Atmospheric Neutrinos at the
INDIA-BASED NEUTRINO OBSERVATOR




Plan of Talk

B Introduction and Overview of Neutrino Oscillation
Bl Physics Goals of INO
Bl Atmospheric Neutrinos

Bl Matter effects at large baselines
®» Hiearchy sensitvity
®» Octant sensitvity

Bl Probing CPT violation
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Neutrinos in the Standard Model

There are three Flavours of
Neutrinos: v., v, v,

Massless
Neutral

Weakly interacting

Neutrino Mass — beyond Standard

Model
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Bounds on Neutrino Masses

Bl From Direct Measurements

®» m, <22eV(PH —° He+e + 1)
®» m, <190KeV (r — pv,)
® m, <182MeV (r — nrnv,)

Bl Cosmological Mass bound Xm; < 1leV
Bl Very small neutrino masses can be probed by Neutrino Oscillation

Bl Quantum Mechanical Interference phenomena in which one
flavour of neutrino convert to another flavour after passing through

N I

w T
> N
Y Vo Vo Vet

Source Detector
—__ o

—
ILong Journey
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Snapshot of v Oscillation experiments

Atmospheric Neutrinos
SuperKamiokande (> 200)

Solar Neutrinos
Homestake, SAGE, Gallex, GNO, SuperKamiokande, SNO (7¢) ,
Borexino

Long baseline reactor experiment
KamLAND (50)

Long baseline accelerator based experiment K2K (~ 3c), MINOS
(~ 50)

Short Basline Accelerator based experiment
LSND evidence for v, — ., not corroborated by KARMEN,
MiniBooNE

Shortbaseline accelerator and Greenreactor experiments

E776,KARMEN, CDHS, NOMAD and
GreenCHOOZ, Buegey have not observed any oscillation.
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Neutrino Oscillation iIn Vacuum

Bl If neutrinos have mass then the flavour states v, produced in
l, + N — v, + N’ are linear combinations of mass states v;

Va = Uqili
Bl The Probability of flavour conversion after traveling a distance L is

Plva —v) = |<uvalva(t) >|?
0ap — 45> Re(UaiUS,UZ;Ugj) sin?(Ag;)
—|—2 Ei>j Im(UaiUEiU;jUﬁj) SIH(QAU)

O B
Amij—m- m;

1.27 Am?2.(eV?) L(Km
re A= i (eV?) L(Km) J

E(GeV) !
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Neutrino Mixing Matrix

Bl 2 generations : 1 mixing angle
U ( CO.SQ sin Q)
—sinf cos6
Bl 3 generations : 3 mixing angles, 1 phase

Upmns = Ra3(023)Ri13(013,0)R12(012)

1)

1 0 0 C13 0 si3e™ C12 S$12
UpmMns = 0 c23  s23 0 1 0 —512 €12
0 —S823 c23 —S13€li(S 0 C13 0 0

C12C13 $12€C13 s13e %0

= | —s12c23 — c12823513€"%  ci12c23 — S12523513€%°  sascis

$12823 — C12C235813€0  —c12823 — S12C23513€°  cascis

Bl Majorana phases unobservable in neutrino oscillation
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2 Flavour Oscillation Probabilites

Bl Survival and Conversion Probabilites (in vacuum)
18 = 1L — sin 226 Sin2(1.27Am2L/E); Am?2 = m% — m%
P,.u. =1—sin?20sin?(wL/\)

Bl Oscillation Wavelength (in vacuum)
A =2.5m(E/MeV)(eV?/Am?)
e\ >> L,sin?(7rL/\) — 0
o\ << L,sin?(wL/)\) — 1/2
o\~ 2L,sin?(nL/\) ~1— Am? ~ E/L
B Neutrino Oscillation probabilities depend on

$» Two fundamental parameters
e At least one non-zero neurino mass e Non-zero mixing angles

» Two experimental parameters

e Neutrino Energy E e Source to detector distance L
Bl Oscillations experiments are not sensitive to absolute masses
Bl Solar Neutrinos : E ~ 10 MeV, L ~ 108km, Am?2 ~ 10710 eVv?2
Bl Matter effects need to be considered
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Matter has free electrons but no free muons or tau particles.

v. has both CC & NC interaction with electrons, while v, & v
have only NC interaction with electrons.

This changes the effective potential acting on v, but noton v, &
v, since the potential common to all 3 flavors cancels from
oscillation probabilities.

The effective masses and mixing angles in matter are different.

No matter effect for 2 flavour v, — v oscillation
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Matter effects: Two Flavours

Bl The evolution equation in flavor basis is
Ve (T ~ [ Vot
4 (7®) _ 5 (v

dt

vg(t) vg(t)
Bl Hamiltonian in flavor basis is:
24 :
_ﬁ] B E n m%+m§ B Grn, n Amgl — COS 29 -+ W%l S111 29
— 4E V2 4E :
sin 260 cos 20

A = 24/2Grn. E. For anti-neutrinos, A — —A.

