potential for both the setup.
If we add DUNE with T2HKK (Fig. 4.16), the octant discovery potential changes
significantly. For large (small) sterile mixing angles, if LO is the true octant, then it
is possible to exclude the HO at 5
around

13 (true)=

for all

13 (true)

(all

13 (true)

except some fraction

±⇡), irrespective of the true values of the other two phases. Even in the

case of true HO, we can rule out the LO at 5 C.L. except for some fraction of

4.4

13 (true).

Measuring the sterile neutrino CP phases at DUNE
and T2HK

In this section, we discuss the capability of DUNE and T2HK for measuring sterile phases
[76]. At short-baseline experiments, the oscillation probabilities Pee , Pµµ and Pµe in the
3+1 scenario can be written in an e↵ective two-generation framework which depends only
on m241 and an e↵ective mixing term given as a combination of the sterile mixing angles
✓14 , ✓24 and ✓34 . As a result, the short-baseline experiments are completely insensitive to
the sterile CP phases
the

24

and

34 .

On the other hand, it is now well known that even though

m241 -driven oscillations get averaged out, these phases show up in the oscillation

probabilities at the long-baseline experiments. A lot of e↵ort in the last couple of years
has gone into estimating the impact of the sterile neutrino mixing angles and phases on
the measurement of standard oscillation parameters at long-baseline experiments [66–69,
71–74, 122, 123].4 These papers showed that in the presence of sterile neutrino mixing
the sensitivity to the measurement of CP violation, mass hierarchy, as well as octant of
✓23 becomes a band, where the width of the band comes from the uncertainty on both the
4

Some recent studies on other new physics scenarios in the context of DUNE and T2HK can be found
here [124–145].
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values of the sterile mixing angles as well as the sterile phases. While the sterile neutrino
mixing angles are constrained by the global short-baseline data, there are no constraints on
the sterile phases. In the future, bounds on the sterile neutrino mixing angles are expected
to improve by the data from forthcoming short-baseline experiments [95,99,100]. Studies
have shown that the long-baseline experiments could also give constraints on the sterile
neutrino mixing at their near [106] and far [74, 75] detectors. The sterile phases, on the
other hand, can be constrained only in the long-baseline experiments. A short discussion
on the study of sterile phases were done at T2K+reactor [123] and T2K+NOvA [72]
and the sensitivity was shown to be poor. In this paper, we study how well the nextgeneration experiments DUNE and T2HK will be able to measure the sterile phases. We
give the expected sensitivity of DUNE and T2HK alone as well as by combining data
from the two experiments. To the best of our knowledge, this is the first time such a
complete study is being performed. While the authors in [68] did attempt to present
the expected precision on the sterile phase (which in their parametrisation was

14 )

in

the DUNE experiment, the analysis they performed has several short-comings. In their
analysis, the authors of [68] keep the sterile mixing angles ✓14 , ✓24 and ✓34 fixed in the fit
at their assumed true values. We allow these angles to vary freely in the fit we perform in
this paper. This allows the uncertainty due to both the mixing angles as well as the phases
to impact out final results. We also keep our sterile neutrino mixing angles within the
currently allowed limits, which have been updated following the results from the NEOS,
MINOS and MINOS+ experiments [120]. Expected precision on the sterile phase from
T2HK has never been studied before and we present them for the first time. We will
also show the combined expected sensitivity of DUNE and T2HK to constrain the sterile
mixing angles ✓24 and ✓14 , both when the 3+1 scenario is true as well as when there is no
positive evidence for sterile neutrino oscillations.
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4.4.1

Sterile neutrino probability and simulation

In long-baseline experiments such as T2HK and DUNE, the oscillations driven by m231
dominate while those driven by m221 are sub-dominant, while the very fast oscillations
driven by m241 ⇠ O(1eV2 ) get averaged out. The transition probability Pµe in the limit
sin2 ( m241 L/4E) ⇠ 1/2 and neglecting earth matter e↵ect is [66]:
P4⌫
µe = P1 + P2 (

13 )

+ P3 (

24 )

+ P4 (

Here P1 is the term independent of any phase, P2 (
pends only on

24

and P4 (

13

+

24 )

13 )

13

24 ).

+

(4.12)

depends only on

depends on the combination (

13

13 ,

+

P3 (

24 ).

24 )

de-

The full

expression of the di↵erent terms in Eq. (4.25) are as follows:
P1 =

1 2 4⌫
sin 2✓µe
2

1 2
4⌫
sin 2✓13 sin2 2✓µe
)(cos2 ✓12 sin2 31 + sin2 ✓12 sin2
4
1 2 2
1
2 2
3⌫
4⌫
+(X Y
X sin 2✓12 sin2 2✓µe
cos4 ✓13 sin2 2✓12 sin2 2✓µe
) sin2
4
4
2
2
3⌫ ⇥
P2 ( 13 ) = Y X sin 2✓µe cos( 13 ) cos 2✓12 sin 21 + sin2 31 sin2 32
3⌫
+(X 2 sin2 2✓µe

1
sin(
2

P3 (

24 )

13

+

24 )

sin 2

4⌫ ⇥
= XY sin 2✓µe
cos(

1
+ sin(
2

P4 (

13 )

24 )

sin 2

21

24 )

cos2 ✓13 sin 2

+ cos 2✓13 (cos2 ✓12 sin2
13

+

24 )

+ sin 2

32

cos 2✓12 cos2 ✓13 sin2

3⌫
4⌫ ⇥
= X sin 2✓µe
sin 2✓µe
cos(

1
+ sin(
2

31

13
31

21

+

,

21

+ sin2 ✓13 (sin 2

cos2 ✓12 sin 2

sin2 ✓13 (sin2

31

sin 2

32 )

1 2
sin 2✓12 cos2 ✓13 sin2
2

24 )

+ sin2 ✓12 sin2
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⇤

31

⇤

31

,

32 )

(4.13)
,
21

(4.14)

sin2

32

(4.15)

21

32 )

+ sin2 ✓12 sin 2

32

⇤

,

(4.16)

where,
3⌫
sin 2✓µe
= sin 2✓13 sin ✓23

(4.17)

4⌫
sin 2✓µe
= sin 2✓14 sin ✓24

(4.18)

X = cos ✓14 cos ✓24

(4.19)

Y = cos ✓13 cos ✓23 sin 2✓12 ,

(4.20)

and,

ij

=

m2i j L

(4.21)

4E

We can see from Eq. (4.25) that even though the m241 -driven oscillations are averaged
out, the CP phases associated with the sterile sector still appear in the neutrino oscillation
probability Pµe . This dependence comes in term P3 (
phase

24

as well as in term P4 (

13

+

24 )

24 )

that depend only on the sterile

which depends on combination of

13

and

24 .

Hence, we can expect the next-generation long-baseline experiments to be sensitive to the
sterile phases. We will see the anti-correlation between

13

and

24

manifest in our results

on the measurement of these phases in the long-baseline experiments. In fact, as has been
pointed above, the sterile CP phases cannot be measured in the short-baseline experiments
which are dedicated to measuring the sterile neutrino mixing. Hence, experiments like
DUNE and T2HK are the only place where

24

can be measured in the 3+1 scenario.

Note that in Eq. (4.25) the probability Pµe does not depend on the mixing angle ✓34 ;
hence, the corresponding phase associated with this angle

34

also does not appear. Once

earth matter e↵ects are taken into account, the probability Pµe picks up a ✓34 dependence
and hence depends on

34

as well. However, for DUNE and T2HK experiments, earth

matter e↵ects are rather weak and hence their corresponding sensitivity to

34

cannot be

expected to be strong. Therefore, as we will see in the Results section, these experiments
are mainly able to put constraints on

24 .
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Prior to proceeding, we briefly discuss our simulation procedure as well as the present
status of the neutrino oscillation parameters. For our analysis, we have used GLoBES
(Global Long Baseline Experiment Simulator) [81, 82] along with the additional codes
[83, 84] for calculating probabilities in the 3+1 scenario. We have used constant matter
density for all the cases. Throughout the analysis we choose the true values5 of the standard oscillation parameters as: ✓12 = 33.56 , ✓13 = 8.46 , ✓23 = 45 , m221 = 7.5 ⇥ 10
eV2 , m231 = 2.5 ⇥ 10

5

eV2 and

13

=

5

90 unless specified otherwise. This choice of

parameters is consistent with the current limits [112]. Although one should marginalize
over all the free parameters whenever one introduces some new physics, but new physics
scenarios often give large number of parameters. Marginalisation over these large number
of parameters is computationally challenging, so one has to do some approximation. For
our analysis, we have checked that the e↵ect of marginalisation over the standard three
neutrino parameters other than

13

have no significant e↵ect. So to save computational

time we did not marginalise over these not so relevant set of parameters.
For the sterile neutrino mixing, we have considered two scenarios. We first start by
assuming that active-sterile neutrino oscillations indeed exist and find the expected constraints on the sterile neutrino mixing angles and phase

24

assuming non-zero sterile

neutrino mixing angles in the “data”. For this case, we generate the “data” at true values
m241 ⇡ 1.7 eV2 , ✓14 ⇡ 8.13 , ✓24 ⇡ 7.14 , ✓34 = 0 , which are the current best-fit values
taken from [120]. The true values of the sterile phases will be specified. We marginalise
our

2

overall sterile mixing parameters except m241 in the fit. The

2

is marginalised by

varying ✓14 , ✓24 and ✓34 in the range [5 , 10.5 ], [4 , 9.5 ], and [0 , 12 ], respectively [120]
without any Gaussian prior, while the phases

24

and

34

are varied in their full range

2 [ 180 , 180 ].
We next assume a scenario where the sterile neutrino mixing does not exist in nature
and we show how well would then the long-baseline experiments DUNE and T2HK con5

Throughout this paper we refer to the oscillation parameter values at which the “data" is generated as
the “true value" and values in the fit as “test values".
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Figure 4.17: The 2 vs. 24 (test). The black curves are for T2HK, the red curves are for
T2HKK and the blue curves are for DUNE. The top left panel is for 24 (true)= 0 , the
top right panel is for 24 (true)= 90 , the bottom left panel is for 24 (true)= 90 and the
bottom right panel is for 24 (true)= 180 .
strain the sterile neutrino mixing angles. For this case, the data of course corresponds to
true sterile mixing angles zero. The marginalisation of the

2

is done over all the three

sterile mixing angles and the three phases. Mixing angles ✓14 , ✓24 and ✓34 are marginalised
in the range [0 , 10 ], [0 , 10 ], and [0 , 12 ], respectively, while the phases are allowed
to vary in their full range 2 [ 180 , 180 ].
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4.4.2

Measurement of the sterile phases

In this subsection, we discuss the ability of the long-baseline experiments to constrain
the sterile phases. The “data” is generated for the 3+1 scenario for the values of mixing
parameters discussed in subsection 4.4.1. In particular, for the sterile neutrino parameters
m241 (true)= 1.7 eV2 , ✓14 (true)= 8.13 , ✓24 (true)= 7.14 ,

we take the following values:

✓34 (true)= 0 . The true values of the phases

24

will be taken at some benchmark values

and will be mentioned whenever needed. The true values of standard oscillation parameters are taken at their current best-fit values, mentioned in subsection 4.4.1. The

2

is

marginalised over the relevant oscillation parameters in the 3+1 scenario, as discussed in
subsection 4.4.1, where the parameters are allowed to vary within their current 3 ranges.
Although there are three phases in the 3+1 scenario, the role of the phase

34

is weak.

As was discussed in the previous subsection, the mixing angle ✓34 a↵ects the oscillation
probability Pµe only when matter e↵ects become important. For DUNE and T2HKK,
earth matter e↵ects are not very strong, while for T2HK the e↵ect of earth matter is even
weaker. Since the impact of the phase
the phase

34

34

on Pµe is proportional to the mixing angle ✓34 ,

is also less important for Pµe for the same reason. Moreover, the current

global best-fit for the angle ✓34 turns out to be zero [120]. Therefore, in this work, we set
✓34 (true)= 0 in the data. As a result, the phase
our analysis and hence we take and
the

13

phase

34 (true)=

plane. We reiterate that the

2

34

is not expected to be very crucial in

0 in the data and show our results only in

-

24

34

in the fit, where the mixing angle is allowed to vary between [0 , 12 ] [120].
(

tr
24

DUNE

=0 )
24 (test)
[ 175.1 , 98.8 ]

T2HK
T2HKK

[ 63.0 , 47.9 ]
[ 94.0 , 60.0 ]

Exps

(

tr
24

= 90 )
24 (test)
[23.35 , 180 ]
24 . 175.1
[30.10 , 147.9 ]
[26.27 , 157.62 ]

is marginalised over the mixing angle ✓34 and

(

tr
24

= 90 )
24 (test)
[ 172.21 , 18.49 ]
[ 145.8 , 31.60 ]
[ 158.59 , 17.51 ]

(
24
24
24

tr
24

= 180 )

24 (test)

. 126.4 ,

. 128.4 ,
. 111.8 ,

24
24
24

& 6.9

& 136.2
& 124.3

Table 4.2: The 2 allowed ranges of 24 (test) for the three experiments in the 3+1 scenario. The assumed true value of 13 is 90 . We give the allowed ranges of 24 (test) for
tr
tr
24 = 0 , 90 , 90 , 180 . Here 24 stands for 24 (true).
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The Fig. 4.17 shows the capability of DUNE, T2HK and T2HKK to measure the
phase

24 .

We show the plots of

2

as a function of

24 (test)

for T2HK (dotted black

lines), T2HKK (dash-dotted red lines) and DUNE (dashed blue lines) for

24 (true)

of

0 (top-left panel), 90 (top-right panel), 90 (bottom-left panel) and 180 (bottom-right
panel). The true values of all other parameters are taken as detailed in subsection 4.4.1 and
the previous paragraph. The

2

plot has been marginalised over all relevant parameters
2

as discussed before. The green solid horizontal lines show the
C.L. Table 4.2 shows that T2HK can better constrain the phase

24

corresponding to 2

as compared to DUNE,

while T2HKK is expected to perform better than DUNE but worse than T2HK. Note that
the sensitivity of DUNE and T2HKK is marginally better for
24 (true)=

24 (true)=

90 than for

90 while the reverse is true in case of T2HK (see Table 4.2).

In order to understand why the measurement of

24

is expected to be better at T2HK

than DUNE, we show in Fig. 4.18 the expected electron events at DUNE (top left panel)
and T2HK (top right panel). The four lines in each panel show the expected events for
four values of

24

= 0 (solid red lines), 90 (dashed blue lines), 90 (dotted green lines)

and 180 (dash-dotted dark red lines). The upper panels of the figure reveal that the two
experiments behave in almost the same way as far as the dependence of the probability
Pµe to

24

is concerned. However, there is a clear di↵erence between the two when it

comes to the overall statistics. T2HK expects to see nearly 14 times more events than
DUNE due to its bigger detector size. Hence the corresponding

2

for T2HK is also

expected to be higher. Of course, the systematic uncertainty for DUNE is considerably
less than for T2HK and that compensates the e↵ect of the lower statistics, however, the
e↵ect of statistics shows up in a non-trivial way for

24

measurement at the long baseline

experiments and T2HK with its bigger detector emerges as a better option in this regard.
The lower panels of Fig. 4.18 show the event rate at the oscillation maximum for
DUNE (lower left panel) and T2HK (lower right panel) as a function of

24 .

The black

solid curves show the expected number of events, whereas the green and yellow bands
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Figure 4.18: Top panels show the appearance event spectrum for DUNE (left) and T2HK
(right) for di↵erent values of 24 The green lines are for 24 = 90 , red lines are for
24 = 0 , the blue lines are for 24 = 90 and the dark red lines are for 24 = 180 . The
lower panels show the appearance event rates at the oscillation maximum as a function of
24 for DUNE (left) and T2HK (right). While the black curves give the expected number
of events, the green and yellow bands show the 1 and 3 statistical uncertainties.
show the 1 and 3 statistical deviation. The black short-dashed straight lines show the
event rate at oscillation maxima for the four benchmark values of
90 . The Fig. 4.17 had revealed that the
180 are much lower compared to that for

2

corresponding to
24 (true)=

24

= 0 , 180 , 90 and

24 (true)=

0 and

24 (true)=

±90 . This can be understood from

the lower panels of Fig. 4.18 as follows. Fig. 4.18 shows that the predicted number of
events at oscillation maximum for
for

24 (true)=

24 (true)=

0 and 180 lie between the predicted events

±90 . Therefore, for the cases where data is generated for
97

24 (true)=

0 and

180 , it is easier for other
corresponding to

24 (true)=

24

2

values to fit the data and give a smaller

. However, data

±90 takes a more extreme value and the di↵erence between

the data and fit for other values of

for these cases becomes larger, giving larger

24

2

.

Another interesting feature, visible in the event plots in Fig. 4.18 is that the maxima
and minima of the events are not at

= 90 or 90 . Rather they are slightly shifted

24

2

towards the right. For the same reason, the
the true value of

24 .

plots in Fig. 4.17 are also asymmetric about

One can explain this using Eq. (4.25). By inspecting the probability,

one can see that the correlation between m221 and
13

=

is negligible. Also, we have taken

24

90 everywhere. Hence, for m221 = 0 and

13

90 , the Eq. (4.25) can be

=

rearranged as
Pµe = A + B cos 2✓13 sin
where, A and B are independent of

24 .

