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Atmospheric Neutrino Genera�on 

 Cosmic rays strike air nuclei and the decay of the 

out-going hadrons gives neutrinos 

P + A  → N + π+  + x

                             µ+ + ν
µ
   →  e+ + ν

e
 + ν

µ

● Primary cosmic rays Isotropic about  Earth 
● ns travel 10 – 10,000 km before detec�on
● Both neutrinos and an�neutrinos in the 

:ux
● ~ 30% of =nal analysis samples are 

an�neutrinos

● Flux spans many decades in energy  ~100 
MeV – 100TeV+ 

● Excellent tool for broad studies of 
neutrino oscilla�ons
● Access to sub-leading e>ects with high 

sta�s�cs 

p+X ! ⇡+ +Hadrons
µ+ + ⌫µ

ATMOSPHERIC NEUTRINOS

e+ + ⌫e + ⌫̄µ
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ATMOSPHERIC NEUTRINO FLUXES
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The flux ratio starts at 2, but then quickly rises 

The rate of  this rise is more for vertical bins

At E~7 GeV, the flux ratio for center-crossing bin is close to 5
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ATMOSPHERIC NEUTRINO 
EXPERIMENTS

Slide courtesy N.K. Mondal
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ATMOSPHERIC NEUTRINO 
EXPERIMENTS

Detection of atmospheric
neutrino at Kolar Gold Field 
in 1965

The announcement of the discovery 
of neutrino oscillation at  Neutrino 98 
by T. Kajita

Slide courtesy N.K. Mondal
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NEUTRINO OSCILLATIONS
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Neutrino Oscillations in Two Generations
Flavor Eigenstates ̸= Mass Eigenstates

νµ = cos θ ν2 + sin θ ν3

νµ(t) = cos θ e−iE2 ν2 + sin θ e−iE3 ν3

Pµµ = 1 − sin2 2θ sin2

(
∆m2 L

4E

)

No dependence on the octant of θ
No dependence on the sign of ∆m2

SANDHYA CHOUBEY PHYSICS WITH INO HEP DAE-BRNS 2008, BHU, 17.12.0

No dependence on the sign of  

No dependence on the octant of  theta23

No possibility of  any CP violation
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Neutrino Oscillations in Two Generations
Flavor Eigenstates ̸= Mass Eigenstates

νµ = cos θ ν2 + sin θ ν3

νµ(t) = cos θ e−iE2 ν2 + sin θ e−iE3 ν3

Pµµ = 1 − sin2 2θ sin2

(
∆m2 L

4E

)

No dependence on the octant of θ
No dependence on the sign of ∆m2

SANDHYA CHOUBEY PHYSICS WITH INO HEP DAE-BRNS 2008, BHU, 17.12.0

The third generation!
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NEUTRINO OSCILLATIONS
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Three Flavor Oscillations in Vacuum
Flavor Eigenstates ̸= Mass Eigenstates
|να⟩ =

∑

i Uαi|νi⟩

U =

⎛

⎜

⎝

c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎟

⎠

Pβγ(L) = δβγ −4
∑

j>1

Re
(

UβiU
⋆
γiU

⋆
βjUγj

) sin2 ∆m2
ijL

4E

±2
∑

j>1

Im
(

UβiU
⋆
γiU

⋆
βjUγj

) sin ∆m2
ijL

2E
.

SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.16/53
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NEUTRINO OSCILLATIONS
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SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.16/53

CP dependent

sign of     
dependent
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NEUTRINO OSCILLATIONS
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Neutrino Oscillations in Two Generations
Flavor Eigenstates ̸= Mass Eigenstates

νµ = cos θ ν2 + sin θ ν3

νµ(t) = cos θ e−iE2 ν2 + sin θ e−iE3 ν3

Pµµ = 1 − sin2 2θ sin2

(
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4E
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No dependence on the octant of θ
No dependence on the sign of ∆m2

SANDHYA CHOUBEY PHYSICS WITH INO HEP DAE-BRNS 2008, BHU, 17.12.0

Octant of  th23 dependence
in both terms
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NEUTRINO SCATTERING IN MATTER
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NEUTRINO OSCILLATIONS
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Three Flavor Oscillations in Matter
Flavor Eigenstates ̸= Mass Eigenstates
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NEUTRINO OSCILLATIONS
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Three Flavor Oscillations in Matter
Mass squared difference in matter changes to:
(∆m2

31)
m =

√

(∆m2
31 cos 2θ13 − A)2 + (∆m2

31 sin 2θ13)2

Mixing angle in matter changes to:
sin 2θm

13 = sin 2θ13
∆m2

31

(∆m2
31)

m

Both of these depend on the sign of ∆m2
31

Effect is opposite for neutrinos and antineutrinos
When A = ∆m2

31 cos 2θ13

sin 2θm
13 = 1

Matter Enhanced (MSW) Resonance
Wolfenstein 1978, Mikheyev and Smirnov 1985-6

SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.19/53
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ATMOSPHERIC NEUTRINO 
OSCILLATIONS

Atm neutrinos cover a wide energy band (100 MeV to 100 TeV)

Atmospheric neutrinos cover long distances in matter

For  �m2
31 = 2.5⇥ 10�3eV 2 and⇢ = 4 gm/cc, Eres = 7.5 GeV
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Large Matter Effects in νµ Survival Probability
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S.C. and P. Roy, hep-ph/0509197
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Large Matter Effects in νµ Survival Probability

1 3 5 7 9
E (GeV)

0

0.2

0.4

0.6

0.8

P µ
µ

0

0.2

0.4

0.6

0.8

P µ
µ

0

0.2

0.4

0.6

0.8

1

P µ
µ sin2

θ23=0.50 (matter)
sin2

θ23=0.50 (vacuum)
sin2

θ23=0.36 (matter)
sin2

θ23=0.36 (vacuum)

L=1000 km

L=3000 km

L=5000 km

L=7000 km

L=9000 km

L=11000 km

1 3 5 7 9 11
E (GeV)

S.C. and P. Roy, hep-ph/0509197

SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.22/53

νe

ντ

νe

νµ

νµ

νe

ντ

νe

νµ

νµ

νe

ντ

νe

νµ

νµ

Muon Neutrino Survival Probability

lim
∆m2

21
→ 0

Pµµ(L,E) = 1 − P 1
µµ(L,E) − P 2

µµ(L,E) − P 3
µµ(L,E)

P 1
µµ(L,E) = sin2 θm

13sin
2 2θ23 sin2 (A + ∆m2

31) − (∆m2
31)

m

8E
L

P 2
µµ(L,E) = cos2 θm

13sin
2 2θ23 sin2 (A + ∆m2

31) + (∆m2
31)

m

8E
L

P 3
µµ(L,E) = sin2 2θm

13sin
4 θ23 sin2 (∆m2

31)
m

4E
L

SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.21/53

S.C., Roy, 2005

MUONS

Effect of  matter is large at the osc max and min

Monday, 10 November 14
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ATMOSPHERIC MUON NEUTRINO 
OSCILLATIONS

2 4 6 8 10 12 14
Energy (GeV)
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sin22�13=.1

Matter effects fluctuate rapidly with E and cosθzenith

Effect opposite for nu and anti-nu ---- charge discrimination helps
Good E and cosθzenith resolution helps