Am%l sin 260
Am3, cos20—A

Effective mixing angle 6 in matter : tan 20 =

Maximal mixing or resonance:
When A = Ams3, cos 20, flavor states mix maximally, i.e. 6 = 7 /4
even if vacuum mixing angle is small.
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Global Analysis — Ingredients

Bl Experimental Data
—statistical error
—systematic errors and their correlations

Bl Theoretical Predictions
—the fluxes and their uncertainties
—the interaction cross-sections and their uncertainties
—the oscillation probabilities (depends on the density profile of the
propagating medium Am? , 0, E,, ....)

Bl rate = flux x cross — section x probability

- - . . 2
Bl Minimisation of X2, ,.;
— covariance method
— pull method
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Global Analysis — Ingredients

Bl Experimental Data
—statistical error
—systematic errors and their correlations

Bl Theoretical Predictions
—the fluxes and their uncertainties
—the interaction cross-sections and their uncertainties
—the oscillation probabilities (depends on the density profile of the
propagating medium Am? , 0, E,, ....)

Bl rate = flux x cross — section x probability

- - . . 2
Bl Minimisation of X2, ,.;
— covariance method
— pull method

Bl Best-fit values of parameters Am?, sin® 6 ...
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Definition of X2

* The Covariance Approach

X2 _ Z(Rgiata o theo?“y>(o_z_2j —1(R?ata o R;heory) ,
,]

K
2 k _k
O',L-j:(sq;jO‘iO'j—F E 0; 05 Pij
k=1

* The “Pull” Approach

N data theory K 2 K
) R¢ — (R + - o
X2 = min E ( L (B 2ie=1 & k>> + E 52
k=1

uncornTr
. O .
gk 1=1 (A

&, — free parameters
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Summary : Three Flavour Oscillation Parameters

Bl The best-fit and 10 ranges

Am2, = 777022 x107° eV?  |Am3,| =2.440.12 x 1073 eV?
010 = (34.5£1.4)° 03 = (43.1735)° 613 = (7.2 £6)°
Schwetz, Maltoni arXiv:0812.3161

Fogli, Lisi Maronne, Rotunno, Palazo arXiv:0805:2517
Gonzalez-Garcia, Maltoni arXiv:0704:1800

0.77 — 0.86 0.50 — 0.63 < 0.22
Upnns(30) =10.22—0.56 0.44—0.73 0.57 — 0.80
0.21 —0.55 0.40 —0.71 0.59 — (.82

Bl Very different from quark sector

Bl Considerable progress but precision not as good as Ve gy
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2 2
1 0 0 C13 0 6_i5813 C12 sio 0
U= 0 C23 8923 0 1 0 —s12 c12 O
0 —s23 23 _ei5813 0 C13 0 0 1
“atmospheric” “solar”

known params. | bounded params. | unknown params.

|Ams, |
Sin2 923 SiIl2 913 0
Am2, Dy3 = sin®fy; — 0.5 | Sign(Ams3,)

sin2 912
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Important Future Goals

Improve the errors in §(sin® 6;5)

Improve the errors in §(Ams3,)

Improve the errors in §(sin® 653)

Determine the octant of 653

Ascertaining if 6,3 is different from zero and improve sensitivity
Determination of sgn(Am3,)

Discovering the leptonic CP phase ¢

Search for non-standard interactions and new physics

Sterile neutrinos

Are neutrinos Dirac or Majorana ?

Absolute scale of neutrino masses
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Physics Goals for INO

Bl First phase — measurement of atmospheric neutrino flux

9

© oo 0 0

Reconfirmation of the first oscillation dip as a function of L/E
Improved precision of oscillation parameters

Determination of the octant of 655

Matter effects and determination of sign of Ams3,

Probing CPT violation, Lorentz violation

Discrimination between v, — v, and v, — v

Bl Second Phase — end detector for beta beams, neutrino factory

9

hierarchy, 6,3, CP violation

® CERN to INO baseline ~ 7000 km, the magic baseline
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Atmospheric neutrinos

\CosmicRay |
COsmIC Ray + Aair — 7-‘-"' 4+ ... Air nucleus
7T+ — ,u—l_ + V,LL Fions

ut— et + 0,4+ v,

B Energy: 100 MeV - TeV
B Pathlength: 15 -13,000 km
B Provides broad L/E band

v, : Ve = 2. 1 (expected) — 1, conversion
v,/ve ~ 0.9 — 1 (observed)
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B The flux is Up-down symmetric for
E > afew GeV

1500 o EvE3GeV) o Ev=20GeV
>
)]
0 _
1000+ { o0 { on} :
AN
]
v
m —
. N\ . Vetle
B uUp-down asymmetry —> neutrino Ep s
illations 300 L e ) TR
0SCi - SN B
3 'l l\
s ',' “‘
0 . ! 0 ) ]
-l 0 oA 00 [ 0 ]
cose 050 0058
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Bl SK-I 1489 days zenith angle spectrum