1
B cos
2

24

24

(4.22)

,

In the absence of the last term, the probability

would be a sine function shifted by the constant A. However, the presence of the cosine
term shifts the curve and the shift is towards right because of the minus sign in front of
the cosine term. In particular, the extrema of the probability in Eq. (4.22) is given by the
condition,
cos
which corresponds to minimum at

24

24

1
sin
2

=

=

24

(4.23)

,

63.4 and maximum at

24

= 116.6 . This

agrees very well with the event plots in the lower panels of Fig. 4.18, which is obtained
using the exact numerical probability.
We next show in Fig. 4.19 the expected 95 % C.L. allowed areas in the

13 (test)

24 (test)

plane, expected to be measured by the next generation long-baseline experiments T2HK
(or T2HKK) and DUNE, and by combining them. The four panels of Fig. 4.19 have
been generated for four di↵erent choices of

24 (true).

The value of

13 (true)=

90 in

all the panels. In each panel, the benchmark point where the data is generated is shown
by the black star. The four panels correspond to
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24 (true)=

0 (top left), 90 (top right),

Figure 4.19: The expected 95 % C.L. contours in 13 (test) vs 24 (test), where 95 % C.L. is
defined as 2 = 5.99 for 2 parameters. The stars show the value of 13 (true) and 24 (true)
taken in the data. The top left (right) panel is for 24 = 0 ( 24 = 90 ) and the bottom left
(right) panel is for 24 = 90 ( 24 = 180 ). The black dotted curve is for T2HK, the red
dash-dotted curve is for T2HKK, the blue dashed curve is for DUNE, the grey solid curve
is for DUNE+T2HK and the magenta solid curve is for DUNE + T2HKK.
90 (bottom left) and 180 (bottom right). In all the four cases we have considered
3+1 scenario both in the ‘data’ and in the ‘fit’ or ‘theory’. The
then marginalised over the sterile mixing angles ✓14 , ✓24 , ✓34 and

34 ,

2

thus generated is

as discussed before.

The black dotted, red dash-dotted and blue dashed contours are for T2HK, T2HKK and
DUNE, respectively, while the grey and magenta solid contours are for DUNE+T2HK and
DUNE+T2HKK. As in Fig. 4.17 we note that T2HK can constrain the phase

24

much

better than DUNE, while T2HKK performs better than DUNE but worse than T2HK.
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Figure 4.20: The expected precision on 13 for the 3+0 and 3+1 scenarios. The left panel
is for T2HK, the middle panel is for T2HKK and the right panel is for DUNE. The blue
dash-dotted curves are for the 3+0 case and the red dashed curves are for 3+1 case in both
theory and data. The curves are 24 (true)= 90 .
We also see, as before, that for DUNE the precision on
24 (true)=

±90 compared to when

of precision on
measurement of
13

and

24 .

24

measurement on

24

24 (true)=
24 (true)

24

is expected to be better for

0 or 180 . For T2HK, this dependence

is less pronounced. The e↵ect of ✓34 on the

is also minimal. Finally, note that there is an anti-correlation between

This comes from the term P4 (

13

+

24 )

of Eq. (4.25).

The Fig. 4.19 also shows how the measurements of

24

and

13

improve as we combine

DUNE with either T2HK or T2HKK. We see that combining DUNE with T2HKK improves the precision considerably, with the combined precision of DUNE and T2HKK becoming slightly better than the precision expected from T2HK alone. Combining DUNE
with T2HK improves the precision even further, albeit only marginally since T2HK alone
can measure the phases rather precisely.
The question on how the measurement of the standard CP phase

13

gets a↵ected by

the sterile mixing angle phases in the 3+1 scenario is another pertinent question that one
can ask. The Fig. 4.20 shows how the expected precision on

13

changes in the presence

of sterile neutrinos. The left panel is for T2HK, the middle panel is for T2HKK and the
right panel is for DUNE. The blue dashed curves are for the standard 3+0 case with no
sterile neutrinos while the red dash-dotted curves are for the 3+1 case with

24

= 90 in

data. The other standard and sterile neutrino oscillation parameters are taken in data as
100

described above and the fit performed as before. The Fig. 4.20 shows that the expected
precision on

13

worsens when the sterile neutrino is present. From Eq. (4.16) one can

see that there is an anti-correlation between

13

and

24

which makes the

13

precision

worse. For DUNE, the e↵ect is more compared to T2HK and T2HKK. For T2HK, the
13

measurement is seen to be nearly una↵ected. DUNE measures

and T2HKK and hence the corresponding measurement of

13

24

worse than T2HK

worsens due to the anti-

correlation mentioned above. Table 4.3 summarises the expected precision on
the 3+0 and 3+1 scenario for four benchmark values of
measurement of
13

13

gets a↵ected for all

24

24 (true).

13

for

We see that DUNE’s

while the e↵ect on T2HK’s measurement of

is negligible.
3+0(

Exps
DUNE
T2HK
T2HKK

tr
13

= 90 )
13 (test)
[ 125.3 , 53.6 ]
[ 115.3 , 64.2 ]
[ 117.6 , 65.1 ]

tr
24 = 0 )
(test)
13
[ 143.3 , 48.8 ]
[ 116.9 , 66.6 ]
[ 123.5 , 63.2 ]

3+1 (

3+1 (

tr
24

= 90 )
13 (test)
[ 139.1 , 48.2 ]
[ 114.0 , 65.5 ]
[ 121.1 , 60.0 ]

3+1 (

tr
24

= 90 )
13 (test)
[ 139.0 , 46.2 ]
[ 113.2 , 65.0 ]
[ 121.3 , 58.1 ]

3+1 (

tr
24

= 180 )

13 (test)

[ 137.6 , 45.2 ]
[ 113.9 , 63.5 ]
[ 121.1 , 57.3 ]

Table 4.3: The 2 allowed 13 (test) ranges for the three experiments both in 3+0 and
3+1 scenario. In both the scenarios, assumed true value of 13 is 90 while in 3+1 case,
we give the allowed ranges of 13 (test) for tr24 = 0 , 90 , 90 , 180 . Here tr stands for
(true).

4.4.3

Measurement of the mixing angles

Prospects of measuring the sterile neutrino mixing angles at long-baseline experiments
DUNE [74] and T2HK [75] has been studied before. Here we study how well the sterile
mixing can be constrained by combining data from these experiments. We also present
the sensitivity of the individual experiment DUNE, T2HK and T2HKK. Here we consider
two complementary approaches. We first assume that sterile neutrino mixing does exist
(as in the last subsection) and see how precisely the data from long-baseline experiments
can measure and constrain the angles ✓14 and ✓24 6 . We next consider the alternate situation
6

We do not study the mixing angle ✓34 in this work. As discussed before, this a↵ects Pµe and Pµµ only
mildly through matter e↵ects. To constrain this angle, we need to consider the neutral current data, which
has been done in [77, 78, 92].
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Figure 4.21: The left panel shows the expected 95 % C.L contours in the sin2 ✓14 (test)m241 (test) plane, while the right panel shows the 95 % C.L. contours in the sin2 ✓24 (test)m241 (test) plane. The colour code is same as Fig. 4.19.
where the active-sterile oscillations do not really exist and then we see how well DUNE,
T2HK and T2HKK, as well as their combination, could put upper bounds on the sterile
neutrino mixing angles ✓14 and ✓24 .

4.4.3.1

Measuring the sterile mixing angles when 3+1 is true

In this subsection, we assume that the 3+1 scenario is indeed true in nature and the mixing angles ✓14 and ✓24 are indeed non-zero. We perform a

2

analysis with prospective

data generated in the 3+1 scenario and fitted within the 3+1 scenario and give expected
allowed C.L. regions in the sterile neutrino parameter spaces. As before, we take the
true sterile oscillation parameters at the following benchmark values:

m241 (true)= 1.7

eV2 , ✓14 (true)= 8.13 , ✓24 (true)= 7.14 , ✓34 (true)= 0 which are consistent with [120].
The standard oscillation parameters are taken and treated as discussed before. The

2

is

marginalised over all relevant parameters in the fit and no Gaussian priors are included.
In Fig. 4.21, we show the contours in sin2 ✓14 (test)- m241 (test) plane (left panel) and
sin2 ✓24 (test) - m241 (test) plane (right panel). The colour code is same as Fig. 4.19. The
point where the data is generated is shown by the black star in the two panels. The results
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Figure 4.22: The expected 95 % C.L contours in sin2 ✓24 (test)-sin2 ✓14 (test) plane. The
colour code is same as Fig. 4.19.

show that in both panels, T2HK gives better results than both DUNE and T2HKK. Again,
T2HKK is better than DUNE. Combining T2HK/T2HKK and DUNE experiments improves the results and the expected allowed ranges for the sterile neutrino mixing parameters shrink. The precision expected from the combined data from T2HK and DUNE is
nearly the same as that from T2HKK and DUNE, which for the former is only marginally
better.
Fig. 4.22 shows the contours in the sin2 ✓14 (test)-sin2 ✓24 (test). The colour code for the
di↵erent data sets considered is the same as Fig. 4.19. We note that the expected upper
limit on sin2 ✓24 is the same for all the three individual experiments for 0.001 < sin2 ✓14 <
0.03. Also, the expected upper bound on sin2 ✓14 is seen to be better for T2HK than
DUNE. Combining the experiments can improve the measurement of the sterile neutrino
mixing angles as seen from the solid contours in Fig. 4.22. In particular, we now see a
lower bound on sin2 ✓24 .
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24
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Figure 4.23: The expected 95 % C.L exclusion curves in the sin2 ✓14 (test)- m241 (test)
plane shown in the left panel and in the sin2 ✓24 (test)- m241 (test) plane shown in the right
panel. The data in these plots correspond to standard three-generation oscillation scenario
with no sterile mixing while the fit is done in the 3+1 framework to obtain the exclusion
contours. The colour code is same as Fig. 4.19.
4.4.3.2

Excluding the sterile hypothesis when 3+1 is not true

If the sterile neutrino hypothesis was wrong and there was no mixing between the active
and sterile neutrinos, the next-generation experiments would falsify it. There are a series
of new short-baseline experiments planned which will be testing this hypothesis [95, 99,
106]. Even the near detector of planned long-baseline experiments are well-suited to
check the sterile neutrino mixing as their baseline and energy match well to correspond
to the maximum of m241 -driven oscillations [106]. In the same vein, it is pertinent to ask
how well the next-generation long-baseline experiments could constrain this hypothesis
since the oscillation probabilities for long-baseline experiments also depend on the sterile
neutrino mixing and phases even though the m241 -driven oscillations themselves average
out. While some work in this direction has already been done in the literature [74, 75],
we will present here, for the first time, the sensitivity of T2HKK set-up to the sterile
neutrino mixing angles ✓24 and ✓14 . We will also present the expected sensitivity from the
combined prospective data-sets of T2HK (or T2HKK) and DUNE, which has not been
studied before.
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In Fig. 4.23, we show the exclusion curves for the 3+1 hypothesis expected from the
next-generation long-baseline experiments. The left panel of Fig. 4.23 shows the 95 %
C.L. exclusion plots in the m241 (test)-sin2 ✓14 (test) plane while the right panel shows the
results in m241 (test)-sin2 ✓24 (test) plane. Here we generate the data assuming the standard
three-generation neutrino scenario and then fit it with the 3+1 scenario. The blue dashed,
black dotted and red dash-dotted curves show the exclusion plots for DUNE, T2HK and
T2HKK, while the magenta and grey solid curves show the expected exclusion sensitivity
for DUNE+T2HKK and DUNE+T2HK, respectively. If only three neutrinos exist in
nature, then the parameter region in the top-right of the plots are excluded at 95% C.L.
Again, as in the previous results, T2HK constrains ✓14 better than both T2HKK and DUNE
for all values of m241 in the range 10

3

eV2 to 10 eV2 . Combining DUNE with T2HK and

T2HKK can improve the constraint on sin2 ✓14 compared to the individual experiments.
Since for higher values of

m241 the oscillations average out, the experiments become

almost insensitive to the value of m241 . For 0.1 eV2 < m241 < 10.0 eV2 , DUNE, T2HKK
2
2
and T2HK can exclude sin2 ✓14 >
⇠ 0.4, sin ✓14 >
⇠ 0.27 and sin ✓14 >
⇠ 0.21, respectively, at

95 % C.L. For the same range of values of m241 , DUNE+T2HK and DUNE+T2HKK

could put slightly tighter constrain on sin2 ✓14 and the excluded regions are expected to be
2
sin2 ✓14 >
⇠ 0.165 and sin ✓14 >
⇠ 0.18 at 95% C.L., respectively.

The results presented in the right panel show the capability of these experiments to
constrain sin2 ✓24 . If m241 is small and lies in the range 10

3

eV2 <

m241 < 0.01 eV2 ,

T2HK gives better constraint on sin2 ✓24 than both DUNE and T2HKK. But for higher
values of m241 , in the range of 0.014 eV2 < m241 < 0.1 eV2 , the performance of DUNE
is better than both T2HK and T2HKK. For 0.1 eV2 < m241 < 10.0 eV2 , performance of
T2HKK is almost similar to that of DUNE. Similar behaviour can be seen in the combined case. In the lower

m241 region, DUNE+T2HK could constrain sin2 ✓24 slightly

better than DUNE+T2HKK. But in the higher m241 region, DUNE+T2HKK is expected
to perform better than DUNE+T2HK. The expected exclusion sensitivity for DUNE,
T2HKK and T2HK in the range 0.1 eV2 < m241 < 10.0 eV2 are given as sin2 ✓24 >
⇠ 0.026,
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Figure 4.24: The expected 95 % C.L exclusion curves in the sin2 ✓14 (test)-sin2 ✓24 (test)
plane for a fixed m241 = 1.0 eV2 . The colour code is same as Fig. 4.19.
2
sin2 ✓24 >
⇠ 0.026 and sin ✓24 >
⇠ 0.03, at 95% C.L. Similarly, the expected exclusion limit for

2
DUNE+T2HKK and DUNE+T2HK at 95% C.L. are sin2 ✓24 >
⇠ 0.017 and sin ✓24 >
⇠ 0.019,

respectively, for 0.1 eV2 < m241 < 10.0 eV2 .

In Fig. 4.24, we show the expected exclusion contour in sin2 ✓14 (test)-sin2 ✓24 (test)
plane. Here, the region outside the contour is excluded at 95% C.L. The figure represents
the slice at m241 = 1.7 eV2 of the contour in the sin214 , sin2 ✓24 , m241 space. The colour
code is the same as in Fig. 4.23. Here also, we observe better capability of T2HK to
constrain sin2 ✓14 -sin2 ✓24 parameter space than DUNE and T2HKK in most regions of the
parameter space. The plot also shows that constraint on sin2 ✓24 is complicated. We see
2
that T2HK is better than DUNE and T2HKK in constraining sin2 ✓24 for sin2 ✓14 >
⇠ 10 .

However, for sin2 ✓14 <
⇠ 10

2

DUNE and T2HKK perform better than T2HK in constrain-

ing sin2 ✓24 . Combining the data-sets improves the expected sensitivity on both the sterile
mixing angles.
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4.5

A new degeneracy in the sterile neutrino sector at
long-baseline experiments

In this section, we will discuss a new fake solution that exists in the appearance channel at
long-baseline experiments [146]. We will show both analytically as well numerically that
the appearance probability is the same for values of m241 for which the fast oscillations
are averaged out and for m241 = (1/2) m231 . The fake solution does not appear for the
disappearance channel.

4.5.1

Fake solution in the appearance probability

If we put the approximation m221 = 0 and the condition

13

+

24

= 0 in Eq. (4.13-4.16),

we get,

Pµe =

1 2 4⌫
sin (2✓µe )
2
3⌫
+(X 2 sin2 (2✓µe
)

1 2
4⌫
sin (2✓13 ) sin2 (2✓µe
)) sin2 (
4

3⌫
4⌫
+X sin(2✓µe
) sin(2✓µe
) cos(2✓13 ) sin2 (

31 ) .

31 )

(4.24)

On the other hand, for values of m241 <<1 eV2 , the oscillations due to this mass scale will
survive the detector resolutions and show-up at the long-baseline detector. If we continue
using the approximation m221 = 0 while allowing the m241 -driven oscillatory terms, the
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expression for the probability becomes,
4⌫
Pµe = sin2 (2✓µe
)[sin2 (✓13 ) sin2 (

cos(

13

1
+ sin(
2

24 )X

+

13

+ cos2 (✓13 ) sin2 (

4⌫
3⌫
sin(2✓µe
) sin(2✓µe
))[sin2 (

24 )X

+

43 )

41 )]

sin2 (

43 )

4⌫
3⌫
sin(2✓µe
) sin(2✓µe
))[sin(2

43 )

3⌫
+(X 2 sin2 (2✓µe
)

1 2
4⌫
sin (2✓13 ) sin2 (2✓µe
)) sin2 (
4

+ cos(

3⌫
4⌫
sin(2✓µe
) sin(2✓µe
) cos(2✓13 ) sin2 (

13

1
+ sin(
2
If we use the condition

24

24 )X

+

13

+

+

13

24 )X

3⌫
4⌫
sin(2✓µe
) sin(2✓µe
) sin(2

41 )]

sin(2

41 )]

31 )
31 )

31 ) .

(4.25)

= 0 in Eq. (4.25) we get,

4⌫
Pµe = sin2 (2✓µe
)[sin2 (✓13 ) sin2 (

43 )

4⌫
3⌫
X sin(2✓µe
) sin(2✓µe
))[sin2 (

+ cos2 (✓13 ) sin2 (
43 )

sin2 (

3⌫
4⌫
+X sin(2✓µe
) sin(2✓µe
) cos(2✓13 ) sin2 (

Now, for the particular choice m241 =

1
2

4⌫
Pµe = sin2 (2✓µe
) sin2 (

41 )]

1 2
4⌫
sin (2✓13 ) sin2 (2✓µe
)) sin2 (
4

3⌫
+(X 2 sin2 (2✓µe
)

41 )]

31 )

31 ) .