Larger detector and hence larger statistics helps

S.C., talk at Neutrino 2012
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ATMOSPHERIC MUON NEUTRINO 
OSCILLATIONS
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Very Large Matter Effects in νµ ↔ νe

lim
∆m2
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SANDHYA CHOUBEY ATMOSPHERIC NEUTRINOS:WHAT MORE CAN WE LEARN DAE 2006, 12.12.06 – p.24/53

Earth matter effects in the two terms partially cancel each other

�µ(detector) = �0
µ(Pµµ + (�0

e/�
0
µ)Peµ)

1/2 1/2

= �0
µ(1� P 1

µµ � P 2
µµ � (sin2 ✓23 � �0

e/�
0
µ)Peµ)

Contribution from the 
muon nu flux

Contribution from the 
e nu flux
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ATMOSPHERIC ELECTRON NEUTRINO 
OSCILLATIONS
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Earth matter effects in the two terms partially cancel each other
2 2

Contribution from the 
muon nu flux

Contribution from the 
e nu flux
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Neutrino parameters from matter effects in Pee at long baselines

Sanjib Kumar Agarwalla1,2, Sandhya Choubey1, Srubabati Goswami1, and Amitava Raychaudhuri1,2

1Harish-Chandra Research Institute, Chhatnag Road, Jhunsi, Allahabad 211 019, India
2Department of Physics, University of Calcutta, 92 Acharya Prafulla Chandra Road, Kolkata 700 009, India

(Dated: December 16, 2013)

We show that the earth matter effects in the νe → νe survival probability can be used to cleanly
determine the third leptonic mixing angle θ13 and the sign of the atmospheric neutrino mass squared
difference, ∆m2

31, using a β-beam as a νe source.

PACS numbers: 14.60.Pq, 14.60.Lm, 13.15.+g

Determination of the third neutrino mixing angle θ13,
the sign of ∆m2

31 ≡ m2
3 − m2

1, the three CP phases, and
the absolute neutrino mass scale are necessary for recon-
struction of the neutrino mass matrix, which will have
important consequences for nuclear and particle physics,
astrophysics and cosmology. The νe → νµ transition
probability Peµ, has been identified as the “golden chan-
nel” [1] for measuring the Dirac phase δCP , sgn(∆m2

31)
and θ13 in long baseline accelerator based experiments.
However, this strength of the golden channel also brings
in the well-known problem of parameter “degeneracies”,
where one gets multiple fake solutions in addition to the
true one [2]. Various ways to combat this vexing issue
have been suggested in the literature, including combin-
ing the golden channel with the “silver” (Peτ ) [3] and
“platinum” (Pµe) channels. While each of them would
have fake solutions, their combination helps in beating
the degeneracies since each channel depends differently
on δCP , sgn(∆m2

31) and θ13. In this letter, we propose
using the νe → νe survival channel, Pee, which is inde-

pendent of δCP and the mixing angle θ23. It is therefore
completely absolved of degeneracies and hence provides a
clean laboratory for the measurement of sgn(∆m2

31) and
θ13. This gives it an edge over the conversion channels,
which are infested with degenerate solutions.

The Pee survival channel has been extensively consid-
ered for measuring θ13 with ν̄e produced in nuclear reac-
tors [4] and with detectors placed at a distance ≃ 1 km.
Reducing systematic uncertainties to the sub-percent
level is a prerequisite for this program and enormous
R&D is underway for this extremely challenging job. For
accelerator based experiments, the survival channel, Pee,
has been discussed with sub-GeV neutrinos from a β-
beam source at CERN and a megaton water detector in
Fréjus at a baseline of 130 km [5, 13]. However, no sig-
nificant improvement on the θ13 limit was found in [5]
for a systematic error of >∼ 5%. This stems mainly
from the fact that in these experiments one is trying to
differentiate between two scenarios, both of which pre-
dict a large number of events, differing from each other
by a small number due to the small value of θ13. Also,
since sgn(∆m2

31), is ascertained using earth matter ef-
fects, there is no hierarchy sensitivity in these survival

channel experiments due to the the short baselines in-
volved.

In this letter, we emphasize on the existence of large
matter effects in the survival channel, Pee, for an exper-
iment with a very long baseline. Recalling that Pee =
1 − Peµ − Peτ and since for a given sgn(∆m2

31) both Peµ

and Peτ will either increase or decrease in matter, the
change in Pee is almost twice that in either of these chan-
nels. Using the multi-GeV νe flux from a β-beam source,
we show that this large matter effect allows for signifi-
cant, even maximal, deviation of Pee from unity. This,
can thus be a convenient tool to explore θ13. This is in
contrast to the reactor option or the β-beam experimen-
tal set-up in [5], where increasing the neutrino flux and
reducing the systematic uncertainties are the only ways
of getting any improvement on the current θ13 limit. We
further show, for the first time, that very good sensitivity
to the neutrino mass ordering can also be achieved in the
Pee survival channel owing to the large matter effects. We
discuss plausible experimental set-ups with the survival
channel and show how the large matter effect propels this
channel, transforming it into a very useful tool to probe
sgn(∆m2

31) and θ13 even with relatively large room for
systematic uncertainties.

For simplicity, we start with one mass scale domi-
nance (OMSD) and the constant density approximation.
OMSD implies setting ∆m2

21 = 0. Under these condi-
tions, for neutrinos of energy E and traveling through a
distance L,

Pee = 1 − sin2 2θm
13 sin2

[

1.27(∆m2
31)

mL/E
]

, (1)

where the mass squared difference and mixing angle in
matter are respectively

(∆m2
31)

m =
√

(∆m2
31 cos 2θ13 − A)2 + (∆m2

31 sin 2θ13)2

sin 2θm
13 = sin 2θ13 ∆m2

31/(∆m2
31)

m (2)

and A = 2
√

2GF neE originates from the matter poten-
tial [6]. Here, ne is the ambient electron density. From
Eq. (1), the largest deviation of Pee from unity is
obtained when the conditions (i) sin2 2θm

13 = 1 and (ii)
sin2

[

1.27(∆m2
31)

mL/E
]

= 1 are satisfied simultaneously.

= �0
e(1� (

1

sin2 ✓23
� �0

µ/�
0
e)Peµ)�e(detector) = �0

e(Pee + (�0
µ/�

0
e)Pµe

�m2
21 ! 0
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CURRENT STATUS
9Super-K Atmospheric n Analysis Samples 

Fully Contained (FC)

Par,ally Contained (PC)

 In total 19 analysis samples: mul�-GeV e-like samples are 

divided into n-like and n-like subsamples  

 Dominated by n
µ
->n

t
 oscilla�ons

 Interested in subdominant contribu�ons to this picture
� Ie three-:avor e>ects, Sterile Neutrinos, LIV, etc. 

