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VuV " Neutrino Masses and Mixings
U [ #» Assume that there are only three light neutrinos
Ve v, 9 free parameters in the light neutrino mass matrix
UV, *x 3 neutrino masses: mi, mso and ms
Ve * 3 mixing angles: 615, 623 and 03
V- x 3 phases: 9, a and
Ve v,
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Ve
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5 [ » Assume that there are only three light neutrinos

2
Ve v, 9 free parameters in the light neutrino mass matrix
vV x 3 heutrino masses: mp, ms and ms

Ve * 3 mixing angles: 615, 623 and 03
U+ x 3 phases: 9, a and

1% . _— . .
il =t #» Neutrino oscnlatlon experlments sensmve to

* m3 —m3 = Am3, and m3 m3 = Am32
x all the three mixing angles

x one CP phase: § (Dirac phase)
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vy Neutrino Masses and Mixings

1%
5 [ » Assume that there are only three light neutrinos

2
Ve v, 9 free parameters in the light neutrino mass matrix
vV, *x 3 neutrino masses: mi, mso and ms

Ve * 3 mixing angles: 615, 623 and 03
U+ x 3 phases: 9, a and

1% . _— . .
il =t #» Neutrino oscillation experlments sensmve to

v 2 2 _ 2
8 x all the three mixing angles
2

x one CP phase: ¢ (Dirac phase)

# The CP phases o« and  are observable in AL =2
process (Majorana phases)

#» Absolute neutrino mass scale can be accessible in
x Tritium beta decay experiments
x Neutrinoless double beta decay experiments
x Cosmology
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vy, What we know about the parameters

b ®» Am3, ~8x 107 eV? «

VH K sin2 019 ~ 0.31 %
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What we know about the parameters

® Am3 ~8x107° eV? x
K sin2 019 ~ 0.31 %
® Am3; > 0%
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vy, What we know about the parameters

i ® Am3 ~8x107° eV? x
e p
VH ¢ 9o sin2 010 ~ 0.31
Ve ® Am3; > 0%
U, ® sin” 012 IS not maximal %
Vp
Uy
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vy, What we know about the parameters

gt ®» Am3, ~8x107% eV? «
e v
VH ¢ 9 sin2 010 ~ 0.31
Ve ® Am3; >0
Vr . .
s ® sin’ 6, is not maximal x
i3]
Uy ® |Am3y| ~2—-3x1073 eV? x
Ve
Vr
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vy, What we know about the parameters

gt ®» Am3, ~8x 107 eV? «
e
VH ¢ K sin2 019 ~ 0.31 %
Ve ® Am3; > 0%
V’T . .
U ® sin’fy5 is not maximal x
€ vy,
Uy ® |Am3y| ~2—-3x1073 eV? x
Ve
-2
U ® sin“ 2093 ~ 1 %
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vy, What we know about the parameters

I’jz | ®» Am3, ~8x107% eV? «
VH ¢ K SiIl2 019 ~ 0.31
Ve ® Am3; >0
1/:: TVM # sin’ 2 is not maximal x
’/uy ® |Am3,| ~2—-3x 1077 eV? x
v [ & sin’2093 ~ 1 %
® sin” 2613 < 0(0.1)

x ATM + K2K + MINOS
x Solar Neutrino Experiments + KamLAND
CHOOZ and Palo Verde
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vy What we still don’t know about the parameters

U #» Are 3 flavor oscillations enough?

v . |
© Vy s What are the precise values of AmZ, and sin® 6;5?
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U #» Are 3 flavor oscillations enough?
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U, # What is the precise value of |Am%,|?
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vy What we still don’t know about the parameters

U #» Are 3 flavor oscillations enough?
1% . .
1/6 Vy  ® What are the precise values of Am3, and sin® #15?
2 . .
Ve # What is the precise value of |Am%,|?
% # What is the sign of Am3,
Ve 1
v
Uy
Ve
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vy What we still don’t know about the parameters