(4.26)

m231 the oscillation probability reduces to,
31

2

3⌫
+(X 2 sin2 (2✓µe
)

)

1 2
4⌫
sin (2✓13 ) sin2 (2✓µe
)) sin2 (
4

3⌫
4⌫
) cos(2✓13 ) sin2 (
+X sin(2✓µe
) sin(2✓µe

31 )

31 ) .

(4.27)

We can see from Eq. (4.24) and Eq. (4.27) that the oscillation probability for these two
cases are equal, except for the first term. But at the oscillation maximum,

31

= ⇡2 , the first

4⌫
term of the Eq. (4.27) becomes 12 sin2 2✓µe
. So at the oscillation maximum the oscillation

probability for the m241 >1 eV2 case given by Eq. (4.24) becomes exactly equal to the
oscillation probability for the m241 =
a fake solution in

1
2

m231 case given by Eq. (4.27). This produces

m241 at the energy corresponding to
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m231 oscillation maximum for

a given baseline L. Note that the above condition for the fake solution was obtained
for oscillations in vacuum. As mentioned before, using the corresponding expression in
constant density matter we would get the fake solution in matter at the energy that gives
m

the oscillation maximum for m231 for a given baseline L. One can check that for earth
matter e↵ect in experiments like T2HK and DUNE the energy at which we get oscillation
m

maximum for m231 is very similar to that for m231 . We will quantify the e↵ect of matter
on the fake solution shortly in Fig. 4.25.
For energies away from the
term sin2 (

31

2

m231 -driven first oscillation maximum, the oscillatory

) , 1/2 exactly and hence, the above mentioned fake solution is not exact.

However, we see that the fake solution is achieved even outside the

m231 -driven first

oscillation maximum, albeit approximately. To explore this further, let P
oscillation probability for m241 =
di↵erence between P

m231 /2

m231 /2 and Pave for m241 ⇠ 1eV2 , and let P be the

m231 /2

Pave ,

✓ m2 L ◆
31
4⌫
= sin2 (2✓µe
) sin2
8E

⇣

m231 L
8E

⌘

be the

and Pave :
P = P

The term sin2

m231 /2

1
.
2

takes values only in the range [0,1]. Hence,

4⌫
and lies between 0.5 sin2 (2✓µe
)

(4.28)
P is also bounded,

4⌫
4⌫
P  0.5 sin2 (2✓µe
). Therefore, for sin2 (2✓µe
) small,

4⌫
Pmax is also expected to be small. For example, if sin2 (2✓µe
) ⇠ 10 3 , then

Pmax ⇠

O(10 3 ), whereas the oscillation probability Pµe ⇠ O(10 2 ), so we can say that there is an
4⌫
approximate degeneracy for all energies for small values of sin2 (2✓µe
). In our simulations
4⌫
we have used the value of sin2 (2✓µe
) that lies within the currently allowed range obtained

from global analysis of all short baseline data including LSND and MiniBooNE [120] and
corresponds to 10

3

in our case.

The Fig. 4.25 shows the probability curves for T2HK (left panels) and DUNE (right
panels) as a function of energy. The solid curves are for the case m241 = 1.6 eV2 after
averaging over the fast oscillations induced by the high mass-squared di↵erence, while
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Figure 4.25: Appearance probability as a function of energy for T2HK (left panels) and
DUNE (right panels). The solid curves are for the case m241 = 1.6eV2 after averaging
over the fast oscillations induced by the high mass-squared di↵erence, while the dashed
curves are for the case when m241 = 12 m231 . The red solid and blue curves are for
m221 = 7.5 ⇥ 10 3 eV2 while the green and black curves are for the approximate case of
m221 = 0. The fast oscillations due m241 has been averaged out by Gaussian smearing.
the dashed curves are for the case when m241 =

1
2

m231 . In the top panels, we show the

impact of non-zero m221 on the fake solution while in the bottom panels we show the
e↵ect of matter on the fake solution. In the top (bottom) panels the red solid and blue
curves are for m221 = 7.5 ⇥ 10
the case of
13

+

24

3

eV2 (matter) while the green and black curves are for

m221 = 0 (vacuum). All curves are drawn for

m231 = 2.75 ⇥ 10

3

eV2 ,

= 0, ✓13 = 8.5 , ✓23 = 45 , ✓14 = 8.13 , ✓24 = 7.14 and ✓34 = 0. From Fig. 4.25,

the existence of the fake solution between high values of m241 and m241 =
110

1
2

m231 can be

easily seen. The probabilities for the two cases mentioned above are almost same. Very
small di↵erences are seen at energies away from the oscillation maximum, for reasons
discussed above. Due to the finite resolution of the detector, this tiny di↵erence is not
expected to be di↵erentiated by the detector and hence we expect to see two degenerate
solutions for two values of m241 .

4.5.2

Numerical results

We have used GLoBES [81, 82] and the necessary code [83, 84] for sterile neutrino oscillation for the simulation of the long-baseline experiments. For this work, we have taken
baseline of 295 km and fiducial volume of 374 kton with 1.3 MW beam, 2.5 o↵-axis
from the beam axis for T2HK and 1300 km baseline with 34 kton liquid Argon detector
p
for DUNE. The energy resolution is taken as 15%/ E. For all our analysis, we used
m221 = 7.5 ⇥ 10 5 eV2 , m231 = 2.5 ⇥ 10
13

3

eV2 , ✓12 = 33.48 , ✓13 = 8.5 , ✓23 . = 45 and

= 90 for the standard mixing parameters, consistent with the current best-fit [24].

And for sterile sector, ✓14 = 8.13 , ✓24 = 7.14 are taken and ✓34 and
be zero as they have very small e↵ect. The phase

24

34

are taken to

and m241 will be mentioned for

di↵erent plots shown in the results subsection.
The Fig. 4.26 shows the

2

as a function of m241 (test) for appearance channel only.

The top panels are for T2HK while the bottom panels are for DUNE. In the left panels,
we show di↵erent

2

curves for di↵erent combinations of CP-violating phases

13

and

24

while in the right panels, we show di↵erent curves for di↵erent values of m231 in the data.
In all panels, the data have been generated for m241 = 1.6 eV2 . From the left panels we
can see that when

13

=

90 and

24

= 90 , we get two (nearly degenerate) solutions

2
2
in m241 . One solution corresponds to all values m241 >
⇠ 0.01 eV for which m41 -driven

oscillations are averaged out at the far detector of the experiment. This is the true solution
since for all these values of m241 the fast oscillations are averaged out as for m241 = 1.6
eV2 in the data. In addition, there is a fake solution at m241 ' (1/2) m231 at which the
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Figure 4.26: 2 as a function of m241 for di↵erent combinations of CP-violating phases
(left panels) and various values of m231 (right panels). Top panels are for T2HK while
bottom panels are for DUNE.
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value of

2

is nearly zero. This degeneracy corresponding to (

24 + 13 )

= 0 was explained

in the previous subsection 4.5.1 in terms of the probabilities, both analytically as well
as numerically. The fact that the

2

at the fake solution is slightly di↵erent from zero

comes mainly due to two reasons - (i) in this plot we have taken m221 non-zero, and (ii)
as discussed before, the

2

s have been obtained using the full energy range of T2HK and

DUNE, while the exact degeneracy exists only at the oscillation maximum.
Note from the figure that for all other combinations of

13

+

24 ,

(1/2) m231 is far from zero. However, for both the other combinations of
2

in the figure, there are dips in the value of

2

the
13

+

at m241 '
24

plotted

at values of m241 other than the true values

corresponding to the data. Therefore, one can expect to see islands of allowed m241 at
values close to (1/2) m231 for all combinations of

13 + 24 .

While for

13 + 24

= 0, this fake

island is expected to appear as a nearly degenerate solution, for all other combinations it
would appear only at a higher C.L. Note also that though for T2HK there is dip at only
one fake value of m241 , for DUNE there are multiple dips. This is because DUNE is a
wide-band beam experiment while T2HK is a narrow-beam experiment.
The fake solution is further explored in the right panels of Fig. 4.26. Here the data
is generated for only the case

13

+

24

= 0 with

13

=

90 and

24

= 90 but for

di↵erent values of m231 . The red solid, blue dashed and the black dotted curves are for
m231 = 2.5 ⇥ 10
As the

13

+

24

3

eV2 , m231 = 1.0 ⇥ 10

3

eV2 and m231 = 5.0 ⇥ 10

3

eV2 , respectively.

= 0, there are degeneracies present in all of the three curves. And it is

interesting to note that the fake solution is always at half of the value m231 .
In Fig. 4.26, we saw that the fake solution of m241 always appears at half of m231 .
In Fig. 4.27 we further illustrate it for T2HK. The plot for DUNE is identical and not
shown here for brevity. The x-axis represents the value of m231 in the data and the red
dots represent the corresponding value of the fake m241 solution when the true solution
is taken at

m241 = 1.6 eV2 . The black line corresponds to

m241 =

1
2

m231 . We can

see from Fig. 4.27 that this line fits the red points very well, so indeed the fake solution
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Figure 4.27: The figure shows the positions of the fake solutions. The red data points
show the positions of the fake solutions in m241 as a function of m231 and the black
straight line is a linear fit to red points corresponding to m241 = (1/2) m231 .

Figure 4.28: Impact of disappearance channel on removing the m241 fake solution. The
blue lines show the 2 as a function of m241 (test) for the appearance channel only for
T2HK (left panel) and DUNE (right panel). The red lines show the corresponding 2
when both disappearance and appearance data are taken together in the fit.
is at half of the value

m231 . In all figures shown so-far, we have only considered the

appearance channel in the long-baseline experiments. This is because the fake solution
presented in this paper comes only in the appearance channel. The disappearance channel
does not have this fake solution and hence should water down the emergence of the fake
m241 island. In Fig. 4.28 we show the impact of adding the disappearance data into
114

the analysis. The blue curve shows the

2

as a function of

m241 for the appearance

channel only, while the red curve shows the results when data from both appearance
and disappearance channels are combined to obtain the

2

. We can see from the figure

that introduction of disappearance channels removes the fake solution. The left panel is
for T2HK and the right panel is for DUNE. The impact of the disappearance channel in
lifting the degeneracy is visible in both experiments.
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5

NSI at long-baseline experiments

It has been established that the presence of matter NSIs, in general, reduces the sensitivity
of DUNE to standard oscillation parameters. The main reason behind this reduction is
the interplay between oscillations due to standard and non-standard parameters that give
rise to new kinds of degeneracies for long-baseline experiments [125, 126]. It has been
shown [147] that for sufficiently large values of the NSI parameters one could expect
a degeneracy between the sign of m231 and , a↵ecting the sensitivity of DUNE to the
neutrino mass ordering [147, 148]. For ✓23 and CP measurements, studies have revealed
that there are two other degeneracies. The first kind is due to an interplay between the
oscillation parameter ✓23 and the NSI parameters. This leads to a reduction of the DUNE
sensitivity to ✓23 and even fake so-called octant solutions [125, 126]. The second kind
is due to an interplay between

and the NSI parameters, opening up the possibility of a

reduced expected sensitivity for this parameter at DUNE. Since the NSI paradigm brings
in a large number of parameters, the statistical analysis of the projected data at DUNE
becomes cumbersome and challenging. The analysis with a full matter NSI parameter
scan was performed in Refs. [125, 126] for a three years running of the experiment in the
neutrino mode and three years in the antineutrino mode. To the best of our knowledge,
the impact of source and detector NSIs at DUNE has not been studied before.
Any theory, which gives rise to the matter NSIs, would almost always also give
rise to source and detector NSIs, and hence, it is imperative to consider them together
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in a complete analysis. The neutrino oscillation probabilities in the presence of both
source/detector and matter NSIs have been calculated before [84] and are seen to depend
on these parameters in a correlated way. It is therefore pertinent to ask if these correlation
could alter in any way the expected sensitivity of DUNE.
In this work [130], we perform a complete analysis of the expected sensitivity of
DUNE, allowing for both source/detector and matter NSIs. We study the combined e↵ect
of source/detector and matter NSIs and look at possible correlations between them at the
level of oscillation probabilities. We point out the importance of the event spectrum in
disentangling standard oscillations from oscillations driven by NSI parameters. We next
calculate the expected sensitivity of DUNE for standard and NSI parameters from a full
scan of the NSI parameter space, including all relevant source/detector and matter NSIs.
Finally, we explore the e↵ect of runtime on the precision measurement at DUNE.

5.1

Neutrino oscillations with non-standard interactions

The presence of flavour o↵-diagonal operators beyond the SM is manifest in the phenomenon of neutrino oscillations. In the standard picture of neutrino oscillations, a neutrino produced at a source in association with a charged lepton `↵ is simply
|⌫↵s i = |⌫↵ i ,

(5.1)

i.e. the weak-interaction eigenstate with isospin T 3 = +1/2. Similarly, a neutrino that
produces a charged lepton ` at a detector is
h⌫d | = h⌫ | ,
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(5.2)

which is also the weak-interaction eigenstate. Between the source and the detector, the
propagation of neutrinos with energy E is governed by the time-evolution equation
2
3
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>
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(5.3)

Here, U is the leptonic mixing matrix that is parametrized in terms of three mixing angles ✓12 , ✓13 and ✓23 and one Dirac CP-violating phase

CP .

The evolution of neutrino

states also depends on the two independent mass-squared di↵erences m2i j = m2i

m2j .

When neutrinos propagate through the earth, the coherent forward scattering of ⌫e o↵
p
electrons results in the matter potential A = 2 2G F ne E, where ne is the number density
of electrons. Thus, standard neutrino oscillation probabilities depend on six oscillation
parameters, and are modified by matter e↵ects.
Beyond the SM, it is possible to have CC-like operators that a↵ect the interactions of
neutrinos with charged leptons. If these operators are not diagonal in flavour basis, then
the production and the detection of neutrinos are a↵ected. The neutrino state produced at
the source in association with the charged lepton `↵ then also has components of the other
flavours
|⌫↵s i = |⌫↵ i +

X

"↵s |⌫ i ,

(5.4)

X

"d h⌫ | .

(5.5)

=e,µ,⌧

and similarly at the detector,
h⌫d | = h⌫ | +

=e,µ,⌧

The matrices " s = ("↵s ) and "d = ("d ) that represent the source and the detector NSIs,
respectively, are in general complex matrices with 18 real parameters each. These are the
nine amplitudes |"↵s/d | and nine phases '↵s/d . Note that the definitions of "↵s and "d follow
the convention used in Ref. [149].
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The NC-like operators a↵ect the propagation of neutrinos through matter, inducing
more terms similar to the matter potential. The modified time-evolution equation is
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(5.6)

e position of the matter e↵ect matrix stands for the standard matter

e↵ect, while the parameters "m↵ represent the matter NSIs. Note that the definitions of "m↵
also follow the convention used in Ref. [149]. Since the Hamiltonian has to be Hermitian,
we have the relations "m↵ = "m↵ ⇤ . Thus, there are six amplitudes and three phases, i.e. nine
real parameters in the matter NSI matrix. Subtracting a constant multiple of the identity
matrix does not a↵ect the eigenvectors, and hence, oscillation probabilities. Therefore,
we subtract the element "mµµ from all the diagonal elements. We define "mee 0 = "mee
and "m⌧⌧ 0 = "m⌧⌧

"mµµ

"mµµ and treat these two new parameters as the physical parameters of the

system.
A comprehensive study of the bounds on NSI parameters has been carried out by the
authors of Ref. [150]. The 90 % bounds on the source/detector NSI parameters1 from
their study are as follows
2
666
666 0.041
666
|"↵s/d | < 6666 0.026
666
664
0.12

0.025
0.078
0.018

3
7
0.041 7777
777
7
0.013 77777 .
777
7
0.13 5

(5.7)

For the matter NSI parameters, we follow the discussion in Ref. [151]. In that paper, the
authors have used the bounds from Ref. [150] along with more recent results from SK and
1

Strictly speaking, the NSI parameters that a↵ect neutrino oscillations are combinations of the NSI
parameters that enter the Lagrangian, depending on the Lorentz structure of the current involved in the
process. In this study, we assume for the sake of simplicity that the bounds from Ref. [150] apply directly
to the oscillation NSI parameters.
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MINOS [149, 152, 153] to obtain the following bounds
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0.3

0.04

3
7
3.0 7777
777
7
0.04 77777 .
777
7
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(5.8)

Throughout this article, we will refer to the bounds listed above as the ‘current bounds’.
Analytical expressions for the neutrino oscillation probabilities in the presence of
source/detector and matter NSIs are given in Ref. [84]. The expressions are derived as
perturbative expansions in the small parameters m221 / m231 and sin ✓13 up to linear order
in the NSI parameters. In Fig. 5.1, we show the change in the ⌫µ ! ⌫e oscillation probability Pµe as the NSI parameters are varied one at a time within their allowed range at
90 % C.L. The dark curve within the band corresponds to standard oscillations when the
value of the NSI parameter is zero. Since the existing bounds on matter NSIs are weaker,
we observe that they a↵ect the probability more, resulting in bands that are much wider.
Therefore, we expect them to change the event rates at DUNE and a↵ect the measurement
of parameters.