Upward-going Muons (Up-µ) 

Super-Kamiokande Data

R. Wendell, Talk at  Neutrino 2014
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WHAT WE HAVE LEARNED
17

Comparison with OLcial Results from T2K and MINOS

 Though consistent with long-baseline measurements, atmospheric 

neutrinos allow more of the mixing parameter space   
 SK's sensi�vity can be improved by incorpora�ng constraints from these 

measurements

Super-K Atm. n
T2K n

µ
 Run1-4

MINOS Beam+ Atm 3f

Normal Hierarchy Inverted Hierarchy

Preliminary 

R. Wendell, Talk at  Neutrino 2014

Experiments are mutually consistent 
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WHAT WE HAVE LEARNED

R. Wendell, Talk at  Neutrino 2014
Statistically insignificant....can they be regarded as hints?
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NEUTRINO MASS HIERARCHY
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Figure 2: The difference in the predicted muon event rates for normal and inverted hierarchy, normalized
to the no-oscillation muon event rate, shown as a function of energy. The four panels show the event
spectrum generated in four zenith angle bins, marked by the path-length traversed at the mid-point of the
bin. The solid black lines show the ∆Pµµ as in Fig. 1. The black dashed lines give the difference between
the predicted rate for normal and inverted hierarchy when only the Pµµ (disappearance) channel is taken
and data binned in neutrino energy. The blue dot-dashed lines show the corresponding difference when
only the Pµµ channel is taken and data binned in muon energy. The red dotted lines are obtained when
we add the Peµ (appearance) channel and bin the data in muon energy. The pink dashed and cyan long
dashed lines are obtained when we apply on the red dotted lines the muon energy resolution functions
with widths σEµ/Eµ = 0.15% and 2%, respectively.
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Figure 4: The difference in the predicted hadron event rates for normal and inverted hierarchy, normalized
to the no-oscillation hadron event rate, shown as a function of energy. The left panels shows the energy
dependence of the hierarchy sensitivity, where the events are generated in the zenith angle bin marked by
the path-length traversed at the mid-point of the bin. The right panel shows the corresponding plot as
a function of the neutrino zenith angle in the energy bin corresponding to neutrino energy of 6.25 GeV.
The solid black lines show the ∆Pµµ as in Fig. 2. The red dotted lines show the difference in the neutrino
energy spectrum when no detector resolutions are added. The pink dashed, cyan long-dashed, blue
dot-dashed and green dot-dashed lines show how the hierarchy sensitivity in the the neutrino spectrum
changes as we include the detector resolutions in neutrino energy and neutrino zenith angle.

about any drastic change in the spectral shape. Indeed the spectra for σEH
/EH = 0.8/

√
EH + 0.2 and

σEH
/EH = 0.56/

√
EH + 0.02 look almost identical to each other. As in Fig. 2, the black solid lines in

all the panels show the ∆Pµµ at the probability level. Likewise, the black dashed lines correspond to
difference in the event spectrum between normal and inverted hierarchies in terms of the neutrino energy
with only the disappearance channel. The red dotted lines in all the panels show the event spectrum
in terms of the true muon energy, where we have included events from both the disappearance as well
as appearance channels but have not incorporated the muon energy resolutions. These lines again are
the same as the red dotted lines in Fig. 2. Therefore, the black solid lines, black dashed lines and
the red dotted lines and have been shown here again for comparison of the hadron spectrum with the
corresponding neutrino and the muon spectra.

3.3 Earth Matter Effects in Neutrino Events

If the data is classified in terms of the neutrino energy and zenith angle, then the event spectrum is given
as

N ′th
i (ν) = N

∑

i

∫ Emax
ν

Emin
ν

dE′
ν

∫ cosΘmax
ν

cosΘmin
ν

d cosΘ′
ν REν RΘν

(

Eν
i Ci ni(ν) + Eν

i (1− Ci)ni(ν)
)

, (14)

where all quantities are similar to those defined for the µ− events in Eq. (14) with the only difference that
they now correspond to the neutrinos rather than to the muons. The charge identification efficiency is the

15
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NEUTRINO MASS HIERARCHY
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Figure 2: The difference in the predicted muon event rates for normal and inverted hierarchy, normalized
to the no-oscillation muon event rate, shown as a function of energy. The four panels show the event
spectrum generated in four zenith angle bins, marked by the path-length traversed at the mid-point of the
bin. The solid black lines show the ∆Pµµ as in Fig. 1. The black dashed lines give the difference between
the predicted rate for normal and inverted hierarchy when only the Pµµ (disappearance) channel is taken
and data binned in neutrino energy. The blue dot-dashed lines show the corresponding difference when
only the Pµµ channel is taken and data binned in muon energy. The red dotted lines are obtained when
we add the Peµ (appearance) channel and bin the data in muon energy. The pink dashed and cyan long
dashed lines are obtained when we apply on the red dotted lines the muon energy resolution functions
with widths σEµ/Eµ = 0.15% and 2%, respectively.
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Figure 4: The difference in the predicted hadron event rates for normal and inverted hierarchy, normalized
to the no-oscillation hadron event rate, shown as a function of energy. The left panels shows the energy
dependence of the hierarchy sensitivity, where the events are generated in the zenith angle bin marked by
the path-length traversed at the mid-point of the bin. The right panel shows the corresponding plot as
a function of the neutrino zenith angle in the energy bin corresponding to neutrino energy of 6.25 GeV.
The solid black lines show the ∆Pµµ as in Fig. 2. The red dotted lines show the difference in the neutrino
energy spectrum when no detector resolutions are added. The pink dashed, cyan long-dashed, blue
dot-dashed and green dot-dashed lines show how the hierarchy sensitivity in the the neutrino spectrum
changes as we include the detector resolutions in neutrino energy and neutrino zenith angle.

about any drastic change in the spectral shape. Indeed the spectra for σEH
/EH = 0.8/

√
EH + 0.2 and

σEH
/EH = 0.56/

√
EH + 0.02 look almost identical to each other. As in Fig. 2, the black solid lines in

all the panels show the ∆Pµµ at the probability level. Likewise, the black dashed lines correspond to
difference in the event spectrum between normal and inverted hierarchies in terms of the neutrino energy
with only the disappearance channel. The red dotted lines in all the panels show the event spectrum
in terms of the true muon energy, where we have included events from both the disappearance as well
as appearance channels but have not incorporated the muon energy resolutions. These lines again are
the same as the red dotted lines in Fig. 2. Therefore, the black solid lines, black dashed lines and
the red dotted lines and have been shown here again for comparison of the hadron spectrum with the
corresponding neutrino and the muon spectra.

