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1 Introduction

The proposed underground facility India-based Neutrino Ob-
servatory (INO) will house the magnetized Iron Calorimeter
(ICAL) detector. We present our results of simulation study of
ντ events at this detector.

Atmospheric neutrinos are produced from the primary and
secondary interactions of cosmic rays with Earth’s atmosphere.
The ratio of νe:νµ:ντ in atmospheric neutrinos is approximately
1 : 2 : 3 × 10−5 in the few GeV energy range. When these atmo-
spheric neutrinos pass through the Earth to reach the detector,
neutrino flavour oscillations occur, and the ratio would be closer
to 1 : 1 : 1 in 10s of GeV energy range. Hence the atmospheric
neutrino fluxes contain a significant fraction of ντ in the upward
direction.
ντ interacting via charged current (CC) interaction with the nu-

cleons in the detector produces charged τ leptons and hadrons
(X) via

ντ N → τ−X ; ντ N → τ+X ,

The τ leptons will decay promptly, primarily into hadrons (H).

τ−→ e−ν̄eντ ∼ 17% ,

τ−→ µ−ν̄µντ ∼ 17% ,

τ−→ ντH ∼ 66% ,

with similar fractions for τ+ as well. Hence, the total energy
from CC - ντ interactions are: (X + H) .

Neutral Current (NC) interactions from all flavours of neutri-
nos and antineutrinos also produce hadrons (X ′)

νiN → νiX
′ , νiN → νiX

′ ; i = e, µ, τ .

Hadrons (X + H) from CC interactions of ντ and hadrons (X ′)
from NC interactions of all neutrino flavours, cannot be sep-
arated. Therefore, the NC events act as an inseparable back-
ground to the CC-tau events. Hence we study the combined
sample of all NC and CC-tau events.

2 Generation of CC-tau and NC events in
ICAL

• We use NUANCE event generator for events generation.
• “Unoscillated” CC-tau events were generated assuming νµ

and νe atmospheric fluxes and using the CC-tau cross sections
excluding the oscillation probability.

• These unoscillated events are weighted with the oscillation
probability (using PMNS mixing matrix and PREM profile for
matter distribution inside the Earth) during “data” generation
and analysis.

• NC events are generated using same atmospheric neutrino
fluxes using NC cross sections.

• GEANT4-based simulation toolkit was used for the response
of hadrons in the detector.

• We assume the normal ordering and performed the analysis
of events for 10 years.

Parameter Value 3σ Range
sin2 θ12 0.304 fixed
sin2 θ13 .0222 .0203↔ .0241

sin2 θ23 0.5 .381↔ .615

∆m2
21(×10−5eV 2) 7.42 fixed

∆m2 × 10−3eV 2) 2.47 2.395↔ 2.564
δCP (◦) 0.0 fixed

Table 1: 3σ ranges of neutrino oscilla-
tion parameters. Here, ∆m2 ≡ m2

3 −(
m2

2 + m2
1

)
/2.
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Figure 1: Angular re-
construction efficiency of
hadrons.

3 Numerical analysis and physics reach

3.1 Best fit approach

Pull (π) Description Error
πtilt Tilt error 5%
πzenith Zenith angle

dependence
5%

πnorm Flux normal-
ization

20%

πσ Cross sec-
tion

10%

πD Detector re-
sponse

5%

Table 2: Systematic uncertainties

Bin Energy
(GeV)

Width
(GeV)

1 1–3 2
2 3–6 3
3 6–9 3
4 9–13 4
5 13–18 5
6 18–25 7
7 25–35 10
8 35–50 15

Table 3: Ehadron bins

We use pull method to calculate the minimum of χ2 between the
Data and Theory events. A measure of the sensitivity of the data
to the input value of any parameter is given from the difference
of χ2 calculated with the input value and the assumed value for
Theory events.

∆χ2 = χ2
min(T (Input parameter))−χ2

min(T (Different parameter))

3.2 Sensitivity to the presence of tau events

Angular Bins Incl. Systematics ∆χ2 σ =
√

∆χ2

2 No 35.34 5.95
2 Yes 13.06 3.61
2 Yes∗ (0.7) 14.95 3.87
2 Yes∗ (0.5) 16.46 4.06
1 No 27.50 5.24
1 Yes 7.90 2.81

Table 4: Sensitivity to the presence of tau neutrino events in var-
ious scenarios. (* The effects of a reduction in tilt and zenith an-
gle uncertainties to 70% and 50%).

 0

 100

 200

 300

 400

 500

 600

Ev
en

ts
 (1

0 
ye

ar
s)

NC-nu
(NC+tau)-nu

NC-nubar
(NC+tau)-nubar

tau-nu
tau-nubar

UP EVENTS

 0
 0.1
 0.2
 0.3
 0.4

 0  5  10  15  20  25  30  35  40  45

Ta
u/

N
C

EH (GeV)

nu
nubar

 0

 100

 200

 300

 400

 500

 600

Ev
en

ts
 (1

0 
ye

ar
s)

NC-nu
(NC+tau)-nu

NC-nubar
(NC+tau)-nubar

tau-nu
tau-nubar

DOWN EVENTS

 0
 0.1
 0.2
 0.3
 0.4

 0  5  10  15  20  25  30  35  40  45

Ta
u/

N
C

EH (GeV)

nu
nubar

Figure 2: NC and CC-tau events in reconstructed Ehadron bins
for upward going (UP) and downward going (DOWN) events
and the ratio of the CC tau events to the NC events.

3.3 Sensitivity to the oscillation parameters
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Figure 3: Improvement of sin2 θ23 and ∆m2 sensitivity with
zenith angle (UP and DOWN).
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Figure 4: ∆χ2 for sin2 θ23 and ∆m2, with marginalisation over
sin2 2θ13 and the other mutual parameter ∆m2, sin2 2θ23.

4 Combined study of tau events and
“standard” muon events
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Figure 5: Sensitivity to
sin2 θ23 in combined analysis
of standard muon and tau
events.
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Figure 6: Sensitivity to os-
cillation parameter ∆m2 in
combined analysis of stan-
dard muon and tau events.
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Figure 7: Sensitivity of ICAL to the octant of sin2 θ23 for input
values in the (a) lower 40◦ and (b) upper 50◦.

Conclusion

• The presence of ντ
events at the ICAL de-
tector in INO is with
more than 3σ for 10
years period with sys-
tematics.

• ντ events have sensitiv-
ity to the oscillation pa-
rameter θ23 and |∆m2|.

• Combined analysis of
νµ and ντ events im-
proves the precision
measurement of sin2 θ23

and its octant signifi-
cantly and ∆m2 moder-
ately.
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