5.2

Simulation results

In our simulation, we use the neutrino flux corresponding to a 1.2 MW beam with 120
GeV protons. The expected flux at DUNE will have beam power between 1.2 MW and
2.3 MW and proton energy between 80 GeV and 120 GeV. Thus, the configuration we are
using gives a conservative estimate of the net statistics that the experiment will accumulate. Unless stated otherwise, we assume that the experiment will run with five years in
neutrino mode and five years in antineutrino mode.
The 40 kiloton liquid argon detector is assumed to have an energy resolution of 15 %
for ⌫e and 20 % for ⌫µ . For NC events, however, the reconstructed energy of the neutrino
121

0.1

0.1

|εsµe|<0.026
No NSI

0.08

0.08

Pµe

Pµe

0.06

0.04

0.04

0.04

0.02

0.02

0.02

0

0
2

0.1

4
6
E [GeV]

8

10

0.08

0
2

0.1

|εdµe|<0.025
No NSI

4
6
E [GeV]

8

10

8

10

2

4
6
E [GeV]

8

10

8

10

|εdτe|<0.041
No NSI

0.08

Pµe

0.06

Pµe

0.06

|εsµτ|<0.013
No NSI

0.08

0.06

Pµe

0.06

0.1

|εsµµ|<0.078
No NSI

0.04

0.04

0.02

0.02

0

0
2

0.25

4
6
E [GeV]

8

10

2

0.25

|εmee|<4.200
No NSI

0.2

1

|εmµe|<0.300
No NSI

0.2

Pµe

Pµe

0.6

0.1

0.1

0.4

0.05

0.05

0.2

0

0
2

0.1

4
6
E [GeV]

8

10

0
2

0.1

|εmτµ|<0.040
No NSI

0.08

4
6
E [GeV]

8

10

8

10

2

4
6
E [GeV]

|εmττ|<0.150
No NSI

0.08

Pµe

0.06

Pµe

0.06

|εmτe|<3.000
No NSI

0.8

0.15

Pµe

0.15

4
6
E [GeV]

0.04

0.04

0.02

0.02

0

0
2

4
6
E [GeV]

8

10

2

4
6
E [GeV]

Figure 5.1: Variation in the neutrino oscillation probability Pµe as a function of neutrino energy E with

some of the NSI parameters varied in their allowed range. The central dark curve corresponds to the case of
no NSIs. The values of the standard oscillation parameters used in generating these figures are ✓12 = 33.5 ,
✓13 = 8.48 , ✓23 = 42 , CP = 90 , m221 = 7.50 ⇥ 10 5 eV2 and m231 = 2.45 ⇥ 10 3 eV2 .

has a wide spread to lower energies, because of the production of pions and other hadrons.
Therefore, we use a smearing matrix to simulate the e↵ect of the reconstruction of these
events.
The primary backgrounds to the electron appearance and muon disappearance signal
events come from the NC backgrounds and intrinsic ⌫e contamination in the flux. In addition, there is a wrong-sign component in the flux. The problem of wrong sign events
is more severe for the antineutrino run, since the neutrino component in the antineutrino
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flux is larger than the antineutrino component in the neutrino flux. We have taken all of
these backgrounds into account in our simulation of the experiment. From an experimental point of view, various cuts are imposed on the observed events in order to eliminate as
much of the background as possible. Furthermore, in our simulation, the e↵ect of these
cuts is to appear as efficiency factors that reduce the number of events. The full specifications of the detector that we have used can be found in Ref. [27]. Apart from the usual
uncertainties in the flux and the cross-section, the presence of source/detector NSIs can
also a↵ect the calibration of the expected number of events. In our analysis, we have included systematic errors in the normalization of the flux at the 5 % (20 %) level for signal
(background) events.
For our simulation, we have made use of the GLoBES package [81, 82]. The scanning of the multi-dimensional parameter space was achieved by a Markov Chain Monte
Carlo using the MonteCUBES package [85]. As a result, all of our results are to be interpreted in terms of Bayesian credible regions rather than frequentist confidence levels,
i.e. the 90 % credible region is the part of parameter space that will contain 90 % of
the posterior probability as opposed to the 90 % C.L. contours that contain the points in
parameter space where the simulated result would be within the 90 % least extreme experimental outcomes. We have written a GLoBES-compatible probability engine to handle
the full parameter space and calculate the oscillation probabilities in the presence of both
source/detector and matter NSIs.
Since we are primarily interested in the ⌫µ ! ⌫e and ⌫µ ! ⌫µ oscillation probabilities,
s
s
s
the relevant source NSI parameters are "µe
, "µµ
and "µ⌧
, while the relevant detector NSI

parameters are "dee , "deµ , "dµe , "dµµ , "d⌧e and "d⌧µ . The matter NSI parameters a↵ect the propagation of neutrinos and are all relevant since intermediate states are summed over. Furthermore, based on the analytical expressions and our preliminary simulations, we reduce the
s
s
s
set of relevant source/detector parameters to "µe
, "µµ
, "µ⌧
, "dµe and "d⌧e . Thus, our final sim-

ulations are run over the parameter space spanned by five complex source/detector NSI
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parameters and three complex and two real matter NSI parameters. As for the standard
oscillation parameters, we fix the parameters m221 and ✓12 and vary the others.
The best-fit values of the standard parameters are ✓12 = 33.5 , ✓13 = 8.48 , ✓23 = 42 ,
CP

= 90 , m221 = 7.50⇥10

5

eV2 and m231 = 2.45⇥10

3

eV2 which are consistent with

the global fits to neutrino oscillation data [154–156]. These parameters are marginalized
over their 3 ranges allowed by the global fits with the corresponding priors. For the NSI
parameters, we use the bounds listed before. The true values of these NSI parameters are
either set to zero or to a non-zero value equal to half of the 1 bounds. The true values of
all NSI phases are zero, and they are free to vary in the entire [ 180 , 180 ) range.

5.2.1

E↵ect on precision measurements at DUNE

The current generation of long-baseline neutrino oscillation experiments T2K and NO⌫A
are already collecting data and have provided a hint of the value of

CP

[157, 158]. This

also gives hints about the neutrino mass ordering and octant of ✓23 [157, 159]. If the data
collected over the next few years do not confirm these hints, then it may be possible for
DUNE to make these measurements. At any rate, we expect that data from DUNE will
enable us to measure these unknown parameters at a higher confidence level.
It becomes important to question whether the presence of NSIs will adversely a↵ect
the precision measurement of these parameters or not. Many recent studies have explored
this question for DUNE [124–126,128,148] in the context of matter NSIs. In Fig. 5.2, we
show the e↵ect of NSIs on the precision measurement of ✓23 and

CP

when the true val-

ues of these parameters are 42 and 90 , respectively. In the left panel, we have set the
true values of all NSI parameters to zero. We have then scanned the parameter space for
four di↵erent cases, where the parameter space consists of (a) only the standard oscillation parameters, (b) standard parameters and source/detector NSI parameters, (c) standard
parameters and matter NSI parameters and (d) standard parameters, source/detector NSI
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Figure 5.2: Sensitivity of DUNE in the ✓23

CP plane. The simulated true values of these parameters are
42 and 90 , respectively. The contours enclose the allowed region at 90 % credible regions obtained by
marginalizing over only the standard parameters, standard parameters and source/detector NSI parameters,
standard parameters and matter NSI parameters, and standard parameters and all NSI parameters. In the
left (right) panel, the true values of the NSI parameters are taken to be zero (non-zero).

parameters and matter NSI parameters. The results are displayed as di↵erent contours in
the parameter space as the 90 % credible regions. This plot shows how the precision in
✓23 and

CP

changes as we change our assumption about the parameter space when there

are no NSIs in nature. We observe that the sensitivity in ✓23 is not a↵ected by scanning the
extra parameter space. Another significant feature is that the source/detector NSIs do not
play much of a role. This is expected since the current bounds restrict the allowed range
of these parameters. There is some worsening of the sensitivity to

CP .

In the right panel,

we have given a similar plot, but with non-zero values of the NSI parameters. This plot
shows the successive worsening of precision as more NSIs are introduced. The innermost
contour displays the allowed region, where NSIs are present in nature, but we only choose
to marginalize over the standard parameters. The sensitivity to the standard parameters
obtained from such an analysis would be erroneously optimistic. In order to see the actual
worsening of sensitivity because of the presence of NSIs, we compare the dotted black
curve of the left panel (zero NSIs, standard oscillation scenario) with the solid red curve
of the left panel (non-zero NSIs, all NSI parameters included in the fit). We find that the
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Figure 5.3: Precision in the standard oscillation parameters in the presence of NSIs at DUNE. The
contours shown correspond to 68 % (red), 90 % (green) and 95 % (blue) credible regions.

error in the measurement of

CP

(the size in of the 90 % credible region) increases from

around 90 to almost 180 . In addition, we find a degenerate solution in ✓23 in the wrong
octant. These additional degeneracies have been studied recently in Refs. [125, 126].
For completeness, we compute the precision in ✓13 , ✓23 ,

CP

and m231 that DUNE will

reach in the presence of NSIs. The results are shown in Fig. 5.3, where a striking feature
is the appearance of a degenerate solution in ✓23 .
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180

5.2.2

Constraining NSI parameters at DUNE

So far, we have discussed the e↵ect of NSIs on the measurement of the standard oscillation
parameters. In addition, DUNE can place bounds on the NSI parameters due to its high
statistics. In order to estimate these projected bounds from DUNE, we set the true values
of the NSI parameters to zero. Varying the fit values, we construct the 90 % credible
region for the value of the parameter placed by DUNE. These 90 % credible regions are
obtained by marginalizing over all the other parameters. In Table 5.1, we list the 90 %
credible upper bounds that DUNE can impose. We have performed the computations for
three di↵erent cases: (a) the only NSIs are source/detector NSIs, (b) the only NSIs are
matter NSIs and (c) all NSIs exist simultaneously.
Parameter
s
|"µe
|
s
|"µµ |
s
|"µ⌧
|
d
|"µe |
|"d⌧e |
"mee 0
|"mµe |
|"m⌧e |
|"m⌧µ |
"m⌧⌧ 0

Only source/detector NSIs
0.017
0.070
0.009
0.021
0.028

Only matter NSIs

( 0.7, +0.8)
0.051
0.17
0.031
( 0.08, +0.08)

All NSIs
0.022
0.065
0.014
0.023
0.035
( 0.8, +0.9)
0.074
0.19
0.038
( 0.08, +0.08)

Current bound
0.026
0.078
0.013
0.025
0.041
( 4.2, +4.2)
0.330
3.00
0.040
( 0.15, +0.15)

Table 5.1: Expected 90 % credible regions on NSI parameters from DUNE.
In general, investigating Table 5.1, we see that in going from the case of (a) only
source/detector NSIs or (b) only matter NSIs to the case of (c) both source/detector and
matter NSIs, the bounds imposed by DUNE get weaker. This is expected because of the
s
expansion of the parameter space. (For |"µµ
|, the precision appears to improve marginally

after the inclusion of all NSIs. This is merely an artifact of the randomness inherent
in the Monte Carlo simulation and should be taken with a pinch of salt. The relative
di↵erence between the two numbers is small enough for them to be practically equal
within the precision of our Monte Carlo simulation.) Using all NSIs, we find that all
bounds are improved or basically the same as the current bounds. We also see that the
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most general bounds imposed on the source/detector NSI parameters are only slightly
better than the existing bounds. This shows that the main contribution to the sensitivity
to these parameters comes from the prior introduced for them. Data from DUNE itself
contribute only to the extent of providing more statistics without any significant physics
advantage. On the other hand, we find that the bounds on matter NSI parameters are
made substantially more stringent than the existing bounds. In particular, the bounds on
"mee 0 , |"mµe | and |"m⌧e | are improved by a factor of around five to 15, whereas the bounds on
|"m⌧µ | and "m⌧⌧ 0 are more or less the same. Our results on the bounds on the matter NSI
parameters are consistent with the ones obtained in Ref. [126]. It is worth pointing out
that the current bounds on the NSI parameters were derived assuming the existence of
only one NSI parameter at a time, whereas we have obtained our bounds by allowing all
relevant parameters to vary at the same time.

5.2.3

Correlations between source/detector and matter NSIs

Beyond the SM, CC-like and NC-like NSIs presumably, arise from the same model of
new physics. Therefore, it is natural to assume that both source/detector and matter NSIs
exist. It is interesting to probe the presence of correlations between various kinds of NSI
parameters in neutrino oscillations. It is straightforward to pinpoint such correlations
from the analytical expressions for the oscillation probabilities given in Ref. [84]. The
non-standard terms in Pµe up to linear order in sin ✓13 arising from "d⌧e and "m⌧e are
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Pµe

4"d⌧e s̃13 s223 c23

cos

2"d⌧e s̃13 s223 c23 sin
+4"m⌧e s̃13 s223 c23 cos
+2"m⌧e s̃13 s223 c23 sin
+8"m⌧e s̃13 s223 c23 cos

"

#
m231 L
( m231 A)L
2
sin
sin
CP
4E
4E
"
#
2
2
m31 L
( m31 A)L
AL
sin
+ sin
CP sin
2E
2E
2E
"
#
2
m31 L
( m231 A)L
2 AL
2
2
sin
+ sin
CP sin
4E
4E
4E
"
#
2
2
m31 L
( m31 A)L
AL
sin
+ sin
CP sin
2E
2E
2E
( m231 A)L
A
2
sin
,
(5.9)
CP
4E
m231 A
AL
sin
4E
2

2

where we have assumed the NSI parameters to be real and used the notation s̃13 =
s13 m231 /( m231

A). Close to the oscillation maximum, these terms can be combined

into one term proportional to "m⌧e

"d⌧e . Similarly, the terms involving "d⌧e and "mµe enter the

formula as
Pµe

"
#
m231 L
( m231 A)L
2 AL
2
2
cos CP sin
sin
sin
4E
4E
4E
"
#
2
2
m31 L
( m31 A)L
AL
d
2
2"⌧e s̃13 s23 c23 sin CP sin
sin
+ sin
2E
2E
2E
"
#
2
m31 L
( m231 A)L
2 AL
2
2
m
2
4"µe s̃13 s23 c23 cos CP sin
sin
+ sin
4E
4E
4E
"
#
2
2
m31 L
( m31 A)L
AL
m
2
2"µe s̃13 s23 c23 sin CP sin
sin
+ sin
2E
2E
2E
( m231 A)L
A
2
+8"mµe s̃13 s323 cos CP
sin
.
(5.10)
4E
m231 A
4"d⌧e s̃13 s223 c23

These can be combined to give a term proportional to "mµe + "d⌧e close to the oscillation
maximum. Thus, we expect to have a correlation between "d⌧e and "m⌧e and an anticorrelation between "d⌧e and "mµe . The current bounds on the source/detector NSI parameters are
more stringent than those on the matter NSI parameters. Therefore, in scanning over the
parameter space, these correlations get washed out. However, if we make the assumption
that these two types of NSI parameters have comparable bounds, then the correlations
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Figure 5.4: Correlations between matter NSI parameters and source/detector NSI parameters at DUNE.
The 68 % (red), 90 % (green) and 95 % (blue) credible regions are shown in the "m
⌧e
panel and in the "m
"d⌧e plane in the right panel.
µe

"d⌧e plane in the left

are visible. This can be observed in the panels of Fig. 5.4. In generating these plots, we
have made use of the assumptions listed above and used the (more stringent) priors of the
source/detector NSI parameters for the matter NSI parameters as well. The true values
assigned to the NSI parameters are half of the bounds used. The correlations appear very
weak because (a) the parameter space that has been scanned over is very large, (b) the
conditions for the correlation include a very small value of ✓13 and (c) the signal events
have a spread in energy away from the oscillation maximum. With the current bounds,
which are very large for the matter NSI parameters, one does not see any clear correlation
between the two types of NSI parameters. In Figs. 5.5 and 5.6, we show the correlations
between all the source/detector and matter NSI parameters given their existing bounds.

5.2.4

E↵ect of statistics

Finally, we make a note of the e↵ect of statistics on the precision measurements at DUNE
in the presence of NSIs and on the measurement of these NSI parameters. In the preceding sections, we have assumed a runtime for DUNE of five years with neutrinos and
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Figure 5.5: Correlations between matter NSI parameters and source NSI parameters with current bounds
at DUNE. The 68 % (red), 90 % (green) and 95 % (blue) credible regions are shown.
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Figure 5.6: Correlations between matter NSI parameters and detector NSI parameters with current bounds
at DUNE. The 68 % (red), 90 % (green) and 95 % (blue) credible regions are shown.
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Figure 5.7: Sensitivity of DUNE in the ✓23

CP plane with 3+3 years (blue, dashed contours) and
5+5 years (red, solid contours) of data. The simulated true values of these parameters are 42 and 90 ,
respectively. The contours enclose the 90 % credible regions.

antineutrinos each (5+5). In this section, we discuss the results with lower statistics. In
particular, we have re-run our simulations, assuming three years of running in each mode
(3+3). Comparing results from the two cases gives an indication of the e↵ect of statistics
on the results.
In Fig. 5.7, we have shown this comparison for the precision measurements of ✓23 and
CP

at DUNE in the presence of all NSIs. The values of the NSI parameters are taken to

be the same non-zero values used in generating the right panel of Fig. 5.2. Comparing
the contours corresponding to the cases of 5+5 and 3+3, we find that the precision in
CP

is significantly worsened. It has been shown that the combination of neutrino and

antineutrino run helps in lifting the ✓23
measurement of

CP

CP

degeneracy, hence allowing for an accurate

[57, 159–162]. Usually, it is sufficient to have a short run in the

antineutrino mode that is just adequate to resolve the degeneracy. In this case, however,
the presence of NSIs introduces additional sources of CP violation. Therefore, there are
additional regions of the parameter space that are allowed owing to the lower statistics.
Furthermore, we have also checked the bounds imposed on the NSI parameters in
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the case of 3+3. Once again, the experiment is seen to have much better sensitivity to
the matter NSI parameters than to the source/detector NSI parameters. We find that the
bounds are only slightly worse than those shown in Table 5.1 expected from the case of
5+5. Thus, the main advantage of collecting more data with DUNE is to determine the
value of

CP

with higher precision.
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6

Invisible neutrino decay at long-baseline experiments

The decay of neutrino can be of two ways: In one case, one or more active neutrino
states will decay into states which are singlet under the standard model gauge group. In
such theories, the active neutrino state(s) will decay into invisible or sterile state(s) and
such types of decays are called invisible neutrino decay. If neutrinos are Dirac particles,
then such decay can happen if there is a coupling between neutrinos and a scalar boson
[163, 164]
⌫ j ! ⌫¯ iR +
where ⌫iR is a right-handed singlet and

(6.1)

is an iso-singlet scalar carrying a lepton number.