3.3 Earth Matter Effects in Neutrino Events

If the data is classified in terms of the neutrino energy and zenith angle, then the event spectrum is given
as

N ′th
i (ν) = N

∑

i

∫ Emax
ν

Emin
ν

dE′
ν

∫ cosΘmax
ν

cosΘmin
ν

d cosΘ′
ν REν RΘν

(

Eν
i Ci ni(ν) + Eν

i (1− Ci)ni(ν)
)

, (14)

where all quantities are similar to those defined for the µ− events in Eq. (14) with the only difference that
they now correspond to the neutrinos rather than to the muons. The charge identification efficiency is the
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Figure 2: The difference in the predicted muon event rates for normal and inverted hierarchy, normalized
to the no-oscillation muon event rate, shown as a function of energy. The four panels show the event
spectrum generated in four zenith angle bins, marked by the path-length traversed at the mid-point of the
bin. The solid black lines show the ∆Pµµ as in Fig. 1. The black dashed lines give the difference between
the predicted rate for normal and inverted hierarchy when only the Pµµ (disappearance) channel is taken
and data binned in neutrino energy. The blue dot-dashed lines show the corresponding difference when
only the Pµµ channel is taken and data binned in muon energy. The red dotted lines are obtained when
we add the Peµ (appearance) channel and bin the data in muon energy. The pink dashed and cyan long
dashed lines are obtained when we apply on the red dotted lines the muon energy resolution functions
with widths σEµ/Eµ = 0.15% and 2%, respectively.
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Figure 4: The difference in the predicted hadron event rates for normal and inverted hierarchy, normalized
to the no-oscillation hadron event rate, shown as a function of energy. The left panels shows the energy
dependence of the hierarchy sensitivity, where the events are generated in the zenith angle bin marked by
the path-length traversed at the mid-point of the bin. The right panel shows the corresponding plot as
a function of the neutrino zenith angle in the energy bin corresponding to neutrino energy of 6.25 GeV.
The solid black lines show the ∆Pµµ as in Fig. 2. The red dotted lines show the difference in the neutrino
energy spectrum when no detector resolutions are added. The pink dashed, cyan long-dashed, blue
dot-dashed and green dot-dashed lines show how the hierarchy sensitivity in the the neutrino spectrum
changes as we include the detector resolutions in neutrino energy and neutrino zenith angle.

about any drastic change in the spectral shape. Indeed the spectra for σEH
/EH = 0.8/

√
EH + 0.2 and

σEH
/EH = 0.56/

√
EH + 0.02 look almost identical to each other. As in Fig. 2, the black solid lines in

all the panels show the ∆Pµµ at the probability level. Likewise, the black dashed lines correspond to
difference in the event spectrum between normal and inverted hierarchies in terms of the neutrino energy
with only the disappearance channel. The red dotted lines in all the panels show the event spectrum
in terms of the true muon energy, where we have included events from both the disappearance as well
as appearance channels but have not incorporated the muon energy resolutions. These lines again are
the same as the red dotted lines in Fig. 2. Therefore, the black solid lines, black dashed lines and
the red dotted lines and have been shown here again for comparison of the hadron spectrum with the
corresponding neutrino and the muon spectra.

3.3 Earth Matter Effects in Neutrino Events

If the data is classified in terms of the neutrino energy and zenith angle, then the event spectrum is given
as

N ′th
i (ν) = N

∑
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∫ Emax
ν

Emin
ν

dE′
ν
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(
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i Ci ni(ν) + Eν
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)

, (14)

where all quantities are similar to those defined for the µ− events in Eq. (14) with the only difference that
they now correspond to the neutrinos rather than to the muons. The charge identification efficiency is the
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Figure 3: The difference in the predicted hadron event rates for normal and inverted hierarchy, normalized
to the no-oscillation hadron event rate, shown as a function of energy. The four panels show the event
spectrum generated in four zenith angle bins, marked by the path-length traversed at the mid-point of
the bin. The solid black lines, black dashed lines and red dotted lines show the things as in Fig. 2. The
black dashed lines give the difference between the predicted rate for normal and inverted hierarchy when
only the Pµµ (disappearance) channel is taken and data binned in neutrino energy. The blue dot-dashed
lines show the corresponding difference when only the Pµµ channel is taken and data binned in muon
energy. The red dotted lines are obtained when we add the Peµ (appearance) channel and bin the data
in muon energy. The pink dashed and cyan long dashed lines are obtained when we apply on the red
dotted lines the muon energy resolution functions with widths σEµ/Eµ = 0.15% and 2%, respectively.
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Figure 6: Constant ∆χ2 contours in the reconstruction efficiency and energy resolution plane. The left
panels shows the contours from the analysis which uses only the muon data from the experiments. The
right panels shows the contours for the analysis in which both the muon and hadron data were included
in the combined statistical analysis.

present results for both 80 bins as well as 20 bins between 1 GeV and 11 GeV.

The dependence of the mass hierarchy sensitivity to the muon energy resolution and muon recon-
struction efficiency are shown in Figs. 5. In the left panel on Fig. 5 we show the ∆χ2 as a function of
the muon energy resolution σEµ/Eµ, for different values of the muon reconstruction efficiency ϵ. We vary
σEµ/Eµ continuously between 20% and 2% and repeat this for ϵ = 70% to 100%. For a given ϵ, we see
that the ∆χ2 falls sharply as the σEµ/Eµ is increased from 2% to about 6%. Thereafter, the rate of fall
of ∆χ2 reduces, and it falls steadily as σEµ/Eµ worsens. As expected, ∆χ2 is seen to increase with the
reconstruction efficiency ϵ. For comparison, we show by the black dot-dashed lines in the figure, the ∆χ2

obtained in [28] using the full detector simulation results for the muon analysis.

In the right panel of Fig. 5 we show the ∆χ2 as a function of the reconstruction efficiency ϵ, for
different values of the muon energy resolution σEµ/Eµ. The ∆χ2 is seen to increase linearly with ϵ. This
is not surprising as in the way we have included it in our analysis, ϵ linearly increases the statistics of
the experiment. Since the mass hierarchy signal in an ICAL@INO like experiment for a 50× 10 kton-yrs
exposure is still in the statistics dominated regime, the ∆χ2 grows linear with more data.

Finally, in the left panel of Fig. 6, we show contours of constant ∆χ2 obtained in the reconstruction
efficiency and energy resolution plane, from the analysis of the muon events in the detector. We show the
contours for ∆χ2 = 6 to 16. The figure shows that for energy resolution in the range of 2% to 3% and
reconstruction efficiency above 90%, one would get a 4σ signal for the neutrino mass hierarchy from the
analysis of the muon data alone. We reiterate the the reconstruction efficiency can be compensated by
adjusting the exposure of the experiment. On the other hand, a 3σ measurement of the mass hierarchy
from the muon analysis alone seems to be extremely plausible for reasonable range of values for the muon
energy resolution and reconstruction efficiency.
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Figure 1: Upper panels: P (⌫µ ! ⌫µ) as a function of cos⇥, for E⌫ = 5 GeV (left panel), 7 GeV

(middle panel), and 10 GeV (right panel) assuming NH. Middle panels: same but for P (⌫e ! ⌫µ).

In lower panels we plot P (⌫µ ! ⌫µ) + 0.5 ⇤ P (⌫e ! ⌫µ). The widths of the bands correspond to

varying sin2 ✓
23

in its present 3� range of [0.36 to 0.67]. Similar results are obtained for the

case of antineutrinos by exchanging the curves for NH by IH. For these plots, we have used the

benchmark values for the oscillation parameters given in Table 1.

probability for values of sin2 2✓13, �m

2
e↵

3, sin2 ✓12, �m

2
21 and �CP as given in Table ??. The

width of the bands comes from varying sin2 ✓23 in the range [0.36-0.67]. This visually shows

the di↵erence in the probabilities that we can expect from the uncertainty in the value of

3The parameter �m2

e↵

is related to �m2

31

by the following relation: �m2

e↵

= �m2

31

��m2

21

(cos2 ✓
12

�
cos �

CP

sin ✓
13

sin 2✓
12

tan ✓
23

).