@450 ¢

400
11350
‘5300
g 250
£ 200
=150
100
50

0

2140
o

2120
“5100

Sub-GeV e-like

cosO

Multi-GeV e-like

a
(@]
o

Number of Events

Sub-GeV p-like

cosB

— Multi-GeV p-like + PC

Two generation v, — v, osclillation
Matter Effect not relevant
N, (up)/N,(down) =P,

: : Am?2, L

AFE
(eatm = (a3, Amitm = AmQ:sl)

Oo3 — (7T/2 — (923) symmetry

No information on sgn(Am?,, ).

atm

Earth Matter effect important for
upward going neutrinos and 6,3 #
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Best-fit (ATM+MINOS)

global

|Am2, |=2.4x1073eV? sin? O3 =

atm

0.5

3o range (ATM+MINOS)
|Am?2, ]=(2.1-2.8) x10~°eV?

atm

sin? A>3 = 0.36 -0.67

~ atmospheric

B 30 Precision:

o

0.25

0-25 0.75 1 |Am?Z,,,| ~ 14% mainly by MINOS
sin"0,,, sin? fs3 ~ 30 % mainly by Atmosphe

Bl No informatio on sgn(Am?,, )

B No information on octant of 0,3
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Magnetised iron calorimeter

Modular structure - 3 modules

Module dimension 16m x 16m x 12m
Detector: 48 m x 16m x 12m

140 horizontal iron layers interspersed
with Glass RPC

Iron Plate thickness 6 cm
Gap for RPC trays 2.5 cm

11.9M

Bocm

RO
LV I. TR AR AR DR

2.5cm

AR AR AR,

o3

DETAIL-A

Sensitive to muons

Energy determination
from

e Track length

e Track curvature in a
magnetic field

Direction of parent
neutrino from the track

Charge identification
from track curvature in
magentic field

Two 2 mm thick float Glass
Separated by 2 nun spacer

Piclup s

Glass plates
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Atmospheric Neutrinos in INO

B Sensitive to Muons
®» v, +N—pu + N (QE)
v, + N — ut + N’ (QE)
$» 1 Pion
» DIS

Bl Muon event number: (¢, x P,, + ¢ X Pey) X occ X €

d°N, 1

100
dE; / AUR(E¢, En)R(Q, Q) [@GP 4+ PIP]oe
(1)

- 2 in” t\ Pt — m2
) = Newp [ 0 ]

1

2mo

R(Em, Et) = (E — Et)zl.

202

exp [— (3)
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Atmospheric Neutrinos and INO

Bl Observation of fall and rise of up/down v,, events

1.4 0.01
12 b -
I 2 2 2
X~ < Xomin T AX
[<5]
®
s
P
S 3
g e
5 <l
Fitted parameters :
0.001 |
B Am2 = 0.002 eV2
| sin®20 =0.998
(0] L L L L 1 1 1 1 1
= 18 e 2D < e 07 075 08 Q8 09 095
Log,o(L/E,) sin“ 20

Bl Increased precision of Am?,
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Comparison with Long Baseline Experiments

B 30 spread (|Am?s;| =2 x 1073 eV?, sin® fa5 = 0.5).

|Am231| Sil”l2 923

current 29% 33%
MINOS+CNGS 13% 39%
T2K 6% 23%
Nova 13% 43%
INO, 50 kton, 5 years 10% 30%

M. Lindner, hep-ph/0503101
Table refers to the older NOvA proposal,;

the revised March 2005 NOvA proposal
IS expected to be competitive with T2K.
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Ambiguity in Mass Hierarchy

Normal Hierarchy Inverted Hierarchy

m T O

m, BN

2
Am’,>0
2
Am’,,<0

m,
m B I ™ 0

B Normal Hierarchy :

m% ~ Amgtm >> m% = Am% >> m%

Bl Inverted Hierarchy :

2

2 ~ 2 ~ a2
mi = AmZ,,,, & m5 >> m3

Bl Quasi-Degenerate

m3 & mg & m1 >>4/Am?2,
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Ambiguity in Mass Hierarchy

Sensitivity to the sign of Am%l

I Systematic

O i JHF-SK Bl Hierarchy difficult to determine
egeneracy .
In superbeams
.uMI
Bl Sensitivity limited by
. JHF-HK correlation and degeneracies
Bl Synergistic use of experiments
- NuFact-]

Bl Use of Matter effects

- NukaCl Bl Use of Magic baseline

1078 107 107 1073 1072 107!
sin22013

M. Lindner, hep-ph/0503101
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Matter effects: Three Flavours

B The effective Hamiltonian is

. m? 0 0 A 0 O
H=__[U| 0 mj 0 U'+10 0 0]
0 0 m3 0 0 0

excluding terms o identity matrix. U = Ro3R13R12
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Matter effects: Three Flavours