U #» Are 3 flavor oscillations enough?
IV/e Vy  ® What are the precise values of Am3, and sin® #15?
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v, ¥ # |s the neutrino spectrum hierarchical or not?
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vy What we still don’t know about the parameters

U # Are 3 flavor osclillations enough?
11//2 Vy  ® What are the precise values of Am3, and sin® #15?
Ve # What is the precise value of |Am3,|?
1/2/7,/ # What is the sign of Am3,
v, ¥ # Is the neutrino spectrum hierarchical or not?
e # s sin? 26,3 exactly maximal (= 1)?
it # If sin? 2653 # 1, what is its octant?
#» How small is sin” 263? Is it zero?
#® Isthe CP phase non-zero?
#» Are the neutrinos really Majorana particles?
#» Is there alink between low energy CPV in the lepton

sector and can we link it to the baryon asymmetry?
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vy Next Generation Experiments

Uy
Ve
VT -.
U, v,
Vy P
Ve
I/VT ®
e vy,
Vy P
Ve
VT -.
P
P
P

Future Solar Neutrino Experiments

Reactor Experiments

Future Atmospheric Neutrino Experiments

Long Baseline Experiments with ConventionalBeam
Long Baseline Experiments with Super Beams
Long Baseline Experiments with Beta Beams

Long Baseline Experiments with Neutrino Factories

Neutrinoless Double Beta Decay Experiments
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vy Future Solar Neutrino Experiments

Vr #» Why do them?
75 v,
Uy
1% .
© # To measure Am3, and 012 more precisely.
Vr
1%
1/e %
“V #» To measure the solar neutrino fluxes more precisely.
(&
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Ve v,

vy Measuring Am3, and sin” 61, precisely — Solar
Ve

gt SNO:
Ve Vi o Measures the v, flux thru CC interactions
v}
- Reoc = ¢plee”
Vr
Ve v, Measures the total active v flux thru NC interactions
Uy
U, Rync = ¢B

Vr
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Ve v,

vy Measuring Am3, and sin” 61, precisely — Solar

Ve
Vr

SNO:

17 . .
© Vu ¢ Measures the v, flux thru CC interactions

Uy
Ve

Vr

Roc = ¢pP.."

Ve v, Measures the total active v flux thru NC interactions

Uy
Ve
Vr

SANDHYA CHOUBEY

Rync = ¢B

ROC

SNo -2
—— = P ~sin“ 015
Rnco
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vy Measuring Am3, and sin” 61, precisely — Solar

gt SNO:
Ve Vi o Measures the v, flux thru CC interactions
v
Ve sNo
Roc = ¢opPee
Vr
Ve v, Measures the total active v flux thru NC interactions
17
H
U, Rync = ¢B
U+ N
Roc

— P ~ gin® 69
Rnc

#» SNO phase-lll results which will have lower
uncertainties on Ry¢ will improve sin? 6,5 accuracy
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Ve Y,
e . , :
vy Measuring Am3, and sin” 61, precisely — Solar
Ve
Vr PP-
Ye v,  Will have energy threshold ~ keV
Vi
Ve
Vr
Ve VH
Uy
Ve
Vr
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Ve v,

vy Measuring Am3, and sin” 61, precisely — Solar
Ve

o | pp:
e v, # Wil have energy threshold ~ keV
7,
HVe ® Observe low energy pp vs through v — e scatt
VT
Ve u,
Uy
Ve

Vr
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vy Measuring Am3, and sin” 61, precisely — Solar

57- | PP-
€ v, # Wilhave energy threshold ~ keV
1%
V. # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO
Ve v,
Uy
Ve
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vy Measuring Am3, and sin” 61, precisely — Solar

Uy pp:

Ye v,  Will have energy threshold ~ keV
U
V. # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO
Ye v, 8 Abitlike SK — but still different
U
i)
Ve
Vr

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



vy Measuring Am3, and sin” 61, precisely — Solar

Uy pp:

Ye v,  Will have energy threshold ~ keV

V“,/e # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO

Ye v,  » Abitlike SK — but still different

V”,/e # Ratio of CC to NC in v — e scattering depends on £
Vr
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vy Measuring Am3, and sin” 61, precisely — Solar