– 4 –

Ghosh,Agarwalla,S.C., in preparation 

Chatterjee,Ghoshal,Goswami,Raut,2013 

Ghosh,Agarwalla,S.C., in preparation 

Varying sin2th23 in the range [0.36-0.67]
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Figure 6: ∆χ2 for the wrong octant obtained from the combined analysis of 3 years of PINGU data
with 3+3 years of running of (new) NOνA, 5+0 years OR 2.5+2.5 years of running of T2K and 3 years
of running of Daya Bay, RENO and Double Chooz. We show the combined sensitivity as a function of
sin2 θ23(true) for δCP (true) = 0.

The solid green lines are what we expect from T2K+NOνA+Reactor experiments, where we consider
5 years of running of T2K in the neutrino mode alone, while the dashed green lines are for the case when
T2K is run for 2.5 years in the neutrino mode and 2.5 years in the antineutrino mode. A comparison
of the potential of PINGU versus the LBL+Reactor data shows that for the true normal hierarchy case,
just 3 years of data from PINGU alone has a sensitivity to the octant of θ23 comparable to that of
the combined long baseline and reactor data. For values of sin2 θ23(true) closer to maximal mixing, the
PINGU alone analysis suffers mainly from marginalization over θ23 in the fit, while for values far away
from maximal mixing, especially on the low octant side, the PINGU sensitivity is constrained mainly
from the uncertainty in θ13 and the neutrino mass hierarchy. This was demonstrated earlier in Fig. 2.
As a result, with the reactor data added the sensitivity from PINGU improves further for these values
of sin2 θ23(true) and for true normal hierarchy. Adding the long baseline data helps constrain sin2 2θ23
and ∆m2

eff better. This synergy results in better sensitivity from the combined analysis of PINGU with
T2K, NOνA and reactor experiments, and the combined ∆χ2 is higher than the simple sum of the ∆χ2

from PINGU and the long baseline and reactor experiments. The combined ∆χ2 is shown by the red
lines in the figure. The solid red line is for T2K running for 5 full years in the neutrino mode while the
dashed red lines are for T2K running for 2.5 years in the neutrino mode and 2.5 years in the antineutrino
mode. For normal hierarchy, the combined data set including 3 years of PINGU will return a ∆χ2 > 16
if sin2 θ23(true) < 0.426 and > 0.586, and ∆χ2 > 25 if sin2 θ23(true) < 0.413. For the inverted hierarchy,
as discussed before, the octant sensitivity of PINGU is low. On combining with the T2K, NOνA and re-
actor data we expect ∆χ2 > 9 if sin2 θ23(true) < 0.43 and > 0.585, and∆χ2 > 16 if sin2 θ23(true) < 0.417.

16
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ROLE IN CPV DISCOVERY

The T2K+NOvA data suffer from 
the MH uncertainty

Adding the atm nu data helps in 
lifting this degeneracy

Adding the INO data can improve 
the CP coverage by up to 50%

CP sensitivity :  atmospheric + LBL  

Srubabati Goswami 35 Neutrino Phenomenology 
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For unfavorable CP values  first 
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(also true for other atmospheric experiments)  
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NON-STANDARD NEUTRINO 
INTERACTIONSIII. NSIS WITH THREE NEUTRINO FLAVORS

The phenomenological consequences of NSIs have been investigated in great detail in the

literature. The widely studied operators responsible for NSIs can be written as [12, 80–82]

LNSI = −2
√
2GF ε

ff ′C
αβ (ναγ

µPLνβ)
(

fγµPCf
′
)

, (9)

where εff
′C

αβ are NSI parameters, α, β = e, µ, τ , f, f ′ = e, u, d and C = L,R. If f ̸= f ′,

the NSIs are charged-current like, whereas if f = f ′, the NSIs are neutral-current like

and the NSI parameters are defined as εfCαβ ≡ εffCαβ . Note that the operators (9) are non-

renormalizable and they are also not gauge invariant. Thus, using the NSI operators in

equation (9), which lead to a so-called dimension-6 operator after heavy degrees of freedom

are integrated out, and the well-known relation GF/
√
2 ≃ g2W/(8m2

W ),4 we find that the

effective NSI parameters are (see, e.g., [83–85] for discussions)

ε ∝
m2

W

m2
X

, (10)

where mW = (80.385 ± 0.015)GeV ∼ 0.1TeV is the W boson mass and mX is the mass

scale at which the NSIs are generated [10]. Note that the characteristic proportionality

relation (10) is at least valid for energies below the new physics scale mX , where the NSI

operators are effective. If the new physics scale, i.e. the NSI scale, is of the order of 1(10) TeV,

then one obtains effective NSI parameters of the order of εαβ ∼ 10−2(10−4).

In principle, NSIs can affect both (i) production and detection processes and (ii) propa-

gation in matter and (iii) one can have combinations of both effects. In the following, we will

first study production and detection NSIs, including the so-called zero-distance effect, and

then matter NSIs. In addition, we will present mappings with NSIs and discuss approximate

formulae for two neutrino flavors.

A. Production and detection NSIs and the zero-distance effect

In general, production and detection processes, which are based on charged-current in-

teraction processes, can be affected by charged-current like NSIs. For a realistic neutrino

4 The quantity gW is the coupling constant of the weak interaction.

10

If  there exist effective operators of  the form

then they will modify neutrino evolution inside matter

obtain

P (νs
α → νd

β ;L = 0) =
∑

i,j

J i
αβJ

j∗
αβ , (15)

which means that a neutrino flavor transition would already happen at the source before

the oscillation process has taken place. This is known as the zero-distance effect [96]. It

could be measured with a near detector close to the source. In the case that εs = εd = 0,

i.e. without production and detection NSIs, the first term reduces to

∑

i,j

J i
αβJ

j∗
αβ =

∑

i,j

U∗
αiUβiUαjU

∗
βj = δαβ , (16)

which is the first term in equation (6). Note that equation (13) is also usable to describe

neutrino oscillations with a non-unitary mixing matrix, e.g. in the minimal unitarity violation

model [89].

B. Matter NSIs

In order to describe neutrino propagation in matter with NSIs (assuming no effect of

production and detection NSIs, which were discussed in section IIIA), the simple effective

matter potential in equation (3) needs to be extended. Similar to standard matter effects,

NSIs can affect the neutrino propagation by coherent forward scattering in Earth matter.

The Earth matter effects are more or less involved depending on the specific terrestrial

neutrino oscillation experiment. In other words, the Hamiltonian in equation (3) is replaced

by an effective Hamiltonian, which governs the propagation of neutrino flavor states in

matter with NSIs, namely [12, 68–70]

Ĥ =
1

2E

[

Udiag(m2
1, m

2
2, m

2
3)U

† + diag(A, 0, 0) + Aεm
]

, (17)

where the matrix εm contains the (effective) matter NSI parameters εαβ (α, β = e, µ, τ),

which are defined as

εαβ ≡
∑

f,C

εfCαβ
Nf

Ne

(18)

with the parameters εfCαβ being entries of the Hermitian matrix εfC and giving the strengths

of the NSIs and the quantity Nf being the number density of a fermion of type f . Unlike εs

and εd, εm = (εαβ) is a Hermitian matrix describing NSIs in matter, where the superscript

12
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I. INTRODUCTION

The phenomenon of neutrino oscillations has been found to be the leading description

of neutrino flavor transitions. In the last decades, a vast amount of neutrino oscillation

experiments have been performed and these experiments have been able to pin down the

fundamental neutrino oscillation parameters to a good accuracy. However, despite the suc-

cess of this description and due to the increasing precision of these experiments, there might

be room for subleading new physics effects known as non-standard neutrino interactions

(NSIs) [1–5]. Basically, NSIs give rise to dimension-six and higher-order operators, which

lead to effective NSI parameters, and they arise in all modern extensions of the standard

model (SM). It is important to note that both experimental and phenomenological bounds

have been determined on such NSI parameters. In principle, NSIs can effect both production

and detection processes and propagation in matter.