B The effective Hamiltonian is

. m? 0 0 A 0 O
H = sV 0 mi o U'+10 0 0]
0 0 m3 0 0 0

excluding terms o identity matrix. U = Ro3R13R12

Bl Subtracting m? from the first part,

. 0 0 0 A 0 0

H=_—[U|0 Am3 0 |U'+]|0 0 0
2F )

0 0  AmZ 0 0 0
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Matter effects: Three Flavours

B The effective Hamiltonian is

. m? 0 0 A 0 O
H=__[U| 0 mj 0 U'+10 0 0]
0 0 m3 0 0 0

excluding terms o identity matrix. U = Ro3R13R12

Bl 1 MSD (Am3, = 0) limit

' 0 0 0 A 0 0

H=—U]|0 o0 0 U'+10 0 o0
oOF ,

0 0 Am2 0O 0 0

—— Resonance in the 1-3 sector
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Matter effects : Three flavours

Resonance in the 1-3 sector

SiIl2 2913

(ﬁ — cos2013)2 + sin® 2013

sin? 20,5 =

Agl = ASI \/<% — COS 2913)2 -+ Siﬂz 2913

531

Maximal mixing or resonance: +-4_ = cos 203
om

31

Lower sign denotes anti-neutrino case, where A — — A
At resonance sin® 20,3 = 1 or 613 = /4.

v: resonant enhancement in sin? 28,5 for Am3, > 0, anti-v:
A — —A, so resonance for Am3, < 0.

Experiments sensitive to matter effects can probe mass hierarchy

Matter effects for Am3, channel depend crucially on 6,53
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Matter resonance

2
om 2 C08 2613

1 T |

T ' ' B The resonance condition:

] 2\/§GpneE

— cos 26013
2
AmSl

B This gives:
N B Am%l cos 26013

res —
B rFor As; —0.002eV2, E,..s ~ 5 GeV

Il | Il 1 | Il | Il | Il | Il
00 0.001 0.002 0.003 0.004 0.005 0.006

FEres depends on Am2, and ne

For a fixed Am2, it is different at different baselin
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Conditions For Maximum Matter effect

Bl P, = s3;sin? 20137 sin? [ALLL/E]
pm =1 —sin? 2074 sin® [ A}} L/E]

l/e—>l/e

Matter effect is observed near £ ~ E.,..s, where the amplitude is large, but we also
require large phase.

Pl . and PJ_, is maximum when simultaneously
sin?(2013)™ = 1
sin? ATY =1 =sin?((2p + 1)7/2)

Thisimplies: £ = Fyes = Eg;ak.

This gives the maximum matter effect condition for L.:

2 17 x 5.18 x 103
[pL]maa:_(p+ )7T

= km gm/cc
= tan 26013 Y /
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Energy E [GeV]

14

12

10

Fig: E, . and Empeak as a function of baseline ( P..)
I I

Emgeak - — Sin®26,,=0.1

res

A, 2=0.002

0

6000 8000 10000 12000

BasdinelL [Km]

2000 4000

14000

05

P (Vu -->V)

01

2
-- Am32 >0
— vacuum
2
. Amg2 <0

E (GeV)

12 14

B Forsin? 20,5 = 0.1, p=0, the maximum matter effect comes at L ~ 10,000 km
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0.8

06|
0.4
0.2

08l
0.6

ee0.4

| L =3000 Ikm

L :|7000 km
| |

| L :§OOO Ikm

L =10000 kmA

) 10

b 5 10
Energy (GeV)

15

B Matter

effect

maximum

around ~ 10,000 km.
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Condition for Maximum Matter effectin =~ £, .,

10

15 5 10 15

T T T
1

I T
6000 km

— Vacuum

I T
7000 km

08
04
0.2

0

0.6

NEEN -
AN .
.. 0

1

0.6

08

04

0.2

m _pml pm2 pm3
P,UJM_l PMM P,UJIJ PMM

1.27(A31 + A+ Agnl)L
2E

Pglul = c?,™sin? 2653 sin? {

1.27(A3; + A — AR)L
o

m . .
PEIMQ = 52, sin? 2053 sin” {

Plrfu:g = sin® Aa3sin? 2073 sin? (1.27AR L/E)
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* . - .
~ -7 -

04

0

- | -
=

L 1

) 9700 kn

0.6
04

D '

1 1Hl Condition for maximum matter effect in
08

Puu is
¢ Egeak = Eres
06 o 1.27 E;Leak =pm
B This gives

2 0.2

0.2

[pL],rf;X’peak ~p7m x 10% x cos2013 km

for p =1, L ~ 7000 km

| J@ Fallin P, in matter
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038