If neutrinos are Majorana, then such decay requires a pseudo-scalar coupling between the
Majorana particles, sterile neutrino and the Majoron [165, 166]
⌫ j ! ⌫s + J

(6.2)

and this Majoron J should be dominantly singlet to comply with the constraints from LEP
on the Z invisible decay widths. The other possibility of neutrino decay is the visible
decay [167–169] where, one or more neutrino states can decay into another lighter active
neutrino state. The decay modes are ⌫ j ! ⌫¯ i + J or ⌫ j ! ⌫i + J. However, visible neutrino
decay is tightly constrained from observations.
Neutrino decay as the solution to the solar neutrino problem was proposed very early
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days [170]. This was pure decay solution to the solar neutrino problem. Later, neutrino
decay along with oscillation was also considered [164, 171–177]. These studies assumed
⌫2 of being unstable and put bound on the lifetime ⌧2 of ⌫2 . The recent bound obtained for
the lifetime of ⌫2 from solar neutrino data is ⌧2 /m2 > 1.04 ⇥ 10

3

s/eV at 99 % confidence

level [178]. The decay of ⌫1 and ⌫2 can also be constrained from the supernovae data.
The most stringent bound on the ⌫1 and ⌫2 came from the SN1987A supernova data. The
bound obtained from that supernova is ⌧/m > 105 s/eV. However, these data could not
constrain the ⌫3 as the solar neutrino does not involve ⌫3 and SN1987A data only has
electron type neutrinos and there is very small ⌫3 component in the ⌫e .
Constraints on the decay of ⌫3 come from atmospheric and long-baseline experiments.
A pure decay solution was considered to explain the atmospheric problem but this analysis
could not provide a better fit to the data [179]. Neutrino decay with non-trivial mixing
was considered in [180, 181] to explain the atmospheric data of SK assuming decaying
component of ⌫µ and these studies were able to explain the L/E dependence of the SK
data, however, [182] showed that this model gives a worse fit, if, zenith angle dependence
is considered instead of L/E dependence. In [180] and [182], it was assumed that m2
> 0.1 eV2 to evade the constraints from K-decay bounds. This led to the averaging of
the m2 dependent terms. These constraints are removed if one considers sterile neutrino
states unmixed with the active states. There are two types of theories in the literature
in this context. The one is where the
m2 << 10

4

m2 is kept unconstrained [183] and the other,

eV2 [184]. Both of them were able to explain the SK data, but, later

SK collaboration showed that only oscillation solution gives better fit to the data [185]
than the decay with oscillation case considered in [184]. A global analysis [186] was
done involving atmospheric and MINOS data and this gave best-fit for the no-decay case,
however, oscillation along with decay also gave reasonable fit. This analysis put a bound
on neutrino life-time as ⌧3 /m3 > 2.9 ⇥ 10

10

s/eV at 90 % confidence level. Recently

an analysis was done using MINOS and early data T2K and it gave a best-fit value of
⌧3 /m3 = 1.2 ⇥ 10

11

s/eV and prefers decay slightly more than only oscillation scenario
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[187]. However, this analysis also put a bound on ⌧3 /m3 as ⌧3 /m3 > 2.8 ⇥ 10

12

s/eV.

For the future, prospects of neutrino decay were also considered for JUNO [188] and
INO [189]. In this context, it is worthwhile to say that IceCUBE can constrain lifetime
of ⌫3 upto 10 sec with 100 TeV energetic neutrino from an astrophysical source at 1
Gpc [190]. In this thesis, invisible neutrino decay is studied in the context of future
long-baseline experiment DUNE [143] and currently running experiments like NOvA
and T2K [191].

6.1

Propagation of neutrino in presence of decay

Assuming the ⌫3 state to decay into a sterile neutrino and a singlet scalar (⌫3 ! ⌫¯ 4 + J),
the flavor and mass eigenstates get related as,
0 1 0
10 1
BBB⌫ CCC BBBU 0CCC BBB ⌫ CCC
BBB ↵ CCC BBB
CCC BBB i CCC
BBB CCC = BBB
CB C.
@ ⌫ A @ 0 1CCA BB@⌫ CCA
s
4

(6.3)

Here, ⌫↵ with ↵ = e, µ, ⌧ denote the flavor states and ⌫i , i = 1, 2, 3 denote the three mass
states corresponding to the active neutrinos. U is the standard 3 ⇥ 3 PMNS mixing matrix.
We assume that m3 > m2 > m1 > m4 for NH while m2 ⇡ m1 > m3 > m4 for IH. This
implies that for both NH and IH, the third mass state can decay to a lighter sterile state.
Note that m234 is unconstrained from meson decay bound since m4 is the mass of a sterile
state with which the active neutrinos do not mix. The e↵ect of decay can be incorporated
in the propagation equation by introducing a term m3 /⌧3 in the evolution equation:
0 1 2 2
BBB CCC 666 666
BBB ⌫e CCC 666 666
d BBBB CCCC 6666 6666 1
i BBB⌫µ CCC = 666U 666
dx BBB CCC 666 666 2E
B@B CAC 646 646
⌫⌧
1

0
BBB
BBB0
BBB
BBB0
BBB
BBB
@0

0
m221
0

1
C
0 CCCC
CCC
C
0 CCCCC
CCC
2 C
m31 A

1

0
13
0
13 0 1
BBB
CCC777
BBB
C7 B C
BBB0 0 0CCC777
BBBA 0 0CCCCC77777 BBBBB ⌫e CCCCC
CC77
BB
CC77 BB CC
m3 BBBB
BBB0 0 0CCCCC77777 U † + BBBBB 0 0 0CCCCC77777 BBBBB⌫µ CCCCC , (6.4)
i
CCC777
BBB
CCC777 BBB CCC
2E⌧3 BBB
BB@
CCA775
BB@
CC77 BB CC
0 0 1
0 0 0A5 @⌫⌧ A

This implicitly assumes that the neutrino mass matrix and the decay matrix can be simultaneously
diagonalised and the mass eigenstates are the same as the decay eigenstates [179, 192].
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p
where the term A = 2 2G F ne E represents the matter potential due to neutrino electron
scattering in matter, G F denotes the Fermi coupling, E is the energy, and ne the electron
density. For the antineutrinos, the matter potential comes with a negative sign. The fourth
sterile state being decoupled from the other states except through the interaction which
induces the decay does not a↵ect the propagation. We solve the Eq. (6.4), in matter
numerically using Runge-Kutta technique assuming the PREM density profile [193] for
the Earth matter.

6.2

Invisible neutrino decay from NOvA and T2K data

In this section, we present the current constraints on ⌧3 /m3 from the recent data from
NOvA and T2K, using the full three generation oscillation framework with matter e↵ects
[191]. We also study the e↵ect of decay on the measurement of ✓23 and m232 . As was
shown in [143, 187], there can be significant impact on the measured value of ✓23 if decay
is present. We will study how presence of decay changes the best-fit values of ✓23 and
m232 as well as the C.L. contours allowed by the T2K and NOvA data.
The first result of muon-neutrino disappearance from NOvA came in 2016 [194],
where they used 2.74 ⇥ 1020 POT and got the best-fit

m232 = (2.52+0.20
0.18 ) ⇥ 10

3

eV2

and sin2 ✓23 = 0.43 and 0.60. The was immediately followed with first result on electron appearance data [158] with the same exposure. Next disappearance data came in
2017 [195] which used 6.05 ⇥ 1020 POT and gave m232 = (2.67 ± 0.11) ⇥ 10

3

eV2 , while

+0.022
for sin2 ✓23 they obtained two statistically degenerate values 0.404+0.030
0.022 and 0.624 0.030

and claimed that the NOvA data disfavours maximal mixing at 2.6 . Results from the
combined analysis of NOvA’s appearance and disappearance data was presented in [196].
So while T2K prefers maximal mixing for ✓23 , the early analysis from the NOvA showed
2.6

preference for non-maximal mixing. This tension between the two experiments

led several authors to propose new physics ideas to explain the tension between the two
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datasets. However, the NOvA collaboration has recently done an improved re-analysis of
their disappearance dataset [197]. The newer analysis mainly addresses better the energy
resolution of the hadron sample leading to an improved neutrino energy resolution. They
have divided the muon events into four quantiles of di↵erent resolutions from ⇠ 6% to
⇠ 12%, based on their hadronic energy fraction. This approach changed the measurement
of ✓23 at NOvA with maximal ✓23 mixing being preferred by NOvA as well.
The T2K experiment announced their first result with 1.43 ⇥ 1020 protons on target
(POT) on electron appearance in 2011 [198]. With six observed electron candidate events
and 1.5 expected backgrounds, T2K gave the first direct evidence of non-zero ✓13 at 2.5
C.L. The first results announcement on muon disappearance came a year later in 2012
[199] with the same POT of 1.43 ⇥ 1020 and gave a best-fit of m232 = 2.65 ⇥ 10

3

eV2

and sin2 2✓23 = 0.98. The first anti-neutrino result from T2K was published in [200],
where they used ⌫¯ µ beam with 4.01 ⇥ 1020 POT and obtained best fit of sin2 ✓23 = 0.45
m232 = 2.51 ⇥ 10

and

3

eV2 , very consistent with the measurements obtained using

the ⌫µ beam. The T2K collaboration has published their results periodically since the
first announcements and their data-sets and best-fit oscillation parameters have remained
consistent, with ✓23 close to maximal. The latest result form T2K [201] used 7.482 ⇥ 1020
POT for neutrino mode and 7.471 ⇥ 1020 POT for anti-neutrino data. This currently gives
+0.05
the best fit m232 = 2.52±0.08(2.51±0.08)⇥10 3 eV2 and sin2 ✓23 = 0.55+0.05
0.09 (0.550.08 ) for

normal(inverted) ordering, using both electron appearance as well as muon disappearance
data.

6.2.1

Simulation details

The simulation is done using a modified version of GLoBES, with modifications needed
for real data analysis.
For the analysis of NOvA, we have taken a 14 kt detector at a baseline of 812 km with
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constant matter density. We have taken 8.5% energy resolution for electron events and 6%
resolution for muon events. The signal efficiency is chosen to be 99 % for electron events
and 91 % for muon events. We normalize the number of events as well as the shape, to
match the best-fit event spectra given in [196] for electrons (6.04 ⇥ 1020 POT) and in [197]
for muons (8.85 ⇥ 1020 POT).
For the analysis of T2K, we have taken a 22.5 kt detector at a baseline of 295 km
with constant matter density. The energy resolution is taken 8.5 %. The signal efficiency
is chosen to be 51.5 % for electron events and 90 % for muon events. We normalise the
event spectra as well as shape, to match the event spectra given in [201] which corresponds
to 7.482 ⇥ 1020 POT in neutrino mode and 7.471 ⇥ 1020 POT for anti-neutrino mode.
In all our analysis, we have assumed normal hierarchy. We have kept ✓12 , ✓13 and m221
fixed in the fit as these parameters are very precisely measured form the past experiments
and we have marginalised over ✓23 , m231 ,⌧3 /m3 and

CP

as required. The ranges of the

marginalisation are the following: for ✓23 it is from 38 to 53 , for m231 , it is from 2.3 ⇥
10 3 s/eV2 to 2.6 ⇥ 10 3 s/eV2 , for
from 10

13

6.2.2

Results

CP ,

it is the full 360 range and for ⌧3 /m3 , the range is

s/eV to 10 9 s/eV.

In Fig. 6.1 we show the constraint on ⌧3 /m3 from the current data of NOvA and T2K,
where the latest appearance, as well as disappearance data sets of both experiments, have
been taken into consideration in the analysis. The green solid curve is obtained using
NOvA data alone, the dark red dotted curve is obtained using T2K data alone, while the
black dashed curve is obtained from a combined analysis of NOvA and T2K data. The
parameters ✓23 and
CP

m232 are marginalised in the fit over their 3

allowed ranges and

is marginalised over its full range. It can be seen from the Fig. 6.1, that for both

experiments the no decay scenario is slightly disfavoured and the best-fit value from the
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Figure 6.1:
= 2
min vs ⌧3 /m3 obtained from the analysis of T2K data (red dashed
line), NOvA data (solid green line) and T2K+NOvA data (black long dashed line).

fit comes for non-zero decay. NOvA and T2K both have slightly more
case than the best-fit

2

12

for the no-decay

however, these results are not statistically signiicant. Best-fit value

of NOvA, T2K and their combination are ⌧3 /m3 = 3.16 ⇥ 10
⌧3 /m3 = 5.01 ⇥ 10

2

s/eV respectively. The minimum

2

12

(

s/eV, 1 ⇥ 10

2
min )

11

s/eV and

for NOvA, T2K and

the combined case are 10.38, 69.34 and 87.19, respectively, which are slightly less than
the standard oscillation fit, for which the

2
min

are 10.93, 70.39 and 88.65, respectively.

Therefore, the invisible decay scenario we consider in this work, fits the data slightly
better than the standard oscillation case. The data sets also set a lower bound on the
lifetime. The 3 lower bound on ⌧3 /m3 from NOvA data is seen to be ⌧3 /m3
s/eV, while from T2K it is ⌧3 /m3

1.41 ⇥ 10

both experiments taken together is ⌧3 /m3
Fig. 6.1, that the sum of the two

2

12

7.22⇥10

13

s/eV. The 3 combined constraint from

1.50 ⇥ 10

is less than the

12

s/eV. It can be clearly seen from

2

for the combined analysis. This

points at a synergy between the two experiments. This synergy results in an improved fit
for the decay scenario compared to standard oscillation when we perform the combined
analysis of the two experiments.
To understand why both the data prefer decay over standard oscillation, we give the
muon event rates in Fig. 6.2. The left panel is for NOvA and the right panel is for T2K.
141

Figure 6.2: Muon event spectra for NOvA and T2K. The left panel is for NOvA while
the right panel is for T2K. The black dots with the error-bar are actual data points. The
error bars correspond to the 1 statistical error.
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Figure 6.3: The 95 % C.L. allowed areas obtained in the sin2 ✓23
m232 plane, from
analysis of T2K data (red lines), NOvA data (green lines) and T2K+NOvA data (black
lines). The solid lines are for standard three-generation oscillations while the dashed lines
are for oscillation with decay.
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Figure 6.4: Muon event spectra for NOvA and T2K. The left panel is for NOvA while
the right panel is for T2K. The black dots with the error-bar are actual data points. The
error bars correspond to the 1 statistical error.
The blue solid lines show the event spectra for the standard best-bit, while the red dashed
lines show the event spectra for decay best-fit. The black dots are data points with 1
statistical error bar. From the NOvA plot, it can be seen that the red dashed line fits the
data better than the blue solid line. Between 1 and 2 GeV, where the oscillation maximum
lies, the red dashed line almost exactly fits the data. For the T2K plot, again the red dashed
line fits the data better than the blue solid line. Therefore, for both data sets, the decay
with oscillation fits the data better than the only oscillation case.
Fig. 6.3 shows the allowed region in the sin2 ✓23 vs

m232 plane at 95 % C.L. The

solid curves are for only oscillation case without decay whereas the dashed curves are for
the case where ⌫3 are allowed to decay. The fit is marginalised over

CP

in both cases

and over ⌧3 /m3 as well for the case of decay plus oscillation. The blue curves are for
NOvA, the black curves are for T2K and the red curves are for the combined analysis.
For the standard case the best-fit points (sin2 ✓23 , m232 ) are (0.45, 2.41 ⇥ 10
2.56 ⇥ 10

3

eV2 ) and (0.46, 2.51 ⇥ 10

3

3

eV2 ), (0.52,

eV2 ) for NOvA, T2K and the combined cases,

respectively. On the other hand, for the case with decay and oscillation the corresponding
best-fit points are: (0.48,2.39 ⇥ 10

3

eV2 ), (0.62, 2.62 ⇥ 10

3

eV2 ) and (0.48, 2.52 ⇥ 10

3

eV2 ) for NOvA, T2K and the combined cases, respectively. The interesting point to notice
143

here is that for all cases, the allowed region of the parameter space increases significantly
when decay is considered along with oscillation. Also note that with inclusion of decay,
the best-fit shifts towards higher values of sin2 ✓23 . This behaviour is very similar to what
was seen in [187] in the context of MINOS and T2K and in [143] in the context of DUNE.
The shift of ✓23 to higher values in presence of decay can be understood in terms of the
survival probability given in [187] in the two-generation approximation neglecting matter
e↵ect,