In this work, we will be interested in atmospheric neutrinos and therefore we will consider

the matter NSI parameters εµτ , εµµ, and εττ phenomenologically, which are important for

neutrino oscillations in the νµ-ντ sector. Using the so-called two-flavor hybrid model and

atmospheric neutrino data from the Super-Kamiokande I and II experiments, the following

experimental bounds1 have been obtain at 90 % confidence level (C.L.) [6]

|εµτ | < 0.033 and |εττ − εµµ| < 0.147 .

In addition, accelerator neutrino data from the MINOS experiment have set the bound

−0.200 < εµτ < 0.070 at 90 % C.L. [8], which is less restrictive compared with the Super-

Kamiokande bound on the same parameter.

Note that the corresponding model-independent phenomenological bounds on three mat-

ter NSI parameters for Earth matter are given by |εµτ | < 0.33, |εµµ| < 0.068, and |εττ | < 21

[9], where the last two bounds translate into a bound for |εττ − εµµ|, which is less stringent

than the above-mentioned experimental bound. Therefore, the experimental bounds found

by the Super-Kamiokande collaboration are the most stringent bounds on the three matter

NSI parameters in the νµ-ντ sector, which we will refer to in the rest of this work.

Outside the experimental collaborations, the role of matter NSI parameters in atmo-

1 Note the difference in the definition of the NSI parameters compared to the definition given in Ref. [6] by

the Super-Kamiokande collaboration. This difference is described in detail in Ref. [7].

2
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FIG. 1: The probability difference as a function of the nadir angle and the neutrino energy for three

different cases: the exact three-flavor expression (upper-left plot), the approximative three-flavor

expression (upper-right plot), and the exact two-flavor hybrid model expression (lower plot). The

following values of the neutrino parameters have been used: θ12 = 33.57◦, θ13 = 8.73◦, θ23 = 41.9◦,

δ = 0 (no leptonic CP-violation), ∆m2
21 = 7.45 × 10−5 eV2, ∆m2

31 = +2.417 × 10−3 eV2 (normal

neutrino mass hierarchy), and the non-zero NSI parameter values εµτ = 0.033 and εττ = 0.147.

25 GeV appear as in the case of the approximative three-flavor expression. The differences

compared to the exact three-flavor expression are effects of the approximations as well as the

results presented in the upper-left plot uses the PREM profile and not a step-function profile

as in the cases of the results in the upper-right and lower plots. In conclusion, the two-flavor

hybrid model expression of the probability difference is an excellent approximation of the

corresponding exact three-flavor expression, at least for neutrino energies of the order of

15 GeV or higher.
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FIG. 2: The exact three-flavor probability difference as a function of the nadir angle and the

neutrino energy for two different cases: εµτ = 0.033 and εττ = 0 (left plot) as well as εµτ = 0 and

εττ = 0.147 (right plot). The other parameter values are the same as in Fig. 1.

For values of the two-flavor mixing angle θ close to 45◦, the most contributing term in the

series expansion of the two-flavor hybrid model probability difference displayed in Eq. (5)

is −εA sin3(2θ)∆2ν sin(∆2ν), which means that the energies of the oscillation maxima are

given by (cf. the discussion in Ref. [18])

Emax,n ∼
∆m2L

2nπ
, where n = 1, 2, 3, . . .. (6)

Using ∆m2 = |∆m2
31| and L = 12 742 km (i.e. the maximal neutrino baseline length in the

Earth corresponding to the nadir angle h = 0), one obtains the positions of the oscillation

maxima at Emax,1 ≃ 24.8GeV, Emax,2 ≃ 12.4GeV, Emax,3 ≃ 8.3GeV, Emax,4 ≃ 6.2GeV, and

Emax,5 ≃ 5.0GeV, which are more or less comparable with the values discussed above for

the exact three-flavor probability difference (see the upper-left plot of Fig. 1).

In Fig. 2, we present the exact three-flavor probability difference with εµτ = 0.033 and

εττ = 0 (left plot) as well as εµτ = 0 and εττ = 0.147 (right plot). Note that we will set

εµµ = 0 throughout the rest of this work, which means that ε′ = εττ , i.e. the two-flavor

parameter ε′ will be equivalent to the three-flavor parameter εττ . We observe that assuming

a non-zero value for the NSI parameter εµτ the effects of the maximal region above 40 GeV

is dominating (left plot), whereas assuming a non-zero value for the NSI parameter εττ the

effects of the maximal region centered around 25 GeV is the most pronounced (right plot).
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neutrino energy for two different cases: εµτ = 0.033 and εττ = 0 (left plot) as well as εµτ = 0 and

εττ = 0.147 (right plot). The other parameter values are the same as in Fig. 1.

For values of the two-flavor mixing angle θ close to 45◦, the most contributing term in the

series expansion of the two-flavor hybrid model probability difference displayed in Eq. (5)

is −εA sin3(2θ)∆2ν sin(∆2ν), which means that the energies of the oscillation maxima are

given by (cf. the discussion in Ref. [18])

Emax,n ∼
∆m2L

2nπ
, where n = 1, 2, 3, . . .. (6)

Using ∆m2 = |∆m2
31| and L = 12 742 km (i.e. the maximal neutrino baseline length in the

Earth corresponding to the nadir angle h = 0), one obtains the positions of the oscillation

maxima at Emax,1 ≃ 24.8GeV, Emax,2 ≃ 12.4GeV, Emax,3 ≃ 8.3GeV, Emax,4 ≃ 6.2GeV, and

Emax,5 ≃ 5.0GeV, which are more or less comparable with the values discussed above for

the exact three-flavor probability difference (see the upper-left plot of Fig. 1).

In Fig. 2, we present the exact three-flavor probability difference with εµτ = 0.033 and

εττ = 0 (left plot) as well as εµτ = 0 and εττ = 0.147 (right plot). Note that we will set

εµµ = 0 throughout the rest of this work, which means that ε′ = εττ , i.e. the two-flavor

parameter ε′ will be equivalent to the three-flavor parameter εττ . We observe that assuming

a non-zero value for the NSI parameter εµτ the effects of the maximal region above 40 GeV

is dominating (left plot), whereas assuming a non-zero value for the NSI parameter εττ the

effects of the maximal region centered around 25 GeV is the most pronounced (right plot).
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neutrino energy for two different cases: εµτ = 0.033 and εττ = 0 (left plot) as well as εµτ = 0 and

εττ = 0.147 (right plot). The other parameter values are the same as in Fig. 1.