0.6

04

O
08 |

0.6
04
0.2

0.2 1y

. =7 .
So ez .t

* . - .
~ -7 -

- | -

L 1

8000 km

) 9700 kn

0
0.6

0.2

N
AN -
N *.
N . O

0.8

] O.h
04
402

0.8

04

]'ml At 9700 km rise in P,, In matter

near a vacuum dip

Condition for a dip in vacuum in
P, s
0 1.27 E{: =(2p+1) 7/2

e for p=1, £, ~ 6.6 GeVatlL =
10,000 km

e At 10,000 km E,..; ~ 6.6 GeV
e Thus we have the condition

v
dip — Eres
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5 10 15 5 10 151

1 T T 1 I ! I
B ! ' 1 [ ! | -l No matter effect in two flavor v, — v

oscillation since both interact via neutral
current

At 9700 km significant matter effect in
P,r

50% rise in P,e, 20% rise in P,
APur = —(APue + APuy)

70% matter induced fall in P,

Genuine three flavour effect

E (GeV)
R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. UmaShanakar , PRL, 2005
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Flavour composition of mass states

@ (o)

A=0

B The vacuum mass eigenstate v, is
; A=A, largely ve, vs is largely v, & v and vo
i has no v. component.

Z=)E

<

Bl Matter effect (increasing A) causes ve in
V1" to decrease & v,,, v to increase. At
A = A,es they are 50%. Similarly, ve in
v{* increases to 50%.

LY. Bl At resonance, all matter-dependent
( 1) mass eigenstates v, v & v h
) g Vi, Vs Vg~ Nave

m N m)2 significant v, & v~ components.

degenerate (m

2

1 ¢ Bl P, — v,) depends on all 3 mass-

squared differences.
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Effect of dcp

Bl For OMSD - effective two generation — no CP phase
Bl For L < 1000 km (matter effect negligible)

P(V,u — I/e) ~ SiIl2 2913 Sil’l2 (923 Sin2 Agl
F« sin 2913 sin 50}3 sin 2(912 sin 2(923A31 Sin2 A31
+a sin 2913 COS 5013 sin 2912 sin 2923A31 COS Agl sin A31

+a? cos? Byg sin? 2912A§1

a = Agl/Agl (BeSt-ﬁt o =0.03, asin 2045 = 0028)

Problem of Eightfold degeneracy
e dcp — b13, sgn(Am?13), 023 — (m/2 — ba3)

Burguet-Castell et al, 2001
Minakata and Nunokawa, 2001
Fogli and Lisi, 1996

Barger, Marfatia,Whisnanat,2002
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The Magic Baseline

The appearance probability (v. — v,,) in matter, upto second
order in the small parameters o = Am?,/Am?, and sin 26,3,

in?[(1— A)A
Bl 2 sin? 26013 sin® fo3 sin”( - )4
(1—A)?
+ «asin26;3&sindsin(A) sm({lA) sin[(1 - Jfl)A]
A (1—A)
in(AA) sin[(1 — A)A
+ ozsin2913§cos§cos(A)Sm(A ) stnl( A) |
A (1—A)
inZ(AA
+  a? cos® 093 sin® 2015 o 14(12 ) ;

where A = Ami;L/(4E), £ = cos 013 sin 2015 sin 2053,

and A = £(2v2Gpn.E)/Am3,.
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The Magic Baseline

The appearance probability (v. — v,,) in matter, upto second
order in the small parameters o = Am?,/Am?, and sin 26,3,

in?[(1— A)A
Bl 2 sin? 26013 sin® fo3 sin”( - )4
(1—A)?
+ «asin26;3&sindsin(A) sm({lA) sin[(1 - Jfl)A]
A (1—A)
in(AA) sin[(1 — A)A
+ ozsin2913§cos§cos(A)Sm(A ) stnl( A) |
A (1—A)
inZ(AA
+  a? cos® 093 sin® 2015 o 14(12 ) ;

The § dependence disappears for — sin(AA) = 0
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The Magic Baseline

Bl Forsin(AA) =0

e The ¢ dependence disappears from P(v. — v,).

e A clean measurement of the hierarchy and 6,3 is possible without
any degeneracy with .

Bl The first non-trivial solution: v2Grn.L = 27

e Assuming a medium of constant
density p : Luagic[km] ~ 32726/ p[gm /cm”].

e Taking averaged density p ~ 4.5 gm/cC Lyagic =~ 7000 km.
(CERN-INO) baseline
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The Magical Reach of INO

Bl CERN to INO distance = 7152 km
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The Magical Reach of INO

Bl CERN to INO distance = 7152 km

Bl JPARC to INO distance = 6556 km
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The Magical Reach of INO

Bl CERN to INO distance = 7152 km

Bl JPARC to INO distance = 6556 km

Bl RAL to INO distance = 7653 km
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The Magical Reach of INO

Bl CERN to INO distance = 7152 km

Bl JPARC to INO distance = 6556 km

Bl RAL to INO distance = 7653 km

INO is wonderfully close to magic baseline
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The Magical Reach of INO