P2G
µµ

h

⇣ m231 L ⌘
sin 2✓23 exp( m3 L/⌧3 E) sin
.
4E
(6.5)

i2
= cos ✓23 + sin ✓23 exp( m3 L/⌧3 E)
2

2

2

2

In Eq. (6.5), there is an exponential suppression due to neutrino decay in both the oscillatory as well as the non-oscillatory term. Therefore for a given ✓23 , the survival probability
for the decay case will be less than the standard oscillation case. Hence, when decay is
considered in the fit, the value of sin2 ✓23 increases in order to reproduce the same probability obtained for the standard case.
From Fig. 6.4, one can understand why more region of higher octant is allowed than
the lower octant for the case with decay. The left(right) panel of Fig. 6.4 show the muon
events for NOvA(T2K). In each of the plots, the blue solid line is for sin2 ✓23 in higher
octant and the red dashed line is for sin2 ✓23 in the lower octant. The black dots are the
data points with 1 statistical error bar. In both of the plots, it can be seen that the blue
solid lines fit the data points reasonably whereas the red dashed lines do not fit the data at
all. This shows why more region of the higher octant is allowed for the decay case than
the lower octant.
Fig. 6.5 gives the allowed region in the sin2 ✓23 vs ⌧3 /m3 plane at 95 % C.L. with m232
marginalised over its current 3

range and

CP

marginalised over full range. The blue

solid, black dashed and red dashed-dotted curves are for NOvA, T2K and the combined
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Figure 6.5: The 95 % C.L. allowed areas obtained in the ⌧3 /m3 sin2 ✓23 plane, from
analysis of T2K data (black dashed line), NOvA data (blue solid line) and T2K+NOvA
data (red dashed-dotted line).
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is marginalised over all other parameters.

analysis, respectively. The blue cross gives the best-fit for NOvA (0.47, 3.16 ⇥ 10
s/eV), the black plus gives the best-fit for T2K (0.61, 5.011 ⇥ 10
gives the best-fit for the combined case (0.49, 5.011 ⇥ 10

12

12

12

s/eV) and the red star

s/eV). Again as in Fig. 6.3,

the best-fit is seen to be for finite ⌧3 /m3 .
Fig. 6.6 gives the

2

vs sin2 ✓23 for the standard case and the decay plus oscillation

case. The fit is marginalised over m232 and
and

CP

CP

for the standard case and over m232 , ⌧3 /m3

for the decay plus oscillation case. The left panel is for NOvA, the middle panel

is for T2K and the right panel is for the combined analysis. In all the panels the blue
solid curves are for the standard oscillation case while the red dashed curves represent
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Figure 6.7: The 95 % C.L. allowed areas obtained in the ⌧3 /m3
m232 plane, from
analysis of T2K data (black dashed line), NOvA data (blue solid line) and T2K+NOvA
data (red dashed-dotted line).

the decay with oscillation case. For T2K our standard oscillation best-fit sin2 ✓23 = 0.52
matches very well with the best-fit obtained by the T2K collaboration [201]. For NOvA
on the other hand, our best-fit for standard oscillation comes at sin2 ✓23 = 0.45 while the
NOvA collaboration gets their best-fit at sin2 ✓23 = 0.558+0.041
0.033 in the higher octant. The
reason for this mild mis-match could be because our experimental simulation is based on
GLoBES which cannot include all systematics in a rigorous manner. However, the figure
shows that the

2

di↵erences between the minima of the two octant is less than 1, and

hence the best-fit obtained by us for the higher octant is not so di↵erent from the correct
value obtained from the collaboration.
Fig. 6.7 gives the allowed region in the m232 vs ⌧3 /m3 plane at 95 % C.L. with ✓23
marginalised over current 3 allowed region and

CP

marginalised over full range. The

blue curve is for NOvA, the black is for T2K and the red is for the combined case. The
blue cross gives the best-fit for NOvA (2.36 ⇥ 10 3 , 3.16 ⇥ 10
T2K (2.61 ⇥ 10 3 , 5.011 ⇥ 10
5.011 ⇥ 10

12

12

12

), the black plus for the

) and the red star is for the combined best-fit (2.51 ⇥ 10 3 ,

). The above best-fit values are in units of (eV2 , s/eV).

Fig. 6.8 gives the

2

vs m232 with ✓23 and
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is marginalised over all other parameters.

and ⌧3 /m3 marginalised for the case of decay plus oscillation. Just as in Fig. 6.6, the

left panel is for NOvA, the middle is for T2K and the right panel is for the combined case.
The blue solid curves are for the standard case whereas the red dashed curves are for the
decay plus oscillation case. It can be seen from the figure that for NOvA the allowed
range of

m232 increases on both sides while for T2K the best-fit

m232 shifts towards

higher values and as a result the allowed range shifts towards the right.
To check the compatibility of the two data sets, we have calculated the parameter
goodness of fit for ✓23 and m232 with both hypothesis. For ✓23 , the parameter goodness of
fit is 90% for the standard oscillation and 97% for the decay case. For the measurement of
m232 , the parameter goodness of fit is 43% for the standard case and 57 % for the decay
case. In both cases, the decay is fitting the data better than the standard case.

6.3

Invisible neutrino decay at DUNE and its e↵ect on ✓23
measurement

In this section we study the constraints on ⌧3 /m3 from simulated data of the DUNE experiment assuming invisible decay of the neutrinos [143]. We perform a full three flavor
study and include the matter e↵ect during the propagation of the neutrinos through the
Earth. We obtain constraints on the life time of the unstable state from the simulated
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DUNE data. For obtaining this we assume the state ⌫3 to be unstable and obtain the
constraints on ⌧3 /m3 . We also study the discovery potential and precision of measuring
⌧3 /m3 at DUNE assuming decay is present in nature. In addition, we explore how the decay lifetime ⌧3 is correlated with the mixing angle ✓23 leading to approximate degeneracy
between the two parameters. We will study how this a↵ects the sensitivity of DUNE to
the mixing angle ✓23 and its octant. The sensitivity of DUNE, to determine the standard
oscillation parameters like the mass hierarchy and

CP

could also in principle get a↵ected

if the heaviest state is unstable, and we study this here.

6.3.1

Experiment and simulation details

We use the GLoBES package [81, 82] to simulate the DUNE experiment. In our simulation, we have used neutrino and antineutrino flux from a 120 GeV, 1.2 MW proton beam
at Fermilab and a 40 kt far detector. All our simulations are for a runtime of 5+5 years (5
years in ⌫ and 5 years in ⌫¯ ) and we take both appearance and disappearance channels into
account, unless otherwise stated. For the charged current (CC) events we have used 20%
energy resolution for the µ and 15% energy resolution for the e.
The primary background to the electron appearance and muon disappearance signal
events come from the neutral current (NC) background and the intrinsic ⌫e contamination in the flux. In addition, there is a wrong-sign component in the flux. The problem
of wrong-sign events is severe for the antineutrino run, since the neutrino component in
the antineutrino flux is larger than the antineutrino component in the neutrino flux. We
have taken all these backgrounds into account in our analyses. In order to reduce the
backgrounds, several cuts are taken. The e↵ects of these cuts have been imposed in our
simulation through efficiency factor of the signal. We have included 2% (10%) signal
(background) normalization errors and 5% energy calibration error as systematic uncertainties. The full detector specification can be found in Ref. [27] and we have closely
followed it. A final comment on our treatment of the NC backgrounds is in order. Since
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neutrino decay is a non-unitary phenomenon, we expect that the NC events at DUNE
would be impacted depending on the decay lifetime. Hence, one would expect that the
NC background too would depend on the decay lifetime. However, we have checked that
for standard three-generation oscillations, the NC background is 71 events out of a total
of 347 background events. In presence of decay (⌧3 /m3 = 1.2 ⇥ 10

11

s/eV), the NC

background changes to 65, while the total background is 338. This implies that the NC
background changes by about 8.5% only. We have also checked that including decay in
the NC background changes the

2

only in the first place in decimal and is not even visible

in the plots. Hence, for simplicity we keep the NC background fixed at the standard value.
Throughout this paper we use the following true values for the standard oscillation
parameters: ✓12 = 34.8 , ✓13 = 8.5 , m221 = 7.5 ⇥ 10
CP

=

5

eV, m231 = 2.457 ⇥ 10

3

eV and

90 . The true value of ✓23 will be specified for every plot that we will present.

We marginalize our
their allowed 3

2

over ✓13 , ✓23 ,

CP

and

m231 , which are allowed to vary within

ranges. We add a Gaussian prior on ✓13 with the current 1

range on

this parameter. We keep the hierarchy normal in the simulated data for all the results
presented in this paper. In this paper we have used “true" to specify the parameters used
for generating the simulated data and “test" to specify the parameters in the fit.

6.3.2

Numerical results

We will first present results on how well DUNE will be able to constrain or discover the
lifetime of the unstable ⌫3 state. We will then turn our focus on how the measurement of
standard oscillation physics at DUNE might get a↵ected if ⌫3 were to be unstable.

6.3.2.1

Constraining the ⌫3 lifetime

The left panel of Fig. 6.9 shows the potential of DUNE to constrain the lifetime of ⌫3
normalized to its mass m3 . In order to obtain this curve we generate the data for a no149

Figure 6.9: The left panel of this figure shows the expected sensitivity of DUNE to constraining the decay parameter ⌧3 /m3 . The right panel of this figure presents the potential
of DUNE to discover a decaying ⌫3 . See text for details.

decay case and fit this data for an unstable ⌫3 . The data was generated at the values
of oscillation parameters given in subsection III and ✓23 = 42 . We marginalize the

2

over all standard oscillation parameters as mentioned above. We see that at the 3 level
DUNE could constrain ⌧3 /m3 > 2.38⇥10

11

s/eV, whereas at 90% C.L. the corresponding

expected limit would be ⌧3 /m3 > 4.50 ⇥ 10
current limit on ⌧3 /m3 > 2.8 ⇥ 10

12

11

s/eV. This can be compared with the

s/eV that we have from combined MINOS and

T2K analysis [187]. Therefore, DUNE is expected to improve the bounds on ⌫3 lifetime
by at least one order of magnitude.

2

The right panel of Fig. 6.9 shows the discovery

potential of a decaying neutrino at DUNE. To obtain this curve we generated the data
taking a decaying ⌫3 into account and fitted it with a theory for stable neutrinos. True
value of ✓23 = 42 for this plot and the other oscillation parameters are taken as before.
The

2

so obtained is then marginalized over the standard oscillation parameters in the

fit. The resultant marginalized

2

is shown in the right panel of Fig. 6.9 as a function of

the ⌧3 /m3 (true). DUNE is expected to discover a decaying neutrino at the 3
⌧3 /m3 > 2.38 ⇥ 10
2

11

s/eV and the 90% C.L. for ⌧3 /m3 > 4.27 ⇥ 10

11

C.L. for

s/eV.

Note that by the time DUNE will be operative, the current experiments would have improved their
statistics and hence bounds on standard and non-standard parameters. Even then after the full run of these
experiments, DUNE will have more sensitivity compared to the full run of NO⌫A and T2K [191].

150

Figure 6.10: The 2 as a function of ⌧3 /m3 (test), showing the precision with which ⌧3 /m3
could be measured at DUNE when its true value is 1.2 ⇥ 10 11 s/eV.
Assuming that the ⌫3 is indeed unstable with a decay width corresponding to ⌧3 /m3 =
1.2⇥10

11

s/eV, we show in Fig. 6.10 how well DUNE will be able to constrain the lifetime

of the decaying ⌫3 . It is seen from the figure that in this case not only can DUNE exclude
the no decay case above 3 , but can also measure the value of the decay parameter with
good precision. The corresponding 3 and 90% C.L. ranges are 2.63 ⇥ 10
7.62 ⇥ 10
6.3.2.2

12

and 1.71 ⇥ 10

11

> ⌧3 /m3 > 9.29 ⇥ 10

12

11

> ⌧3 /m3 >

in units of s/eV, respectively.

Constraining ✓23 and its octant

Fig. 6.11 gives the neutrino oscillation probability for both the appearance and disappearance channels. The left panels give the probability for the appearance channel while the
right panels show the probability for the disappearance channel. The top panels show the
impact of decay on the probabilities for ⌧3 /m3 = 1.2 ⇥ 10
show the e↵ect when ⌧3 /m3 = 1.0 ⇥ 10

12

11

s/eV while the bottom panels

s/eV. The solid lines and the short-dashed lines

show the probabilities for the standard stable case. The blue solid lines in all the four
panels are for ✓23 = 42 and ✓13 = 8.5 and no decay. The change in the probabilities
when decay is switched on for the same set of oscillation parameters is shown in all the
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Figure 6.11: The appearance (left panels) and disappearance (right panels) channel neutrino probabilities as a function of neutrino energy. The di↵erent lines are described in
the legends and also in the text. The top panels show the e↵ect of ⌫3 decay for a larger
value of ⌧3 /m3 while the bottom panels show the e↵ect for a smaller value of ⌧3 /m3 .

panels by the red long-dashed line. The first thing to note from this figure is that Pµe
decreases while Pµµ increases at the oscillation maximum. The opposite trend is seen for
the case when the oscillatory term goes to zero. However, net probability for both appearance as well as disappearance channels decrease in the case of decay. This is because
in our model the ⌫3 decays to invisible states which do not show-up at the detector. As
expected, the extent of decrease of the probability increases as we lower ⌧3 /m3 or in other
words increase the decay rate, as can be seen by comparing the top panels with the bottom ones. For ⌧3 /m3 = 1.0 ⇥ 10

12

s/eV we see a drastic change in the probability plots,
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Figure 6.12: Same as in Fig. 6.11 but showing neutrino events at DUNE instead of
probabilities. The left panels show the electron appearance events, while the right panels
show the muon disappearance events. The top panels shows the impact of a larger ⌧3 /m3 ,
while the bottom panels are for a smaller ⌧3 /m3 .

thereby allowing DUNE to restrict these values of ⌧3 /m3 , as we had seen in the previous
subsection.
Next we turn to show the correlation between the decay lifetime ⌧3 /m3 and the mixing
angles, in particular, the mixing angle ✓23 . In Fig. 6.11 we show that the appearance
channel probability Pµe for the case with decay (shown by the red long-dashed lines) can
be mimicked to a large extent by the no decay scenario if we reduce the value of ✓23 .
These probability curves are shown by the green short-dashed lines. For the top panels
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we can achieve reasonable matching between the decay and no decay scenario if the ✓23 is
reduced from 42 to 41.3 and ✓13 is slightly changed from 8.5 to 8.3 . The matching is
such that the green dashed lines is hidden below the red dashed lines in the top panels. In
the lower panels, since the ⌫3 lifetime is chosen to be significantly smaller, we see a more
drastic e↵ect of ✓23 . In the lower panels the with decay case for Pµe at ✓23 = 42 can be
somewhat matched by the no decay case if we take a much reduced ✓23 = 28 . However,
the disappearance channel is not matched between the red long-dashed and green shortdashed line for the value of ✓23 that is needed to match the appearance channel for the
decay and no decay cases.
This correlation between ⌧3 /m3 and ✓23 in Pµe can be understood as follows. No decay
corresponds to infinite ⌧3 /m3 . As we reduce ⌧3 /m3 , ⌫3 starts to decay into invisible states
reducing the net Pµe around the oscillation maximum. This reduction increases as we
continue to lower ⌧3 /m3 . On the other hand, it is well known that Pµe increases linearly
with sin2 ✓23 at leading order. Therefore, it is possible to obtain a given value of Pµe either
by reducing ⌧3 /m3 or by reducing sin2 ✓23 . Therefore, it will be possible to compensate
the decrease in Pµe due to decay by increasing the value of sin2 ✓23 . Hence, if we generate
the appearance data taking decay, we will be able to fit it with a theory for stable neutrinos
by suitably reducing the value of sin2 ✓23 .
The correlation between ⌧3 /m3 and ✓23 for the survival channel on the other hand is
complicated. For simplicity, let us understand that within the two-generation framework
first, neglecting matter e↵ects. The e↵ect of three-generations will be discussed a little
later and the e↵ect of earth matter is not crucial for the DUNE energies in this discussion.
The survival probability in the two-generation approximation is given by [187]
P2G
µµ



2

2

= cos ✓23 + sin ✓23 e

m3 L
⌧3 E

2

2

sin 2✓23 e

m3 L
2⌧3 E

sin

2

!
m231 L
.
4E

(6.6)