Uy pp:

Ye v,  Will have energy threshold ~ keV

V“,/e # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO

Ye v,  » Abitlike SK — but still different

V”,/e # Ratio of CC to NC in v — e scattering depends on £
UV, ®» ForSKrg ~0.17
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vy Measuring Am3, and sin” 61, precisely — Solar

Uy pp:

Ye v,  Will have energy threshold ~ keV
vV
V. # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO
Ye v,  » Abitlike SK — but still different
vV
”,/e # Ratio of CC to NC in v — e scattering depends on £
UV, : For SK ry. ~ 0.17
» Forppry,, ~0.3

1
R 5 sin® 2615

Rpp

Fee +rpp x (1 = P2)
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vy Measuring Am3, and sin” 61, precisely — Solar

Uy pp:

Ye v, # Will have energy threshold ~ keV
vV
V. # Observe low energy pp vs through v — e scatt
V- #» Not a pure measurement of P, like SNO
Ye v,  » Abitlike SK — but still different
vV
”,/e # Ratio of CC to NC in v — e scattering depends on £
UV, : For SK ry. ~ 0.17
» Forppry,, ~0.3

1
R 5 sin® 2615

Rpp

P 4 mpp x (1 = FZ)
#» These experiments should have error ~ 1%
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vy Comparing Experiments

X
Q)
o o o ©

SANDHYA CHOUBEY

SNO: P, ~ Sin2 019
pp: Poe ~ 1 — %Sin2 2019
Reactor: P.. ~ 1 — sin® 2619 sin*(1.27Am3,L/E)

1 — sin® 261
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v
2! ; ;
vV, Comparlng Experlments
Ve
Vr # SNO: P.. ~sin?6
U, 5y . L'ge = S111 U712
vy, & 9 pp. Poe ~ 1 — %SiHQ 2019
vV
€ ® Reactor: P.. ~ 1 — sin? 2019 sin®(1.27Am2, L/ E
Y, 21
A
Ve VH 9 1 — Sin2 2019
174
Nye # The sin® 015 uncertainty in the three cases are:
Vr o A(Sin2 012) ~ AP,
N A(Sil‘l2 @12) ~ 2(%526512
X A(Sin2 912) = Al

2

4 cos 26012 <sin i

9
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v
2! ; ;
Vi Comparlng Experlments
Ve
Vr # SNO: P.. ~sin?6
v, 5y . L'ge = S111 U712
UV, B ® pp. Pe>~1— %Sin2 2019
vV
€ ® Reactor: P.. ~ 1 — sin? 2019 sin®(1.27Am2, L/ E
Y, 21
A
Ve v, © 1 — sin? 2019
v
”ye # The sin® 015 uncertainty in the three cases are:
Vr o A(Sin2 012) ~ AP
. APee
r A(Sm2 012) =~ S eos 59
® A(sin?0y9) ~ AP
( 12) 4 cos 2@12<Sin2 Am—%lL

4F

9

# Solar experiments DO NOT have good Am3, sensitivity
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vy Measuring the Solar Neutrino Parameters

Ve v, Experiment | |Am3,| sin? 65

Ve Solar + KL 12% 22%

Le I 74 Bandyopadhyay, S.C., Goswami (2005)
v
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vy Measuring the Solar Neutrino Parameters

Vr
Ve v, Experiment |IAm3Z,| sin® 69
1
v}
Ve Solar + KL 12% 22%
1Y
164 Solar + KL + SNO3 | 12%  18%
(2 Uy,
Uy
Ve Bandyopadhyay, S.C., Goswami (2005)
Vr
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vy Measuring the Solar Neutrino Parameters

v
Ve v, Experiment |Am3;|  sin® 61
V“ye Solar + KL 12%  22%

Vé/Tuu Solar + KL + SNO3 12%  18%
Vul/e Solar + SNO3 + 3kTy KL | 6% 16%
Vr

Bandyopadhyay, S.C., Goswami (2005)
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vy Measuring the Solar Neutrino Parameters

v
Ve V), Experiment |Am3,| sin? 612
k. Solar + KL 12%  22%
v Tuu Solar + KL + SNO3 12%  18%
Vuye Solar + SNO3 + 3kTy KL 6% 16%
U Solar + SNO3 + 3KTy KL + pp | 6% 12%