Bl CERN to INO distance = 7152 km
Bl JPARC to INO distance = 6556 km

Bl RAL to INO distance = 7653 km

INO is wonderfully close to magic baseline

Bl Can be important for beam based experiments

Bl Atmospheric neutrinos cover a large range in L and E
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0.50 - | =1000 km N -+ L=4000 km ]
- | H 1 :

n® 025 1
OOO:‘: }:
0.5  L=7500 km T L=10000 km 7

n®025

O YV N A\ Tl T L o e Yt e e e e e e
1 3 5 7’ 9 11 1 3 5 ’ 9 11

Energy (GeV) Energy (GeV)

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333
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Peﬂ for two values of 63 at different baselines

0.50

0_8' 0.25 ¢

0.00
0.5

D_a_s" 0.25 ¢

,, L =4000 km

T L=10000 km

- L=1000 km o sin®20,,=0.1
: s sin“20,,=0.05
- L=7500 km

“\HH\H ol o nnnanallonnag
1 3 5 V4 9

Energy (GeV)

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

11 1 3 5 7
Energy (GeV)
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The Magic baseline

_ 050 [ | = =
L=4000 km - L=1000km 6in'26,-0.1 L=4000 km

= sin’26,,=0.05

0.50 g =
f L=1000 km NH

n®025 -

0.00 %—

05 [ L=7500 km

a®o02s |

0.00

05 [ L=7500 km

n®o02s | 0025 -

I I .\ A T s T T T T T TN A Ly -y (T R AR A A AR EA A AVA AV A BT
0 1 3 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11
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Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

Bl At ~ 7500 km 6o p dependence negligible

Bl (0cp,0.3) and (6cp, sgn(Am?, ) degeneracies vanish

atm

Bl Clean measurement of sgn(Am?2_ ) 03

atm
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Bl [arge matter effects at long baselines
Bl All three probabilites sensitive to hierarchy

Bl Problem of §-p degeneracy less
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Hierarchy Sensitivity in Atmospheric UV events

L =6000 to 9700 Km, E =510 10 GeV L = 8000 to 10700 Km, E = 4 to 8 GeV
25 . I . T . T . T . T . 20 : | , | : | : |
2
A31:0.002 eV
0l | sin28,,=01
= B[ sn'aazor 1
- - _ 2
o A, =0.002 &V
Z 10t -
- N"=204
— N.'=261
[
Sr N, =103 i
N,'=105
2.7 28 29 3 31 32 3 a1 39 23 34

LoglOL/ E [Km/GeV] Logml—/E [Km/GeV]

B rFor Am§1 > 0 matter effect in v, and (foft 7 Nf—c)

Bl (N0t~ N

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Umashanakr, PRD, 2005
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Atmospheric Neutrinos in INO

Bl Exposure:
100 Kt x 10 yr = 1000 Kt yr

Bl Detection efficiency:
87%

Bl Charge i.d. of muons
100%

3-dimensional Honda fluxes

Range studied for matter effects:
E=2to10 GeV, cosfd, =-0.11t0-1.0

B Muon threshold:
1 GeV

B Detector resolution of
10°,15%
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Statistical analysis

Bl Energy and cos 8, range divided into 8 x 18 = 144 bins

B INO: sensitive to both muons and antimuons

X° =X+ Xz
B Pull method is used
Bl Values of theoretical and systematic uncertainties:
[0 Flux normalization error 20 %
[0 Energy dependent tilt factor 5 %
[0 Zenith angle dependence uncertainty 5 %
[1 Overall cross section uncertainty 10 %

[0 Overall systematic uncertainty 5 %
4 Nexpt — NNH; Ntheory — NIH
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Statistical analysis

Parameters uncertainties are taken care of by Marginalization

Marginalization In Nipeory, D21, 012 fixed, other parameters varied
In the range:

Am3, =2.35 x 1073 — 2.6 x 1072 eV?
Sin2 (923 =04—-0.06
sin® 13 = 0.0 — 0.05 (3¢ bound from CHOOZ is < 0.044)

"True" values of parameters fixed in Nexpt

. — p.49/66
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0
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Bl Effect of 6o p on Muon x? insignificant
R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Shalgar, S. Umashanakar, PRD, 2007
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Effect of Smearing on Atmospheric v Events

600 T T T T T T T T T T T T | |r_._

L NH T

500~ HK, 1.8 Mtyr, u + H events I —

. 2t010 GeV T _

400 pem—==em T —

2 —

& 300 |- R
3 T

200— ==
e no smearing
i --- 159,5°
100 |- o+ 159, 10° —
i == 159, 15° )
| | -.— N0 0Ssc, N0 smearing |
0—1 -0.8 -0.6 -0.4 -0.2

coS em

B With increased width of smearing the event distribution tends to
no oscillation distribution
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Bl Effect of smearing on muon-y? in INO

50????5????5???? 5553535535355550

..... .15.0A)erlergyreg3|ution. .10 ar]gular rewlutlon.