The Eq. (6.6) shows that decay a↵ects both the oscillatory term as well as the constant
term in Pµµ , causing both to reduce. Therefore, it is not difficult to see that with decay
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included, the value of ✓23 should be increased to get the same Pµµ as in the no decay case.
Hence, in this case again if we generate the disappearance data taking decay, we will be
able to fit it with a theory for stable neutrinos by suitably reducing the value of ✓23 . However, note that the dependence of Pµµ on ✓23 and ⌧3 /m3 is di↵erent from the dependence of
Pµe on ✓23 and ⌧3 /m3 and hence we never get the same fitted value of ✓23 for the two channels. This is evident in Fig. 6.11 where in the lower panel the appearance probability fits
between decay case and ✓23 = 42 and no decay case and ✓23 = 28 . However, this does
not fit the disappearance probability simultaneously. One can check that the above understanding of the correlation between ✓23 and ⌧3 /m3 is true for the full three-generation case
too. We will show below the probabilities for the full three-generation case with decay
and matter e↵ects obtained by an exact numerical computation.
In order to see the correlation between ⌧3 /m3 and ✓23 at the event level, we plot in
Fig. 6.12 the appearance (electron) and disappearance (muon) events for 5 years of running of DUNE in the neutrino channel. One will expect a similar behaviour for the antineutrinos as well. The respective panels and the three plots in each panel are arranged in
exactly the same way as in Fig. 6.11. We note that all the features that were visible at the
probability level in Fig. 6.11 are also seen clearly at the events level in Fig. 6.12. Neutrino
events are seen to reduce with the onset of neutrino decay, with the extent of reduction
increasing sharply with the value of the decay rate (1/⌧3 ). The electron event spectrum
for the case with decay can be seen to be roughly mimicked with that without decay but
with a lower value of the ✓23 , the required change in the value of ✓23 increasing with the
decay rate (1/⌧3 ). On the other hand for the lower panel, the muon spectrum in absence
of decay (shown by the green lines) would need a di↵erent value of ✓23 to match the muon
spectrum in presence of decay (shown by the red lines). This mismatch between the fitted
value of ✓23 between the appearance and disappearance channels can hence be expected
to be instrumental in breaking the approximate degeneracy between ⌧3 /m3 and ✓23 .
In order to study the impact of decay on the expected ✓23 sensitivity of DUNE, we
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Figure 6.13: 2 as a function of ✓23 (test). The left, middle and right panels are for the
cases when the data is generated at ✓23 = 42 , ✓23 = 48 and ✓23 = 49.3 , respectively. The
dark red solid curves are for the standard case when both data and fit are done within the
three-generation framework of stable neutrinos. The green dashed curves are for the case
when the data is generated for unstable ⌫3 with ⌧3 /m3 = 1.2 ⇥ 10 11 s/eV but it is fitted
assuming stable neutrinos.

show in Fig. 6.13 the

2

as a function of ✓23 (test). The left panel is for the case when

the data is generated at ✓23 = 42 , middle panel is for data at ✓23 = 48 and the right
panel is for data at ✓23 = 49.3 . The dark red solid curves are for the standard case when
both data and fit are done within the three-generation framework of stable neutrinos. The
green dashed curves are for the case when the data is generated for unstable ⌫3 with
⌧3 /m3 = 1.2 ⇥ 10

11

s/eV but it is fitted assuming stable neutrinos. For generating the data

all other oscillation parameters are taken as mentioned before in subsection III. The fits
are marginalised over ✓13 ,

CP

and m231 in their current 3 ranges. Before we proceed

to look at the impact of decay on the measurement of ✓23 at DUNE, let us expound some
features of ✓23 for standard three-generation oscillation scenario. A comparison of the red
curves in the three panels of Fig. 6.13 shows that the left panel and the right panel look
like near mirror images of each other, while the middle panel looks di↵erent. Note that
42 is as far removed from ✓23 = 45 as 48 , however the

2

curves for the ✓23 = 42 and

✓23 = 48 cases appear di↵erent. This is due to three-generation e↵ects coming from the
non-zero ✓13 [202]. The values of ✓23 in HO and LO that correspond to the same e↵ective
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Figure 6.14: The probabilities Pµµ (blue lines) and Pµe (magenta lines), shown as a function of ✓23 . The plots have been drawn for the DUNE baseline and E = 2.5 GeV, taking all
oscillation parameters as mentioned in subsection III. The left and right panels are identical apart from the horizontal and vertical lines which show the probabilities for the cases
when the data is generated at ✓23 = 42 (left panel) and ✓23 = 49.3 (right panel). The
solid curves show the probabilities for the standard case while the dashed curves are for
the case for unstable ⌫3 with ⌧3 /m3 = 1.2 ⇥ 10 11 s/eV. The probabilities are shown for the
full three-generation framework including earth matter e↵ect. The black dot shows the
point at which data is generated for the decay case, while the green dots show the points
which give the same Pµµ as the black dot, but for the standard case. The red dots show the
Pµµ for the data generated for the standard case at ✓23 = 42 (left panel) and ✓23 = 49.3
(right panel) and the corresponding fake minima when fitted by the standard case.

mixing angle ✓µµ and which gives the same Pµµ are given as [202]
LO
sin ✓23
=

LO
sin ✓µµ

cos ✓13

;

HO
sin ✓23
=

LO
✓µµ
= 90

HO
✓µµ
,

HO
sin ✓µµ

cos ✓13

(6.7)
(6.8)

which gives ✓23 = 49.3 as the mixing angle that gives the same Pµµ as ✓23 = 42 instead
of ✓23 = 48 , as we would expect in the two-generation case. In order to further illustrate
this point, we show in Fig. 6.14 the survival probability Pµµ (blue lines) as a function
of ✓23 for the standard case (solid line) and decay case (dashed line). Also shown are
the corresponding oscillation probability Pµe (magenta lines) for the standard case (solid
line) and decay case (dashed line). The plots have been drawn for the DUNE baseline and
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E = 2.5 GeV, taking all oscillation parameters as mentioned in subsection III. The energy
2.5 GeV corresponds to oscillation maximum at the DUNE baseline where the DUNE
flux peaks. We note that for the standard oscillations case, Pµµ ' 0 corresponds to a value
of ✓23 ' 46 and not 45 as in the two-generation case. We also note that Pµµ at ✓23 = 42
in LO is matched by the Pµµ at ✓23 ' 49.9 in HO, the small di↵erence between the value
HO
of ✓23
derived from Eq. (6.8) and the exact numerical results shown in Fig. 6.14 come

from earth matter e↵ects mainly.
The solid red curves in Fig. 6.13 showing the

2

vs. ✓23 (test) for the standard os-

cillation case match well with the solid blue probability curves in Fig. 6.14. For the
left panel, data is generated at ✓23 = 42 and the absolute and fake minima come at
✓23 (test) = 42 and 49.5 , respectively. On the other hand for the right panel, data is
generated at ✓23 = 49.3 and the absolute and fake minima come at ✓23 (test) = 49.3 and
43.0 , respectively. Note that since Pµµ is nearly matched at the true and fake minima
points, the disappearance data would return a

2

' 0 at both the true as well as fake

minima points giving an exact octant degeneracy. The main role of the disappearance
data is only to determine the position of the minima points in ✓23 . The oscillation probability Pµe on the other hand is very di↵erent between the true and fake minima points
as can be seen from the solid magenta line in Fig. 6.14. Hence, the appearance channel
distinguishes between the two and gives a non-zero

2

at the fake minima and breaks the

octant degeneracy. We can see from Fig. 6.13 that for the ✓23 = 42 case (left panel), the
2

corresponding to the wrong octant minima is 16.6 while for ✓23 = 49.3 case (right

panel) it is 17.1. Hence, for standard oscillation the octant sensitivity at ✓23 = 42 is only
slightly worse than the octant sensitivity at ✓23 = 49.3 . The reason for this is that the

2

for octant sensitivity is given in terms of the di↵erence between the appearance channel
event spectra for the true and fake ✓23 points. One can see from the solid magenta lines
in Fig. 6.14 that this di↵erence is almost the same for the left and right panels for the
standard oscillations case and hence the

2

of the fake minima for the solid red lines in

the left and right panels in Fig. 6.13 are nearly the same. The octant sensitivity for the
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middle panel (✓23 = 48 ) is significantly poorer since for this case, the di↵erence in the
appearance channel probability is much smaller. This happens because this value of ✓23 is
too close to e↵ective maximal mixing for Pµµ (cf. Eqs. (6.7 and (6.8)).
Next we look at the impact of including neutrino decay in data on ✓23 measurement at
DUNE, shown by the green dashed lines in Fig. 6.13. These lines are obtained by generating data including decay but fitting them with standard three-generation oscillations with
stable neutrinos. We notice that compared to the red solid lines for the standard case, the
position of minima as well as the

2

at the fake minima have changed. For the left panel

(✓23 = 42 in data) the minima points shift to ✓23 (test) = 41.0 in LO and ✓23 (test) = 50.0
in HO. Thus, for data with ✓23 in LO, the minima point shifts to lower ✓23 (test) in LO and
higher ✓23 (test) in HO. On the other hand for right panel (✓23 = 49.3 in data) the minima
points shift to ✓23 (test) = 44.5 in LO and ✓23 (test) = 47.5 in HO. Thus, for data with
✓23 in HO, the minima point shifts to higher ✓23 (test) in LO and lower ✓23 (test) in HO.
Note that none of the minima now correspond to the true value of ✓23 at which the data
is generated. Note also that the gap between the two minima points has increased for the
case with data in LO and decreased for the case with data in HO.
The shifting of minima for both the LO and HO data points can be understood easily
in terms of the left and right panels of Fig. 6.14, respectively. This figure shows Pµµ (and
Pµe ) at the oscillation maximum as a function of ✓23 . The solid lines are for no decay while
the dashed lines are for decay and oscillations. An important thing we can note in this
figure is that with decay the Pµµ curve gets shifted towards the right. Even the e↵ective
maximal mixing point gets shifted further towards higher values of ✓23 . The left panel of
Fig. 6.14 shows the data point for the disappearance channel for ✓23 = 42 by the black
point on the blue dashed line, which includes decay. This Pµµ has to be reproduced by the
no decay theory in the fit. The corresponding minima points can be obtained by following
the blue solid line and are shown by the green dots, at ✓23 = 41.1 and ✓23 = 50.8 . This
matches well with the minima on the green dashed line in the left panel of Fig. 6.13. The
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point where data is generated for the HO case in Fig. 6.13 is shown by the black dot in
the right panel of Fig. 6.14. The corresponding fit points coming from Pµµ can be seen
at the green dots in this panel at ✓23 = 43.7 and ✓23 = 48.1 . Note that since the decay
causes the Pµµ curve to shift towards the right, all minima points in ✓23 are shifted towards
the left. However, when one compares the minima in the true and fake octants, it turns
out that the two minima get further separated for the LO case (left panel), while for the
HO case (right panel) they come closer together. This is consistent with the gap between
the minima increasing for the left panel and decreasing for the right panel in Fig. 6.13.
As mentioned before, the disappearance data plays the role of determining the minima
in the true and fake octant, but brings no significant octant sensitivity since Pµµ can be
matched at the true and fake minima, at least at the oscillation maximum. The octant
sensitivity comes from the di↵erence in the number of appearance events at the minima
points at the true and fake octant. Therefore, since the minima points in the LO case gets
further separated for the decay case compared to no decay, the octant sensitivity for LO
increases as can be seen from the Pµe curve in Fig. 6.14. We can read from the left panel
of Fig. 6.13 that the

2

at the minima in the fake octant is 22.6, higher than the case for

standard oscillations. On the other hand for the right panel, the minima points come closer
in the case of the dashed green lines and the octant sensitivity coming from the appearance
channel drops significantly to

2

= 4.1 for the wrong octant since the di↵erence in Pµe

between the minima points reduces, as can be seen from the right panel of Fig. 6.14.
The impact of decay on the expected constraints in the two-dimensional ✓23 ✓13 plane
is shown in Fig. 6.15. As in Fig. 6.13, the left panel shows the results when the data is
generated at ✓23 = 42 , middle panel is for ✓23 = 48 , while the right panel gives the
results for data corresponding to ✓23 = 49.3 . The point where the data is generated is
marked by a star in the ✓23

✓13 plane. The expected contours correspond to 3 C.L. The

dark red solid lines are obtained for the standard case when neutrinos are taken as stable
in both the data as well as the fit. The green dashed ones are obtained when we simulate
the data assuming an unstable ⌫3 with ⌧3 /m3 = 1.2 ⇥ 10
160

11

s/eV, but fit it with the standard

Figure 6.15: The plots show the expected 3 C.L. contours in the ✓23 ✓13 plane for the
case when the data is simulated at ✓23 = 42 (left panel), ✓23 = 48 (middle panel), and
✓23 = 49.3 (right panel). The value of ✓13 = 8.5 in all panels. The black stars show the
data points in the plane. The dark red solid curves show the expected 3 contour for the
standard scenario in absence of decay in data and theory. The green dashed curves show
the 3 contour for the case when the data corresponds to a decaying ⌫3 with ⌧3 /m3 =
1.2 ⇥ 10 11 s/eV, which is fitted with a theory where all neutrinos are taken as stable.
case assuming stable neutrinos. The contours are marginalized over test values of
and m231 within their current 3

CP

ranges. The impact of decay is visible in all panels.

Though the contours change in both mixing angles, the impact on ✓23 (test) is seen to be
higher than the impact on ✓13 (test). As we had seen in details above in Fig. 6.13, the green
contours are shifted to lower values of ✓23 in both the left and right panels. The one-toone correspondence between the allowed ✓23 (test) values at 3

between this figure and

Fig. 6.13 can be seen. The mild anti-correlation between the allowed values of ✓23 (test)
and ✓13 (test) for the green dashed lines comes mainly from the appearance channel which
depends on the product of sin2 ✓23 sin2 2✓13 at leading order. This anti-correlation is seen
to be more pronounced for the middle and right panels because for these cases the ✓23
sensitivity of the data falls considerably in presence of decay and the

2

drops.

The Fig. 6.16 shows the octant sensitivity for 5+5 years of (⌫ + ⌫¯ ) running of DUNE.
The dark-red solid curve shows the octant sensitivity for the standard case with stable
neutrinos. The green dashed curve is for the case when ⌫3 is taken as unstable with
⌧3 /m3 = 1.2 ⇥ 10

11

s/eV in the data, but in the fit we keep it to be stable. We note that the

octant sensitivity of DUNE improves for the green dashed line in the lower octant, but in
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Figure 6.16: Expected octant sensitivity at DUNE. The dark red solid curve is for standard case of stable neutrinos. The green dashed curve is for the case when ⌫3 is taken as
unstable with ⌧3 /m3 = 1.2 ⇥ 10 11 s/eV in the data, but in the fit we keep it to be stable.
the higher octant it deteriorates. This is consistent with our observations in Fig. 6.13. For
detailed explanation of this, we refer the reader to the detailed discussion above.

6.3.2.3

CP-violation and mass hierarchy sensitivity

In Fig. 6.17 we show the expected CP-violation sensitivity at DUNE. As before, the dark
red solid curve is for standard case of stable neutrinos. The green dashed curve is for the
case when ⌫3 is taken as unstable with ⌧3 /m3 = 1.2⇥10

11

s/eV in the data, but in the fit we

keep it to be stable. The data was generated at the values of oscillation parameters given
in subsection III and ✓23 = 42 . Decay in the data is seen to bring nearly no change to
the CP-violation sensitivity of DUNE, with only a marginal increase in the CP-violation
sensitivity seen at

CP (true)'

±90 .

The impact of decay on the expected mass hierarchy sensitivity at DUNE is shown
in Fig. 6.18 for both normal hierarchy (NH) true (left panel) and inverted hierarchy (IH)
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Figure 6.17: Expected CP-violation sensitivity at DUNE. The dark red solid curve is for
standard case of stable neutrinos. The green dashed curve is for the case when ⌫3 is taken
as unstable with ⌧3 /m3 = 1.2 ⇥ 10 11 s/eV in the data, but in the fit we keep it to be stable.

Figure 6.18: Expected mass hierarchy sensitivity at DUNE. The dark red solid curve is
for standard case of stable neutrinos. The green dashed curve is for the case when ⌫3 is
taken as unstable with ⌧3 /m3 = 1.2 ⇥ 10 11 s/eV in the data, but in the fit we keep it to be
stable. The left panel is for NH true while the right panel is for IH true.
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true (right panel ). As in all figures shown so-far, the dark red solid curve is for standard
case of stable neutrinos. The data was generated at the values of oscillation parameters
given in subsection III and ✓23 = 42 . The green dashed curve is for the case when ⌫3
is taken as unstable with ⌧3 /m3 = 1.2 ⇥ 10

11

s/eV in the data, but in the fit we keep it

to be stable. For IH true, the e↵ect of decay in data is to marginally reduce the expected
mass hierarchy sensitivity for all values of

CP (true).

The impact for the NH true case is

more complicated with the expected sensitivity increasing for some values of

CP (true)

and decreasing for others. However, the net change in the expected sensitivity is seen to
be very small compared to the expected mass hierarchy sensitivity at DUNE. Therefore,
we conclude that the expected CP-violation sensitivity and mass hierarchy sensitivity at
DUNE remain largely unmodified, whether or not neutrinos decay.
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7

Conclusions and Future Prospects

7.1

Conclusions

In this thesis, we have looked at various new physics scenarios in the context of longbaseline experiments. We have done our analysis for both present experiments (NOvA
and T2K) and future experiments (DUNE, T2HK/T2HKK). For future experiments, we
performed our analysis in two ways. In one case, we have tried to find the sensitivity of
the experiments to the new physics and in the other case, we have studied the e↵ects of
the new physics on the standard performances of the experiments.
In chapter 2, we have discussed neutrino oscillations in both vacuum and matter. We
also discussed various degeneracies present in neutrino oscillation followed by detailed
discussion of various long-baseline experiments in chapter 3.
In chapter 4, we have discussed sterile neutrino in the context of long-baseline experiments. One of the widely discussed new physics scenarios is sterile neutrino. Short baseline experiments like LSND [113] and MiniBooNE [33, 34, 111] observed some excess
in the electron appearance channels which could only be explained assuming oscillations
driven by m2 ⇠ 1 eV2 . Since this is completely inconsistent with solar and atmospheric
neutrino data, we need additional state(s) to explain this. However, the number of active
neutrinos is precisely measured to be three from LEP [47]. So, these extra states are called
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sterile. If there is only one extra state and it is consistent with both solar and atmospheric
mass splitting, it is then called 3+1 scenario. Later, data from many experiment came but
they could not give any conclusive result till now and there is tension between various
datasets and global fits give very poor goodness of fit [120].
We have explored reach of DUNE near detector to probe the parameter space of
LSND [106]. At short baseline like the DUNE near detector, oscillations due to solar
and atmospheric splitting do not arise, therefore, we have done our analyse in the e↵ective two generation approximation ( m2 , ✓µe ). As the near detector design of DUNE is not
yet final, we have played with various experimental parameters like baseline, mass, backgrounds. We considered three options for the baselines with mass fixed at 5 t: 595 m, 1
km and 3 km. It was observed that with increasing baseline, the sensitivity is increased at
higher mixing angles and it is decreased at lower mixing angles and it was found that 595
m baseline gives the optimum sensitivity. We also considered three options for mass: 5 t,
400 t and 1 kt (baseline fixed at 595 m). With increasing mass, the sensitivity increases,
however, it saturates above certain mass and becomes independent of statistics. We found
that 5 t can almost entirely rule out the LSND parameter space at more than 4 in 5+5
years (5 years in neutrino and 5 years in antineutrino mode). We also studied the e↵ect
of systematic unceretainties like energy calibration error, flux normalization error and the
e↵ect of decay pipe length, but they do not have much e↵ect on the sensitivity.
If sterile neutrino is present, the oscillation probabilities at the far detectors of the
long-baseline experiments get modified and this can a↵ect the standard physics program
of the long-baseline experiments. We have considered e↵ect of sterile neutrino in DUNE
and T2HK/T2HKK and their combination [69]. The 4 generation oscillation needs six
mixing angles and three CP violating phases. We have chosen the parameterization such
that the two additional phases

24

and

34

comes with the angles ✓24 and ✓34 respectively.