For values of the two-flavor mixing angle θ close to 45◦, the most contributing term in the

series expansion of the two-flavor hybrid model probability difference displayed in Eq. (5)

is −εA sin3(2θ)∆2ν sin(∆2ν), which means that the energies of the oscillation maxima are

given by (cf. the discussion in Ref. [18])

Emax,n ∼
∆m2L

2nπ
, where n = 1, 2, 3, . . .. (6)

Using ∆m2 = |∆m2
31| and L = 12 742 km (i.e. the maximal neutrino baseline length in the

Earth corresponding to the nadir angle h = 0), one obtains the positions of the oscillation

maxima at Emax,1 ≃ 24.8GeV, Emax,2 ≃ 12.4GeV, Emax,3 ≃ 8.3GeV, Emax,4 ≃ 6.2GeV, and

Emax,5 ≃ 5.0GeV, which are more or less comparable with the values discussed above for

the exact three-flavor probability difference (see the upper-left plot of Fig. 1).

In Fig. 2, we present the exact three-flavor probability difference with εµτ = 0.033 and

εττ = 0 (left plot) as well as εµτ = 0 and εττ = 0.147 (right plot). Note that we will set

εµµ = 0 throughout the rest of this work, which means that ε′ = εττ , i.e. the two-flavor

parameter ε′ will be equivalent to the three-flavor parameter εττ . We observe that assuming

a non-zero value for the NSI parameter εµτ the effects of the maximal region above 40 GeV

is dominating (left plot), whereas assuming a non-zero value for the NSI parameter εττ the

effects of the maximal region centered around 25 GeV is the most pronounced (right plot).
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Using ∆m2 = |∆m2
31| and L = 12 742 km (i.e. the maximal neutrino baseline length in the
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Emax,5 ≃ 5.0GeV, which are more or less comparable with the values discussed above for
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εττ = 0 (left plot) as well as εµτ = 0 and εττ = 0.147 (right plot). Note that we will set

εµµ = 0 throughout the rest of this work, which means that ε′ = εττ , i.e. the two-flavor

parameter ε′ will be equivalent to the three-flavor parameter εττ . We observe that assuming

a non-zero value for the NSI parameter εµτ the effects of the maximal region above 40 GeV

is dominating (left plot), whereas assuming a non-zero value for the NSI parameter εττ the

effects of the maximal region centered around 25 GeV is the most pronounced (right plot).
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FIG. 1: The probability difference as a function of the nadir angle and the neutrino energy for three

different cases: the exact three-flavor expression (upper-left plot), the approximative three-flavor

expression (upper-right plot), and the exact two-flavor hybrid model expression (lower plot). The

following values of the neutrino parameters have been used: θ12 = 33.57◦, θ13 = 8.73◦, θ23 = 41.9◦,

δ = 0 (no leptonic CP-violation), ∆m2
21 = 7.45 × 10−5 eV2, ∆m2

31 = +2.417 × 10−3 eV2 (normal

neutrino mass hierarchy), and the non-zero NSI parameter values εµτ = 0.033 and εττ = 0.147.

25 GeV appear as in the case of the approximative three-flavor expression. The differences

compared to the exact three-flavor expression are effects of the approximations as well as the

results presented in the upper-left plot uses the PREM profile and not a step-function profile

as in the cases of the results in the upper-right and lower plots. In conclusion, the two-flavor

hybrid model expression of the probability difference is an excellent approximation of the

corresponding exact three-flavor expression, at least for neutrino energies of the order of

15 GeV or higher.
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FIG. 3: The exact three-flavor probability difference as a function of the nadir angle and the

neutrino energy for two different cases: εµτ = 0.033 and εττ = 0.147 with inverted neutrino mass

hierarchy (left plot) as well as εµτ = −0.033 and εττ = −0.147 (right plot). The other parameter

values are the same as in Fig. 1.

Finally, in Fig. 3, we show the effects of assuming inverted neutrino mass hierarchy instead

of normal neutrino mass hierarchy (left plot) and negative values of the NSI parameters

instead of positive values (right plot). One can see that the results of choosing either the

inverted neutrino mass hierarchy or negative values of the NSI parameters lead to similar

results. Furthermore, the two plots should basically be compared to the upper-left plot

of Fig. 1. Indeed, the effects of assuming the inverted neutrino mass hierarchy or negative

values of the NSI parameters increase the maximal region of the probability difference around

30 GeV and the region is also slightly shifted to higher energies.

III. ATMOSPHERIC NEUTRINO EVENTS

The number of muon events from atmospheric neutrinos in the ith zenith bin and jth

energy bin of a large underground ice/water Cherenkov detector such as PINGU is given by
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values are the same as in Fig. 1.
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of normal neutrino mass hierarchy (left plot) and negative values of the NSI parameters

instead of positive values (right plot). One can see that the results of choosing either the

inverted neutrino mass hierarchy or negative values of the NSI parameters lead to similar

results. Furthermore, the two plots should basically be compared to the upper-left plot

of Fig. 1. Indeed, the effects of assuming the inverted neutrino mass hierarchy or negative

values of the NSI parameters increase the maximal region of the probability difference around

30 GeV and the region is also slightly shifted to higher energies.
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FIG. 4: The asymmetry in the number of muon events defined as (NNSI − NSM)/
√
NSM in the

cos θz-logE plane. The left plot is for normal neutrino mass hierarchy, whereas the right plot is for

inverted hierarchy. The benchmark values of εµτ and εττ assumed for the plots are shown.
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FIG. 5: The asymmetry in the number of muon events defined as (NNSI − NSM)/
√
NSM in the

cos θz-logE plane. The benchmark values of εµτ and εττ assumed for the plots are shown. We have

chosen normal neutrino mass hierarchy in both plots.

IV. χ2 ANALYSIS AND CONSTRAINTS ON NSIS

In this section, we present results of our statistical analysis of the expected number

of events at the PINGU experiment, and the constraints that they could put on the NSI

parameters εµτ and εττ . We take as our “data” the predicted event rates at PINGU for the
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FIG. 6: The expected χ2 for NSIs as a function of εµτ (left plot) and εττ (right plot) from three

years of PINGU data. For normal neutrino mass hierarchy, the red dot-dashed curves are obtained

without marginalization and without systematic uncertainties, the blue dashed curves are when

marginalization is included but not the systematic uncertainties, while the green solid curves cor-

respond to the case where both marginalization and systematic uncertainties are included. For

inverted neutrino mass hierarchy, the black dotted curves include both marginalization and sys-

tematic uncertainties.

following “true” values of the neutrino oscillation parameters:

∆m2
21 = 7.45× 10−5 eV2, ∆m2

31 = 2.417× 10−3 eV2,

θ12 = 33.57◦, θ13 = 8.73◦, θ23 = 41.9◦, δCP = 0,

where we have adopted the standard notation for these parameters used in the literature.