C\\ ..... ..... . ...... u +antiuevents ..... .......... ..... .~ : ..... .....

W
o

x° (NH vs IH)
N
o

=
o

s 10 1 205 10 15 20
angular resolution (degree) energy resolution (%)
B \With increased energy or angular smearing the x? for muon like
events decrease.

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Shalgar, S. Umashanakar, PRD, 2007
Also, T. Schwetz and S.T. Petcov, Nucl. Phys. B, 2006
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Bl Effect of smearing on electron-y?

25 S S 25
_____ 45 Yy energy resolttion | [ 10% angul ar fesOUtiOn- -t
20 [t sy dashedi Pt [ S T o I P

HK, 18Mtyr, sin” 26,,= 0.1

_____ SSUUNS OO SUURS UL RO UM OO SUE SN ONOE OO NN SO0 SO b fixed parameter X
T BEbins 18cosBbins o URERRRIER Rt 15

% (NH vs [H)

5....1.0....1.5....205....1.0....1.5....20
angular resolution (degree) energy resolution (%)
Bl The effect of smearing is less than that for muon events because
the electron survival probability varies less rapidly with energy and
zenith angle.

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Shalgar, S. Umashanakar, PRD, 2007
Also, T. Schwetz and S.T. Petcov, Nucl. Phys. B, 2006




Results

25

20

......... §..........:..4.trué.h|.e:rarch:y NH, fixed parameters. ...
......... ]_5%energy 10degreemgu|ar regg|ut|on
......... INOl@OOktyr :
--------- | ;8~Eb1n318cosebms —— ——

.2
truesin 2613

15

.2
truesin 2613

Bl Hierarchy Sensitvity reduces with marginalization

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Shalgar, S. Umashanakar, PRD, 2007
T. Schwetz and S.T. Petcov, Nucl. Phys. B, 2006

A. Samanta, 2006
D. Indumathi and M.V.N. Murhty, PRD, 2005
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Hierarch Sensitivity: comparative study

Bl INO: 1 Mtyear (100 kT x 10 years)
X =x.+x

Bl HyperKamiokande : 1.8 Mtyear (544 KT x 3.3 years)
X2 — Xiﬂi + Xg—l—é

Bl LigAr: 1 Mtyear (100 kT x 10 years)
X° =X+ X2+ (X2 + x2)1-56ev + (XZie)5—10Gev

sin® 2015 || HKx? | INOx? | LigAr 2
0.0 0.0 0.0 0.0
0.04 3.6 4.5 13.8
0.1 5.9 9.6 27.5
0.15 7.1 16.9

Bl LigAr type detector has better energy smearing and partial charge
identification of electrons (R. Gandhi et al. 2007,2008 )
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Deviation of sin® 53 from maximal value

B D =1/2—sin® 63
Bl |D| gives the deviation of sin” f3
Bl sgn(D) gives the octant of sin? 05

Bl Current 3¢ limits:
®» |D|<0.16 at 3¢ from the SK data
® No robust information on sgn(D)
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Can Earth matter effects determine

D|?

= sin* fa3sin? 2073 sin? (1.27TAR L/E)

B Dependence on 653 in the form sin? 053

. 1 2 3
i 1_Pglu _P/Tu _Pfu
7 |
/— sne ,=0.50 (matter) o m . o
----- sn923-050(vacuum) = ¢?,"sin? 2653 sin? 1. 27(Am3; + A + AR)L/2
- sne ,=0.36 (matter) -
S sne -Q36(vacuum) |
ﬂ L=3000 km
= 575 sin® 2023 sin” [1.27(Am3; + A — AJ})L/2

B Octant sensitivity ?

S.Choubey. and P. Roy hep-ph/0509197
Also Indumathi et al. hep-ph/0603264

9 1
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Can Earth matter effects determine | D| ?

e Using atmospheric neutrinos in INO

sin‘e,,(true)=0.0 sin‘0,,(true)=0.02 sin’e,,(true)=0.04
3 - - . .
\ ,
R | =
T l =
=l  Z . S
T \ <
= | ,
=2 |
< 1
1 .
l ,
= | [ oo
SO | w
9' 2 | | §
z ‘. !
= | ,
< I 1
| | | i } ; I
0.35 0.45 0.55 0.85 0.45 0.55 O@BB5 0.45 0.55 0.65

si n2623(true) sin2623(tru e) si n2923(tru e)

Bl |D| can be measured to ~ 17%(20%) at 3o for s75 = 0.04(0.00)
with 1 MtonY exposure and 50% detector efficiency

S.Choubey. and P. Roy hep-ph/0509197
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Resolving the octant ambiguity in INO

Bl Using atmospheric neutrinos in INO

Bl For every non-maximal sin” f,3(true) there exists a sin? 43 (false)
sin? Ao (false) = 1 - sin? fy3(true)

12 —

DY’ [sin‘8true) - sin,(false)]