We investigated CP sensitivity, octant and mass-hierarchy in presence of sterile neutrino.
For CP-violation we considered three cases. First, we assumed that we don’t know the
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source of CP-violation, then we assumed that the source of CP-violation is
we assumed that the source is

24 .

13

and finally

In all cases we considered two sets of sterile mixing

angles:(✓14 , ✓24 , ✓34 ) = (6.5 , 3.5 , 12.5 ); (12.0 , 7.0 , 25.0 ) and varied the three phases
from [ ⇡, ⇡]. For, the case of source of CP-violation being unknown, we found that for
the smaller mixing angles, the CP sensitivity decreases for all combinations of true phases
and for larger mixing angles the CP-sensitivity bands are spread on both sides of the the
3+0 curve. This is due to the fact that as the mixing angles increase, the e↵ect of true
phases are also increased. We found that while, T2HKK has slightly larger sensitivity
than T2HK for 3+0 case, for the larger mixing case, both have almost same sensitivity.
And for the combined case of T2HKK and DUNE, we see that the sensitivity is increased
by significant amount The sensitivity is increased more than 10
and for some combinations of

24

and

34

for some values of

it is more than 5 for all values of

case, where we assumed that the source of CP is known and it is due to

13 ,

CP .

CP

For the

it is found

that the CP-sensitivity slightly decreases for both the sets of smaller and larger mixing
angles. For the other case, where the source of CP-violation is assumed to be known and
due to

24 ,

the CP-sensitivity is reduced drastically. Here for T2HK and T2HKK, the

band for the set of larger mixing angles the CP-sensitivity is almost always less than 5
and for the set of smaller mixing angles it is even worse as the sensitivity comes below
3 . However, we found that T2HKK+DUNE manages to get the sensitivity more than
5

for the larger mixing angles for some combinations of

13

and

34 .

We studied the

CP-sensitivity with the assumption of unknown mass-hierarchy. For this, we found that
for both 3+0 and 3+1 case, the CP-sensitivity is reduced for T2HK whereas the sensitivity
remains almost same for T2HKK and T2HKK+DUNE, as T2HKK and DUNE have long
enough baseline to break hierarchy degeneracy by themselves. We also showed how the
expected mass hierarchy sensitivity of T2HK, T2HKK and T2HKK+DUNE changes in
the presence of sterile mixing. Here the e↵ect of increasing the value of the sterile mixing
angle was shown to have an interesting e↵ect on the corresponding expected sensitivity
of the T2HK and T2HKK set-ups. When the sterile mixing angles are taken to be small,
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the neutrino mass hierarchy sensitivity of T2HK and T2HKK is seen to deteriorate in the
3+1 case compared to the 3+0 case, for some values of

13 (true),

24 (true)

and

34 (true).

However, when the sterile mixing angles were increased the mass hierarchy sensitivity of
T2HK and T2HKK increased for nearly all values of

13 (true),

24 (true)

and

34 (true).

The

reason for this behavior was traced to the e↵ect of marginalisation over | m231 |. Finally, we
presented the expected octant of ✓23 sensitivity of T2HK, T2HKK and T2HKK+DUNE in
the 3+1 scenario. We showed at results for both choices of LO and HO and for two sets
of true sterile mixing values and the full range of all the three phases
and

34 (true).

13 (true),

24 (true)

Again for this case, the expected octant sensitivity appears to be mostly

decreasing in the 3+1 case compared to the 3+0 case when the mixing angles are small.
But when the true sterile mixing angles are taken to be larger, the octant sensitivity is
seen to improve for some sets of values of

13 (true),

24 (true)

and

34 (true),

especially for

T2HKK and T2HKK combined with DUNE.
We looked for capabilities of future long-baseline experiments like DUNE and T2HK
to constrain sterile CP phase [76]. In short baseline experiments, the oscillation is only
due to

m2 ⇠ 1 eV2 . Hence, in short-baseline experiments there is no phase depen-

dence. However, in long-baseline experiments, all the mass-squared di↵erences becomes
active and this opens the possibility of exploration of sterile phase in long-baseline experiments. In particular ⌫e appearance probability in LBL (long-baseline) has
We used this channel to constrain
tion. The

34

24

24

dependence.

using DUNE, T2HK/T2HKK and their combina-

dependence comes from the matter e↵ect. As the matter e↵ect for DUNE

and T2HK/T2HKK are small, the

34

dependence is very small and we have not con-

sidered this in our work. We have considered 5+5 years of DUNE and 2.5+7.5 years
of T2HK/T2HKK runtime. We study the sensitivity for measuring
13

=

90 in the data and

24

24 .We

considered

= 0 , 90 , 90 , 180 in the data. We found that T2HK

will perform best compared to T2HKK and DUNE. This is due to the fact that T2HK has
very high statistics compared to DUNE. When we combined DUNE and T2HK/T2HKK,
the expected sensitivity is increased as seen in the
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24

34

plane. We looked into the

e↵ect of the sterile phase on the measurement of

13 .

We found that for T2HK the e↵ect

is negligible, DUNE is a↵ected most and T2HKK is slightly a↵ected. We also looked at
the sensitivity to the sterile mixing angles ✓14 and ✓24 under the assumptions of ✓34 = 0.
Here we found that T2HK has best sensitivity to ✓14 and DUNE has worst sensitivity. On
the other hand, DUNE and T2HKK have best sensitivity to ✓24 as compared to T2HK.
And for both ✓14 and ✓24 , the expected sensitivity is enhanced when we combined them,
however, this enhancement is more for ✓14 than ✓24 .
We showed the existence of a fake solution in the ⌫µ ! ⌫e appearance probability,
coming from m241 [146]. A fake solution is obtained in Pµe at the oscillation maximum
for m241 =

1
2

m231 when the true m241 is large enough such that the fast oscillations due to

m241 get averaged out and the condition required for this is

13

+

24

= 0. We showed this

analytically as well as numerically for DUNE and T2HK. We used an approximation by
choosing m221 = 0 for analytical calculation, however, this does not a↵ect the degeneracy.
We also found that the degeneracy is approximate away from the oscillation maximum.
We also discussed the impact of earth matter e↵ects and found that is slightly shifts the
position of the oscillation maximum. Finally, we investigated the ⌫µ ! ⌫µ disappearance
channel and saw that the degeneracy is lifted as we add the disappearance channel.
In chapter 5, we discussed NSI at DUNE experiment. There is a plethora of models
proposed to describe the neutrino mass and mixing or dark matter. Many of these models
lead to corrections to the e↵ective neutrino matter interaction vertices through higher
order corrections. If such new corrections come from charged-current operators, they
will modify the production and detection of neutrinos and if such corrections come from
neutral- current operators, they will a↵ect the propagation of neutrino inside matter. All
of such new interactions are called non-standard interactions (NSI). The charged-current
NSI is called the source and detector type NSI and the neutral current ones are called
matter NSI. The matter NSI and its e↵ect on standard oscillation has been widely studied
in the literature. However, any theory which gives matter NSis would almost always give
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rise to source and detector NSIs. So it is necessary to study both matter and source and
detector NSIs together for a complete study. We study source-detector and matter NSIs
for DUNE [130]. In this analysis instead of frequentist analysis, Bayesian methods were
incorporated using Markov Chain Monte Carlo to scan the full parameter space. The
expected sensitivity of DUNE to the NSI parameters is seen to improve compared to the
current bounds. Although the bound does not improve much for source-detector NSIs
but the bound improves substantially for matter NSIs (up to a factor of about 15). We
also study the e↵ect of NSI parameters on the precision measurement of
found appearance of fake solution in the ✓23

CP

23 .

and ✓23 and

plane. The fake solution appear when

we assumed both matter as well as source-detector NSIs in the data. Some correlations
between source/detector and matter NSIs are observed in the analysis specially between
d
m
d
m
✏⌧e
& ✏⌧e
and ✏⌧e
& ✏µe
. We also studied the e↵ect of statistics and observed that the

negative impact on the precision measurement of

CP

and ✓23 went away as we increased

the statistics from 3+3 to 5+5 years. However, the correlations observed were persistent
even after 5+5 years.
In chapter 6, we discussed invisible neutrino decay for both present and future experimetns. In invisible neutrino decay, one or more neutrino mass eigenstates can decay
into lower mass sterile states. Although the decay of ⌫1 and ⌫2 are heavily constrained
but constraints on the decay of ⌫3 is weak and we have considered the decay of ⌫3 in our
analysis.
We investigated the recent NOvA and T2K data for invisible neutrino decay [191].
For T2K, we used the latest disappearance and appearance data given by the collaboration
corresponding to 7.482⇥1020 pot for neutrinos and 7.471⇥1020 pot for antineutrinos [201].
For NOvA, we have taken the data announced by the collaboration which correspond to
6.04 ⇥ 1020 pot for electrons [196] and 8.85 ⇥ 1020 pot for muons [197]. We found that
both NOvA and T2K to have slightly more

2

for the with decay case than the standard

no-decay case. However, this is not statistically significant as the available statistics is
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very less. Where pure oscillation give

2
min

= 10.93, 70.39 and 88.65 for NOvA, T2K
2
min =

and their combination respectively, the oscillation with decay give
87.19 respectively. The best-fit for ⌧3 /m3 = 5.05 ⇥ 10
found the lower bound on ⌧3 /m3 as ⌧3 /m3

12

1.50 ⇥ 10

10.38, 69.34 and

s/eV for the combined fit and we

12

s/eV at 3

level.

We also studied the e↵ect of decay on the measurement of the standard parameters
✓23 and m232 . We found that if we include decay in our fit, the best-fit values for sin2 ✓23
and m232 change significantly. The best-fit (sin2 ✓23 , m232 ) obtained for the standard oscillation case from analysis of NOvA, T2K and both experiments combined are (0.45,
2.41 ⇥ 10

3

eV2 ), (0.52, 2.56 ⇥ 10

3

eV2 ) and (0.46, 2.51 ⇥ 10

3

eV2 ) respectively. On

including decay in the fit, the corresponding best-fit points become (0.48,2.39 ⇥ 10
for NOvA, (0.62, 2.62 ⇥ 10

3

eV2 ) for T2K and (0.48, 2.52 ⇥ 10

3

3

eV2 )

eV2 ) for the NOvA and

T2K combined.
We have studied the impact of invisible neutrino decay for the DUNE experiment
[143]. We studied the sensitivity of DUNE to constrain ⌧3 and we obtained expected
bound ⌧3 /m3

4.50 ⇥ 10

11

s/eV at 90% confidence level for NH using 5+5 years of

DUNE simulation data. We studied the discovery potential of DUNE to discover neutrino
decay and found that DUNE can discover a decaying neutrino scenario for ⌧3 /m3 > 4.27⇥
10

11

s/eV at 90% C.L. with its projected run. Then we investigated how precisely DUNE

can measure ⌧3 /m3 if decay is present in nature. If we assume ⌧3 /m3 = 1.2 ⇥ 10
in data, we found that the allowed region after 5+5 years will be 1.71 ⇥ 10
9.29 ⇥ 10

12

11

11

s/eV

> ⌧3 /m3 >

s/eV at 3 .

We also looked at the e↵ect of ⌫3 decay on the precision measurement of DUNE. We
found an interesting correlation between the ✓23 and ⌧3 /m3 . We considered two cases:
in one case, we generated data assuming only pure oscillation and in the other case we
generated data assuming decay plus oscillation scenario. Then we fitted both datasets
with pure oscillation only. We found that the best-fit of ✓23 shifts towards a lower value
in both octant and thus gives erroneous value of ✓23 if decay is present but not considered
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in the fit. This is because the e↵ect of decay can be mimicked by a ✓23 which is lower
than the actual value. We study the e↵ect of decay in the octant, mass-hierarchy and CP
sensitivity also and observed that the octant sensitivity is a↵ected significantly a↵ected
because of the correlation between the ⌧3 /m3 and ✓23 .
In conclusion, this thesis looked into various oscillation scenarios beyond the standard framework at the long-baseline neutrino experiments. This includes sterile neutrino,
invisible neutrino decay and nonstandard interactions. We studied sterile neutrino sensitivity at DUNE near detector and showed that DUNE has very good sensitivity to the
sterile neutrino. We studied the e↵ect of the sterile neutrino mixing and phases on the
standard measurement of these experiments and found that sterile neutrino significantly
a↵ect the CP-sensitivity, mass-hierarchy and octant measurement. For some cases, the
sensitivity reduce and in some cases, the sensitivity is increased We also showed that it is
possible to measure the sterile neutrino phases at future long-baseline experiments. We
studied neutrino decay in the context of a future experiment DUNE and two ongoing experiments NOvA and T2K. For NOvA and T2K, we have analysed the real data from the
experiment and put lower bound on neutrino decay lifetime from these experiments. This
analysis have shown that the currently available data slightly prefer invisible neutrino decay. Our analysis gives the best fit from NOvA and T2K for ⌧3 /m3 as ⌧3 /m3 = 5.05⇥10
s/eV and the lower bound obtained for ⌧3 /m3 is ⌧3 /m3

1.50 ⇥ 10

12

s/eV at 3

12

level.

For DUNE, we showed that it has good sensitivity to invisible neutrino decay and can discover neutrino decay for a large region of the parameter space. We found that the expected
bound from DUNE after 5+5 years of running is 1.71⇥10

11

> ⌧3 /m3 > 9.29⇥10

12

s/eV

at 3 . We also found an interesting correlation between ⌧3 /m3 and ✓23 . It was found that
if we ignore the decay in the fit, the best fit value for ✓23 is shifted towards a smaller values
if decay is present in the data. We have also studied neutrino non-standard interactions
in the context of DUNE using source-detector and matter NSIs together and have seen
good sensitivity to the NSI parameters especially matter NSIs. We also found some correlations between the source/detector and matter NSI parameters. Finally, long-baseline
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experiments were found to be good probe for sterile neutrino, non-standard interactions
and invisible neutrino decay and it was also observed that these new scenarios a↵ect the
performance of these long-baseline experiments.

7.2

Future Prospects

There are many problems still present in neutrino oscillation physics. There seem to be
inconsistencies between various observations. Solar and KamLAND give di↵erent measurement for m221 . While solar neutrino data give m221 = 5 ⇥ 10
gives m221 = 7.5 ⇥ 10

5

5

eV2 , the KamLAND

eV2 as best-fits. This tension has become slightly stronger with

the inclusion of latest spectral data from SK and improvement of reactor flux normalization of KamLAND. T2K data (both ⌫ and ⌫¯ ), NOvA neutrino data prefer maximal ✓23
mixing. However, MINOS neutrino data and NOvA antineutrino data disfavours maximal
mixing at about

2

⇠ 2 and
2

discrepancy increases to
in the measurement of

CP

2

⇠ 6, respectively. With the inclusion of reactor data, this

⇠ 7 and

2

⇠ 9, respectively. There is also some tension

from T2K and NOvA. T2K neutrino as well as antineutrino

appearance data prefer 3⇡/2 and disfavour ⇡/2 for both normal and inverted hierarchy.
NOvA neutrino appearance data support the T2K results, however, NOvA antineutrino
appearance data prefer ⇡/2 and disfavour 3⇡/2 for normal hierarchy. These tensions can
be statistical fluctuations, but if they persist, these demand further investigations on these
issues.
It has been shown that the presence of NSI can give rise to degenerate solutions of
✓12 in both octants. The generalized mass hierarchy discussed in subsection 2.3.4 makes
it impossible for any oscillation experiment to resolve this problem. This socalled dark
LMA solution is a major problem in neutrino oscillation physics and further study is
needed to address this issue.
Apart from DUNE, T2HK/T2HKK, there are other planned long-baseline experiments
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in the coming future. ESS⌫B, P2O are some of the experiments. New physics like sterile
neutrino, NSI, neutrino decay and other types of new physics can a↵ect the performances
of these experiments. So, the prospects of new physics should be studied in the context
of these experiments.
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