We next “fit” these data by minimizing a χ2 function defined as

χ2 = min
{ξj}

∑

ij

[

(N ′th
ij −N ex

ij )
2

N ′ex
ij

]

+
k
∑

s=1

ξ2s , (11)

where N th
ij and N ex

ij are the predicted and “measured” numbers of events in the ith zenith

angle bin and the jth energy bin, respectively, as described in the previous section and

the primed N ′th
ij denotes the expected events with the systematic uncertainties taken into

account as follows:

N ′th
ij = N th

ij

(

1 +
k
∑

s=1

πs
ijξs

)

+O(ξ2s ) , (12)

12

important in the energy range (5–10) GeV, where it fluctuates fast between energy and

zenith angle bins. Therefore, the energy and zenith angle dependent errors can dilute the χ2

for neutrino mass hierarchy determination. However, for NSIs, the relevant energy ranges in

the interval between (10–100) GeV, where the fluctuation from bin to bin is not significant.

This is evident from Figs. 4 and 5. It is noteworthy that detector resolutions do dilute

and wash-out to a large extent the NSI contributions at energies lower than 10 GeV, as is

obvious by comparing the probability figures with the event figures, as was discussed before.

Finally, the black dotted curves are for true inverted hierarchy with both marginalization and

systematic uncertainties taken into account. Note that the trend of the χ2 curves between

positive and negative values of εµτ and εττ reverse when we change from normal to inverted

hierarchy. For normal hierarchy, we have better constraints for negative εµτ and positive εττ ,

whereas for inverted hierarchy, we have better constraints for positive εµτ and negative εττ .

With three years of data, a median experiment like PINGU is expected to constrain the

NSI parameters at the 90 % C.L. to

−0.0043 (−0.0048) < εµτ < 0.0047 (0.0046) ,

−0.03 (−0.016) < εττ < 0.017 (0.032)

for normal (inverted) neutrino mass hierarchy, with the projected uncertainties over standard

oscillation parameters taken into account. At the 3σ C.L., the corresponding bounds are

expected to be
−0.0074 (−0.0086) < εµτ < 0.0086 (0.0081) ,

−0.04 (−0.025) < εττ < 0.025 (0.04)

for normal (inverted) neutrino mass hierarchy. We have used the definition where 90 %

C.L. corresponds to ∆χ2 = 2.71, while 3σ corresponds to ∆χ2 = 9. Therefore, PINGU

with just three years of running could constrain the NSI parameters nearly one order of

magnitude better than the current bounds from the Super-Kamiokande experiment.

In Fig. 7, we display the 90 % (red), 95 % (orange), and 99 % (yellow) C.L. contours

in the εµτ -εττ plane, which are expected from three years of running of PINGU. The four

patches in this figure correspond to four different data sets considered for the assumed

true values of the NSI parameters (εµτ , εττ) that equal to (0, 0), (0.015, 0), (0, 0.075), and

(0.015, 0.075). These are shown by black dots in the figure. In addition, we have assumed

normal neutrino mass hierarchy for all cases. The fit is marginalized over the standard
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90% C.L. bound from Super-kamiokande:90% C.L. bound expected from PINGU:

I. INTRODUCTION

The phenomenon of neutrino oscillations has been found to be the leading description

of neutrino flavor transitions. In the last decades, a vast amount of neutrino oscillation

experiments have been performed and these experiments have been able to pin down the

fundamental neutrino oscillation parameters to a good accuracy. However, despite the suc-

cess of this description and due to the increasing precision of these experiments, there might

be room for subleading new physics effects known as non-standard neutrino interactions

(NSIs) [1–5]. Basically, NSIs give rise to dimension-six and higher-order operators, which

lead to effective NSI parameters, and they arise in all modern extensions of the standard

model (SM). It is important to note that both experimental and phenomenological bounds

have been determined on such NSI parameters. In principle, NSIs can effect both production

and detection processes and propagation in matter.

In this work, we will be interested in atmospheric neutrinos and therefore we will consider

the matter NSI parameters εµτ , εµµ, and εττ phenomenologically, which are important for

neutrino oscillations in the νµ-ντ sector. Using the so-called two-flavor hybrid model and

atmospheric neutrino data from the Super-Kamiokande I and II experiments, the following

experimental bounds1 have been obtain at 90 % confidence level (C.L.) [6]

|εµτ | < 0.033 and |εττ − εµµ| < 0.147 .

In addition, accelerator neutrino data from the MINOS experiment have set the bound

−0.200 < εµτ < 0.070 at 90 % C.L. [8], which is less restrictive compared with the Super-

Kamiokande bound on the same parameter.

Note that the corresponding model-independent phenomenological bounds on three mat-

ter NSI parameters for Earth matter are given by |εµτ | < 0.33, |εµµ| < 0.068, and |εττ | < 21

[9], where the last two bounds translate into a bound for |εττ − εµµ|, which is less stringent

than the above-mentioned experimental bound. Therefore, the experimental bounds found

by the Super-Kamiokande collaboration are the most stringent bounds on the three matter

NSI parameters in the νµ-ντ sector, which we will refer to in the rest of this work.

Outside the experimental collaborations, the role of matter NSI parameters in atmo-

1 Note the difference in the definition of the NSI parameters compared to the definition given in Ref. [6] by

the Super-Kamiokande collaboration. This difference is described in detail in Ref. [7].
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FIG. 7: The 90 % (red), 95 % (orange), and 99 % (yellow) C.L. contours in the εµτ -εττ plane,

expected from three years of running of the PINGU experiment for four different choices of the true

values for the NSI parameters (εµτ , εττ ) of (0, 0), (0.015, 0), (0, 0.075), and (0.015, 0.075). The fit is

performed by marginalizing over the standard oscillation parameters ∆m2
31, sin

2 θ13, and sin2 θ23,

with priors imposed on them as described in the text. The black dots denote the points at which

the “data” were considered. The allowed area for a given data set is unique and exists around the

(black) point where the data were considered. Normal neutrino mass hierarchy was assumed to be

true for all four cases.

oscillation parameters ∆m2
31, sin

2 θ13, and sin2 θ23. The allowed area for a given data set

is unique and exists around the (black) point where the data were considered. Note that

the shape of the contours changes as we change the assumed allowed set of true values for

(εµτ , εττ ). The allowed range of εττ decreases as the true value of εττ increases, irrespective

of the true value of εµτ . The change is less marked on the allowed range of εµτ . However, one

still obtains a larger allowed range for εµτ if the NSI parameters were non-zero compared to
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CONCLUSIONS

The first unambiguous signal of  neutrino mass and mixing came from 
observation of  atmospheric neutrinos at Super-Kamiokande

The atmospheric neutrino oscillation parameters now well established.

First hints for MH, octant of  theta23 and deltacp are emerging.

With theta13 measured ‘large’ in the reactor experiments, atmospheric nu 
expts have a good chance at MH determination.

One could measure the octant of  theta23 - synergy with LBL expts

High neutrino energies open the possibility of  further probing NSI and other 
new physics at atmospheric neutrino experiments.
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CONCLUSIONS

The first unambiguous signal of  neutrino mass and mixing came from 
observation of  atmospheric neutrinos at Super-Kamiokande

The atmospheric neutrino oscillation parameters now well established.

First hints for MH, octant of  theta23 and deltacp are emerging.

With theta13 measured ‘large’ in the reactor experiments, atmospheric nu 
expts have a good chance at MH determination.

One could measure the octant of  theta23 - synergy with LBL expts

High neutrino energies open the possibility of  further probing NSI and other 
new physics at atmospheric neutrino experiments. Thank You!
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