2

2

Normal Mass Ordering

Inverted Mass Ordering

~ 1

sin’e,,(true)=0.04

............ sin“e,,(true)=0.03
—-— sin"@(true)=0.02
---- sin‘® (true)=0.01

S
3
~ G|

0 Con nnll nnn nll oo
0.35 0.4 0.45
sin‘e,,(true)

05 055 06 O3 O

4 045 0.5 0.55
sine,,(true)

S.Choubey. and P. Roy hep-ph/0509197
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Comparing the Octant Sensitivity of Experiments

B Long baseline experiments
No octant sensitivity

® [ BL+atmospheric Huber et al hep-ph/0501037
® [ BL accelerator + reactor Minakata et al hep-ph/0601258

B Atmospheric neutrinos in water Cerenkov detectors
sin? 023 (false) can be excluded at 3o if:

sin? fa3(true) < 0.36 or > 0.62
Gonzalez-Garcia et al, hep-ph/0408170

B Atmospheric neutrinos in large magnetized iron detectors
sin? 023 (false) can be excluded at 3o if:

sin? fa3(true) < 0.36 or > 0.63 for sin” @13 (true) = 0.01,

< 0.41 or > 0.58 for sin? §13(true) = 0.03,

)
sin? @3 (true) < 0.40 or > 0.59 for sin? ;3 (true) = 0.02,
sin? Aa3 (true)

)

sin? fa3(true) < 0.42 or > 0.57 for sin” §13(true) = 0.04.

S.Choubey. and P. Roy hep-ph/0509197
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CPT and Lorentz Violation

Bl CPT Invariance and Lorentz symmetry are pillars of modern
physics. Tests of fundamental principles of invariance are
Important due to the far-reaching consequences of their violations.

Bl String or other unified theories may INDUCE small violations of
CPT and Lorentz symmetry into the SM at low energies naturally,
which can be tested at levels reachable by high precision
experiments.

D. Colladay and V. A. Kostelecky, PRD 55, 6760 (1997); PRD 58, 116002 (1998)
S. R. Coleman and S. L. Glashow, PRD 59, 116008 (1999)
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CP, T & CPT In  osclillations

v oscillations are sensitive to violation of Discrete symmetries :

and CPT.

P(vy — vp) L P, Vg)

A ~

CP T
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Violations of discrete symmetries

B If CP is violated then
P(va = vg) # P(Va — 1g),  B#a
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Violations of discrete symmetries

B If CP is violated then

P(va = vg) # P(Va — 1g),  B#a
B If T is violated then

P(va — v5) 2P(vs > va),  B#a
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Violations of discrete symmetries

B If CP is violated then

P(vo — vg) # Pt — 75), B0
B If T is violated then

Pva = 1) #P(s — 1),  B#a
B If CPT is violated then either

P(vo = vg) #P(0g = 1a),  B#a
or,
P(vy, — vy) # P(Uy — U4)
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Violations of discrete symmetries

B If CP is violated then
P(va — v3) £P(0a —> 75),  B#a
B If T is violated then
Plve = vg) #P(vp - 1), B#a
M If CPT is violated then either
P(vo = vg) #P(0g = 1a),  B#a
o,
P(vy, — vy) # P(Uy — U4)
Bl Also, MATTER EFFECTS [ apparent (extrinsic) CP &
CPT violation even if mass matrix is CP conserving
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Atm v, INO and CPT violation

Bl CPT violating term b gives Hamiltonian of the form

m2

A= —+0b
2p+

which gives 2-flavour vacuum survival probability

om? &b
— ) L]

Poo(L) =1 — sin® 20 sin®[(—
(L) sin“ 26 sin“|[( T + 5

where o = u, 7 & dm?, b are eigenvalue differences.

B For anti-neutrinos, b — —b. Hence

om?2L

APSPT — _sin? 20 sin| = | sin(66L)
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Atm 1/, INO and CPT violation

1 2 3 1 2
T I I T I T
— b =0 — b =0
—_ 3} - db=1x210°"" - 3b=1X 107°?
=

|> = -

T ="~ —~ N

= N, =N .
— 2 - N . /
| ~ -~ _ .5./.
=
— b =0 — b =0

= 23 23

— 3 - Odb =3 X 10 - db =1 X 10

T )

= L N
~——— = \‘ / ~- <. _
== 2 |f— ~ N

1 | | 1 | 1
1 2 3 1 2

Gandhi et al., PLB, 2004

Log, (L/E [km/GeV])
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Detector and Physics Simulation

Bl Nuance Event Generator

® Generates of atmospheric neutrino events inside the INO
detector

Bl GEANT Monte Carlo Package
®» Simulates the detector response for the neutrino events

Bl Event Reconstruction
® Fits the raw data to extract neurtrino energy and direction

Bl Physics Performance
$» Analysis of reconstructed events to extract physics.

.- p.66/66
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