Bandyopadhyay, S.C., Goswami, Petcov hep-ph/0410283
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vy Measuring the Solar Neutrino Parameters

v
Ve V), Experiment |Am3,| sin? 612
k. Solar + KL 12%  22%
v Tuu Solar + KL + SNO3 12%  18%
Vuye Solar + SNO3 + 3kTy KL 6% 16%
U Solar + SNO3 + 3KTy KL + pp | 6% 12%
2.4% 18%

Beacom and Vagins, hep-ph/0309300
S.C. and Petcov, hep-ph/0404103
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vy Measuring the Solar Neutrino Parameters

v

Ve V), Experiment |Am3,| sin? 612

k. Solar + KL 12%  22%

v Tuu Solar + KL + SNO3 12%  18%

Vuye Solar + SNO3 + 3kTy KL 6% 16%

U Solar + SNO3 + 3KTy KL + pp | 6% 12%

2.4% 18%

SPMIN 5% 6%

Bandyopadhyay, S.C., Goswami, hep-ph/0302243
Minakata et al., hep-ph/0407326
Bandyopadhyay, S.C., Goswami, Petcov, hep-ph/0410283
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Vy Probing the Sun through Neutrinos
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vy Probing the Sun through Neutrinos

57 #» Solar neutrino fluxes depend directly on solar model
€ Vy parameters such as:
Vi x The S-factors: Si1, S33, S34, S1.14s S17, Se-7
Ve x Solar luminosity L
VVT * Solar metallicity Z/X
& Mg x Solar opacity Og
VHV x Solar age 74
§ x Solar diffusion Dg
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vy Probing the Sun through Neutrinos

Ve
57 #» Solar neutrino fluxes depend directly on solar model
S 7 parameters such as:
Vuy x The S-factors: Si1, S33, S34, S1.14s S17, Se-7
5 x Solar luminosity L

ar metallicity Z/X
ar opacity Og

ar age 7o

ar diffusion D

®» For instance:

I/VT * S0
€ Vy * S0
VHI/ * S0
e * SO

Vr
OB =
X
X

SANDHYA CHOUBEY

CB (Sll)—2.59(5133)—0.40(5134)4—0.81 (Sl »

Y

)+0.01

(817)+1.0(56_7)—1.0(L®)+6.76 (T®)+1.28(O®>—2,93

—2.20 +1.36
(DG) (Z/X) John Bahcalll

NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



Ve 1,
V,,LV 3 Probing the Sun through Neutrinos

I’jT # Direct measurement of solar neutrino fluxes 8B, 7Be
© Vu and pp, can be turned around to give information on

Vi these parameters
e
V 16 [ | [ | I T T T I I | | | T T T Y I I A | [ |F|_:
T 7
U 5 5
e v, A0 J0, = 2%

7 471 Apyo, = 3% :
Ve B Adl0, = 4% p
Vr 12 o

—
—

—
L]

IIIIiIl IIIIIIIIII IIIIII III IIIIII

[A(Z/X) (Z/%) ] (in %)

ol

1 Z 3 4 5 6 7 8 5 10

A9, ! 0, (in %)
e TDhe
Bandyopadhyay, SC, Goswami, Petcov, hep-ph/0608323

8

=N TR
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Ve u,

|

Vgpﬁ ~ What More Can We Learn From ATM Neutrinos

€
57 ~ #Using Megaton Water Cerenkov Detectors
e
G v}
A gl :
er ~1 Mton water Cherenkov detector at Kamioka
v, e s | [ e S

Aecess firi fi

,)[ ’
Ve
V/ﬂ( 0 T— —_—
r 1 |
gl T = i 4 A R

__ Liner

F Migor Meincior

L . \,e_;ﬁ"'l:"-.. :L 'Iluj.':h_._.l!
Mttt g L@&‘.w Wit 44
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I’jT # Using Megaton Water Cerenkov Detectors
I/e e

