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We wi% cover in this talk

3 posters and a talk on details of INO
by Kaur, Laksmi, Meghna 

using atmospheric neutrinos

Plenary talk by Naba Mondal on Friday
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such that this issue could be alleviated. It was shown that with this if one defined normal hierarchy as
∆m2

eff > 0 and inverted hierarchy as ∆m2
eff < 0, then Pµµ is the same for normal and inverted hierarchies

when θ13 = 0. Though this complication in the definition of the mass hierarchy does not make much
difference to the final neutrino mass hierarchy sensitivity results when one marginalizes correctly over
|∆m2

31| (for a very recent discussion see [28]), we will continue to use this definition for the normal and
inverted hierarchy, especially since in this paper we will not marginalize our χ2 function over the oscilla-
tion parameters, as discussed in the Introduction section.
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Figure 1: The difference in the muon neutrino survival probability for normal and inverted hierarchy,
∆Pµµ, for various neutrino energy and zenith angles. The left panel shows ∆Pµµ as a function of the
neutrino energy for four different choices of the zenith angle corresponding to four different path lengths
for the neutrinos in the earth matter. The right panel shows ∆Pµµ as a function of the neutrino zenith
angle for four different choices of the neutrino energy.

Parameter True value used in data

∆m2
21 7.5× 10−5 eV2

sin2 θ12 0.3

|∆m2
eff | 2.4× 10−3 eV2

δCP 0

sin2 θ23 0.5

sin2 2θ13 0.1

Table 1: Benchmark true values of oscillation parameters used in the simulations.

We show in Fig. 1 the difference between the survival probability predicted for the normal (PNH
µµ )

and inverted (P IH
µµ ) hierarchy. This figure has been generated by calculating the full three generation
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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 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 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
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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
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Ghosh, SC, arxiv:1306.1423Net sensitivity depends on the detector performance

Two key ingredients: 
Resolution and Efficiency
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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.

19

10×50 kton-yr data

Ghosh, SC, arxiv:1306.1423

For σE/E<4% and ε>95%
Δχ2>14 (muons)
For σE/E<5% and ε>90%
Δχ2>12 (muons)
For σE/E<11% and ε>80%
Δχ2>8 (muons)

INO μ angle resoln is good
We take σcosΘ=0.025
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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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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 7: The ∆χ2 corresponding to the mass hierarchy sensitivity as a function of the width of the
neutrino resolution function. The black line shows the expected sensitivity when we use the binning in
neutrino zenith angles with the neutrino zenith angle resolution function taken from the MONOLITH
proposal [36]. The red dashed line shows the expected sensitivity when we use the binning in muon zenith
angles with the muon zenith angle resolution width of 0.01 in cosΘµ. The black dot-dashed lines in the
figure show the ∆χ2 obtained from the muon analysis performed in [28], using the detector response to
muons obtained by the INO collaboration.

just the muon data with 80% efficiency and energy resolution of 12%. If the hadron data is added to the
muon data, then even with these modest detector response for the muons, we would get ∆χ2 ! 12− 13
(cf. Table 3). If the muon energy resolution was improved to 2%, then we would have a more than 4σ
sensitivity to the mass hierarchy from the muon-plus-hadron analysis. Whereas, from the Fig. 4 we can
see that the sensitivity from the neutrino analysis can never match these numbers, even for extremely
optimistic energy resolution of 10%. The reason can be traced to the event rates plots shown in Figs.
2, 3 and 4. The effect of the detector resolutions on the neutrino spectrum make it comparable, and
sometimes even worse than the muon spectrum. If we add the hadron spectral data to the muon spectral
analysis, we get an additional contribution to the hierarchy sensitivity which cannot be matched by the
neutrino analysis.

For comparison, in Fig. 7 we also show the ∆χ2 obtained when we bin the data in neutrino energy
and muon zenith angle bins. We keep the reconstruction efficiency at 80% and charge identification effi-
ciency at 99%. The muon zenith angle resolution function is taken with width 0.01. We see that the ∆χ2

obtained in this case is even worse than what we had obtained with the neutrino zenith angle analysis
using the MONOLITH zenith angle resolution function.

