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Atmospheric Neutrino Oscillation Parameters
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Combined Allowed Areas from SK+K2K
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Future Precision Measurement
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Potential of Long Baseline Experiments

Experiment |

-./ | 0 132 - - .

Current 44% 40%

MINOS+CNGS 13% 38%

T2K 6% 22%

NO 4A 13% 42%

Combination 4.5% 20%
Huber et al hep-ph/0403068
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Constraints from Future SK-like Atmospheric Data

H

H

H

1

2

3

4

5
∆m

2 31
 [1

0-3
 e

V2 ]

1.2

2.2

3.8

sin2 θ23 = 0.34

H

H

H

sin2 θ23 = 0.38

H

H

H

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V2 ] sin2 θ23 = 0.42

H

H

H

sin2 θ23 = 0.46

H

H

H

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V2 ] sin2 θ23 = 0.50

H

H

H

sin2 θ23 = 0.54

H

H

H

0.3 0.4 0.5 0.6 0.7

sin2 θ23

1

2

3

4

5

∆m
2 31

 [1
0-3

 e
V2 ] sin2 θ23 = 0.58

H

H

H

0.3 0.4 0.5 0.6 0.7

sin2 θ23

sin2 θ23 = 0.62

Gonzalez-Garcia et al, hep-ph/0408170

�From 20 SKyr at

�65 ,� � � 7� � � � �

eV

�

, 8 �9� � 7� � :

�
	



�spread in

� 
 ���� ; � < =

�
	



�spread in $ %'& � ( � � ; � � =

Sandhya Choubey, London, 18.11.05 – p.7/24



Measuring the Deviation of > ?A@ �CB � � from Maximal

Sandhya Choubey, London, 18.11.05 – p.8/24



Measuring the Deviation of > ?A@ �CB � � from Maximal
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gives the deviation of from its maximal value

gives the octant of

Current limits on the magnitude and sign of :
at from the SKI data

No robust information on
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Problem of Measuring the Deviation from Maximal
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Muon Neutrino Survival Probability
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Muon Neutrino Survival Probability

1 3 5 7 9
E (GeV)

0

0.2

0.4

0.6

0.8

P µµ

0

0.2

0.4

0.6

0.8

P µµ

0

0.2

0.4

0.6

0.8

1
P µµ sin2θ23=0.50 (matter)

sin2θ23=0.50 (vacuum)
sin2θ23=0.36 (matter)
sin2θ23=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, London, 18.11.05 – p.11/24



Muon Disappearance in Long Baseline Experiments
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Muon Disappearance in Long Baseline Experiments

The oqp survival probability can be written as

O p p 7 O r sUp p t � Gu v � G � Gu p � G � � � � � Gu p � G � �

w x � � � �� � $ % & � � � � y
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Muon Disappearance in Long Baseline Experiments
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�Not feasible to measure in any proposed experiment
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Muon Disappearance in Long Baseline Experiments

Survival probability in vacuum:
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 ��� � y
� �

Dependence on in the form

Measurement expected to be harder near maximal mixing

No octant dependence expected

Best measurements on expected near SPMIN where

For a given and , measurement sensitive to (true)
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Large Matter Effects in �h� Survival Probability
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Large Matter Effects in �h� Survival Probability

100 1000 10000
L (km)

0

5

10

15

20

25

E
 (

G
eV

)

Eres(av)
ESPMIN

ESPMAX

ESPMIN2

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

��� � X E R � ^�� � UW X � Y� �� � � ��� j��

���� ��� \ 7 ���� � � � ��� � < � � 
 ��� � y

,

���� � �  \ 7 ���� � ��� � < � � 
 ��� � y

��� � X � �¡�� ��� � for

y � � :� �

km

��� � X � �¡�� ��� � for

y � + <� �

km

�¢� � X � ���� � �  for

y � < �� �

km

Polamares-Ruiz&Petcov

Indumathi&Murthy

Gandhi et al

Sandhya Choubey, London, 18.11.05 – p.14/24



Large Matter Effects in �h� Survival Probability
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Large Matter Effects in �h� Survival Probability
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Large Matter Effects in �h� Survival Probability
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Muon Neutrino Survival Probability
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Muon Neutrino Survival Probability
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Octant sensitivity is expected to be good

Need an experimental set-up that can see the matter effects
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Atmospheric �� in Large Magnetised Iron Calorimeter

India-based Neutrino Observatory

URL:http://www.imsc.res.in/ ª ino

;2200 meters underground

50 kton detector

Very good energy and angle resolution£ fine binning possible in both energy and zenith angle

It will be magnetized £ o p can be distinguished from « o p

Best place to look for matter effects in

O p p
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Atmospheric �� in Large Magnetised Iron Calorimeter
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Matter effects are $ % & � ( � � dependent
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Atmospheric �� in Large Magnetised Iron Calorimeter
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Is the Atmospheric Mixing Maximal?
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Is the Atmospheric Mixing Maximal?

­

Using atmospheric neutrino data in INO
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can be measured to ; � < = � �� = �

at

�65 for 8 �� � 7� � � � �� � � � �

with 1 MtonY exposure and 50% detector efficiency
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Is the Atmospheric Mixing Maximal?

­

Using long baseline experiments
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can be measured to ; � �

% at

� 5 for

��
 ���� 7 �� :� � � � � eV

�
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Is the Atmospheric Mixing Maximal?

­

Using atmospheric neutrino data in SK-like detector
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can be measured to ; � + = � � � = �

at

�65 with SK50(SK20)
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Resolving the Octant Ambiguity
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Resolving the Octant Ambiguity

For every nonmaximal $ % & � ( � �(true), there exists a $ % & � ( � �(false)
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�Atmospheric neutrinos in magnetized iron detector
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Resolving the Octant Ambiguity
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�Atmospheric neutrinos in magnetized iron detector

0.35 0.4 0.45 0.5 0.55 0.6 0.65
sin2θ23(true)

0

2

4

6

8

10

12

∆χ
2  [si

n2 θ 23(tru
e) −

 sin
2 θ 23(fa

lse
)]

 Normal Mass Ordering

0.35 0.4 0.45 0.5 0.55 0.6 0.65
sin2θ23(true)

Inverted Mass Ordering

sin2θ13(true)=0.04
sin2θ13(true)=0.03
sin2θ13(true)=0.02
sin2θ13(true)=0.01

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

Sandhya Choubey, London, 18.11.05 – p.21/24



Resolving the Octant Ambiguity
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�Atmospheric neutrinos in water Cerenkov detector
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Resolving the Octant Ambiguity
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�Long baseline experiments with accelerator (super)beam
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Comparing the Octant Sensitivity of the Experiments

Long baseline experimentsJ No sensitivity at all

Atmospheric neutrinos in water Cerenkov detectorsJ $ %'& � ( � � (false) can be excluded at 35 if:

$ % & � ( � � �±³² ´° � )� � � , l ² m� � , �

Atmospheric neutrinos in large magnetized iron detectorsJ $ %'& � ( � � (false) can be excluded at 35 if:
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Conclusions

Earth matter effects in atmospheric

O p p depends on
( � �

Binning in both energy and zenith angle is essential

It is also very important to distinguish neutrinos from
anti-neutrinos

Large magnetized iron detectors can achieve both

Sensitivity to in INO comparable to 20SK/50SK and LBL
experiments

Octant resolution can be done best in INO if
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