7]

Ve “A Water Eherenmv Detector

optimized for
V- = Light attenuation length limit

I/e « PMT pressure imit
vV L « Cost (built-in staging)
Vp
Ve
VT

. ﬁﬂ.-:ﬁﬂ:-’faﬂm %3
" Total Vol: 650 kton

. Fid. Vol: 440 kton (20xSuperK)
# of 20" PMTs: 56,000
separation ] # of 8" PMTs: 14,900
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Vp What More Can We Learn From ATM Neutrinos

Vs # Using Megaton Water Cerenkov Detectors
Ve v,
Uy
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Vp What More Can We Learn From ATM Neutrinos

Vs # Using Large Magnetized Iron Calorimeters (INO-ICAL)

"
A | ] it | ] —— |y ————=

g
[ |
-
|
|
| | I "
E—
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Vp What More Can We Learn From ATM Neutrinos

I’jr # Advantages of Large Magnetized Iron Detectors:
e v
v, o Charge discrimination capacity
Ve = Can distinguish neutrino from antineutrinos
Vr # \Very good E and L resolution
Ve Uy = Fine binning of data possible
Vi
Ve
Vr
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Vp What More Can We Learn From ATM Neutrinos

I’jf # Advantages of Large Magnetized Iron Detectors:
e v
v, o Charge discrimination capacity
Ve = Can distinguish neutrino from antineutrinos
Vr # \Very good E and L resolution
Ve Uy = Fine binning of data possible
Vi
Ve
Vr

# Advantages of Water Cerenkov Detectors:

® Can detect electrons

» L ow threshold
= Can detect lower E neutrinos
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Yy Confirmation of Oscillations
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Vuy Confirmation of Oscillations
€
Vr » Smoking Gun Signal for v, — v, Oscillations
U, v,
VH/ .
Ve ro :
U+ i}
Ve, &%
Vuy 0.6
£ 0.4l —Oscillation —
Vr —Decay
0.2} —Decoherence

saal i E B J.I.J"I

1 10 10° 10° 10"
L/IE (km/GeV)

SK collab, Koshio talk, NANP '05
# |lts Important to observe the characteristic “dip” in L/ E
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Vuy Confirmation of Oscillations
(&4
U, 1.8
II//e V/,L fJ 1.6
'uVe § L4
V- \E__: -
U, v, §5 lf
I V4 0O 08
l,l, . — L
e 8 06:
7, a f
g 8 04Ff
G i
O 02F
of

- — 2l 0 3l B 4
10 10 10 10
L/E (km/GeV)

# There is an indication from the SK L/FE data
SK Collaboration, hep-ex/04xxxxx

=
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Yy Confirmation of Oscillations

Ve

IIjT #In INO-ICAL
(&

7, Vﬂ’ g 140 RANRRRRNRERRN RN RN AR RRRRRRRE
M Q 7 T ]
UV, P Am*=2x107 eV* +Am*=3x107 eV* -

Vr cmr T i

vV 0 T i ]

S Vp oy T :

V”l’ 0 i
Ve g 60_‘ T i

| o 4f T |

AR i |
S0 AT L ]
= \‘HH‘\“H\‘\H- \‘H\;-H-;H‘\H
o 0

225 3 2 25 3

1Og1o<L/E (km/(}e\/)) INO collaboration
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Yy Confirmation of Oscillations

I/e
ZT # In INO-ICAL
€ UV
Ve } 120 FAm*=2x107 eV* Am*=3x107 eV* 1 1 .
VVT R + - 5 s ]
0 I 3
“ Vo ooy T i
V[,L 1) L 2 0.6 — B
L 1 _| z
Ve g B0 | Q:OA L
U, o Nr T - -
A I ] 2] 0.2 - 3x10-3 eVZ__L 2x10-3 eV?
R S - SR | is
g 0 \‘HH‘\“H\‘H\ bl 0 “‘é““g%““é“‘
2 25 3 2 25 3 log,,(L/E (km/(}ev))
1Og1o(L/E (km/(}e\/)) INO collaboration