24

using Θ-resoln ,om Monolith Δχ2=9 for 21% E-resoln
which is the E-resoln for dets 
like INO/MIND- this is the 
same as you get ,om a *very* 
conservative muon analysis!!

Ghosh, SC, arxiv:1306.1423
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neutrino zenith angles with the neutrino zenith angle resolution function taken from the MONOLITH
proposal [36]. The red dashed line shows the expected sensitivity when we use the binning in muon zenith
angles with the muon zenith angle resolution width of 0.01 in cosΘµ. The black dot-dashed lines in the
figure show the ∆χ2 obtained from the muon analysis performed in [28], using the detector response to
muons obtained by the INO collaboration.

just the muon data with 80% efficiency and energy resolution of 12%. If the hadron data is added to the
muon data, then even with these modest detector response for the muons, we would get ∆χ2 ! 12− 13
(cf. Table 3). If the muon energy resolution was improved to 2%, then we would have a more than 4σ
sensitivity to the mass hierarchy from the muon-plus-hadron analysis. Whereas, from the Fig. 4 we can
see that the sensitivity from the neutrino analysis can never match these numbers, even for extremely
optimistic energy resolution of 10%. The reason can be traced to the event rates plots shown in Figs.
2, 3 and 4. The effect of the detector resolutions on the neutrino spectrum make it comparable, and
sometimes even worse than the muon spectrum. If we add the hadron spectral data to the muon spectral
analysis, we get an additional contribution to the hierarchy sensitivity which cannot be matched by the
neutrino analysis.

For comparison, in Fig. 7 we also show the ∆χ2 obtained when we bin the data in neutrino energy
and muon zenith angle bins. We keep the reconstruction efficiency at 80% and charge identification effi-
ciency at 99%. The muon zenith angle resolution function is taken with width 0.01. We see that the ∆χ2

obtained in this case is even worse than what we had obtained with the neutrino zenith angle analysis
using the MONOLITH zenith angle resolution function.
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using Θ-resoln ,om Monolith Δχ2=9 for 21% E-resoln
which is the E-resoln for dets 
like INO/MIND- this is the 
same as you get ,om a *very* 
conservative muon analysis!!
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Using the hadron data to reconstruct 
the neutrino is not helping much 
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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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Matter effects in hadrons present...wi% give MH sensitivity

Hadrons are ta.ed with the muon direction
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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.

19

10 yrs data

For σE/E<4% and ε>95%
Δχ2>20 (muons+hadrons)
Δχ2>14 (muons)

Ghosh, SC, arxiv:1306.1423

For σE/E<5% and ε>90%
Δχ2>18 (muons+hadrons)
Δχ2>12 (muons)

For σE/E<6% and ε>85%
Δχ2>16 (muons+hadrons)
Δχ2>10 (muons)

Hadrons are ta.ed with the muon direction
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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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10 yrs data

For σE/E<4% and ε>95%
Δχ2>20 (muons+hadrons)
Δχ2>14 (muons)

Ghosh, SC, arxiv:1306.1423

For σE/E<5% and ε>90%
Δχ2>18 (muons+hadrons)
Δχ2>12 (muons)

For σE/E<6% and ε>85%
Δχ2>16 (muons+hadrons)
Δχ2>10 (muons)

Hadrons are ta.ed with the muon direction

One can get Δχ2=9 with 5 years INO data
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Muon+Hadron analysis gives Δχ2=16 for σE(μ)=6%E 
and σΘ(μ)=0.025 in cosΘ .... both are realistic for INO/
MIND

To get the same Δχ2=16 using the neutrino analysis, one 
needs σE(ν)=10%E and σΘ(ν)=7.3o....the energy resol 
requirement not possible at INO/MIND 

Better to use the hadron data separately in the χ2 than 
using it to reconstruct the neutrino energy and angle
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With 5% Eμ-resoln and 90% efficiency, INO wi% have 
Δχ2=12 in 10 years ,om muon data alone

If we tag the hadrons with the muons and add the 
hadron data separately into a combined analysis, then 
with 5% Eμ-resoln and 90% reconstruction efficiency 
INO could have Δχ2=9 in just 5 years

Using the hadrons to reconstruct the neutrino energy and 
directions wi% always yield poorer results 