# The first osclillation dip should be clearly observable
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Uy Precision Measurement of Am3, and 63
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Uy Precision Measurement of Am3, and 63

Experiment | |Am3,| sin® 63
Current 23% 33%
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Uy, Precision Measurement of Am3, and 63

I’j; i Experiment | [Am3,| sin® 63
v, ¢ Current 23% 33%
Ve 13% 38%
U 6%  22%
Ve v, 13%  42%
V"Ve Combination 45%  20%
Vr

Huber et al hep-ph/0403068
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Uy, Precision Measurement of Am3, and 63

I’j; i Experiment | [Am2,| sin® 63
v, ¢ Current 23% 33%
Ve 13% 38%
U 6%  22%
Ve v, 13%  42%
V"Ve Combination 45%  20%

Vr
SK20 (1.84 MTy) | 17%  24%

Huber et al hep-ph/0403068
Gonzalez-Garcia et al, hep-ph/0408170
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Uy, Precision Measurement of Am3, and 63

it Experiment | [Am32,| sin® 63
I/Z 23 Current 23%  33%
e 13%  38%
e 6%  22%
e vy 13%  42%
V”V Combination 45%  20%
(&4
V’T
SK20 (1.84 MTy) | 17%  24%
INO (250 kKTy) | 10%  30%

Huber et al hep-ph/0403068
Gonzalez-Garcia et al, hep-ph/0408170
INO Collaboration
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Vy Three Flavor Oscillations

SANDHYA CHOUBEY

NEUTRINO OSCILLATION PHENOMENOLOGY - II

JIGSAW 2007, 12.02.07



Vy Three Flavor Oscillations in Vacuum

Vr # Flavor Eigenstates # Mass Eigenstates
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Ve v,

Vy Three Flavor Oscillations in Vacuum

Ve

Vr # Flavor Eigenstates # Mass Eigenstates

Ve
Vr

U
e [y
Uy

Ve

Vr

SANDHYA CHOUBEY

L
Ve Vy 8|va) =), Uuilvi)
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Vy Three Flavor Oscillations in Vacuum

Iljr » Flavor Eigenstates # Mass Eigenstates
€ Vy ®va) =), Uilvi)
Uy
Ve
V- C12C13 S12C€13 3136_25
U ' '
€ Vy U= —s12c23 — C12523513€" C12c23 — S12523513€"  S23¢13
17 ‘ |
ul/e 512523 — 61202381367’5 —C12523 — 8126238136“S €23€13
Vr
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Vy Three Flavor Oscillations in Vacuum

57 » Flavor Eigenstates # Mass Eigenstates
© Uy vy) =) ,;Uailvi)
Vi
Ve
U+ C12C13 S$12€13 5136_25
v | |
¢ Vy U= | —siaco3 — c12523513€" claca3 — 512593513€"°  $23¢13
1 ‘ '
ul/e 512593 — C12C23513€"0 —C12593 — 512€23513€™ C23C13
Vr

R sinQAmgjL
PB’V(L): 557 —4236 (UﬁiUwUﬁjUw’) AR

71>1

sin Am?. L

+2 ) Im (UsiU3Uf;Uns) — 55—
7>1
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Yy Three Flavor Oscillations In Matter

Iljr » Flavor Eigenstates # Mass Eigenstates
€
Vn ®|va) =), Ug|v")
Vi
Ve
m .m m .m m ,—i0 "
VVT C12€13 512€13 513€
m __ 10" 10" m .m
Ve Vp U7 = | —sTacy3 — c5893573€"  C5Co3 — S15593573¢€ 523¢13
10" m .m .m0 m _.m
ul/e S13823 — C12C23513€"°  —C2593 — 512C3573€ ©23°13
Vr

sin’ (Am,?j )™ L

PR (L) = 63y, —4» Re(URUUZUM)

1F
1>1
- sm(AmJ)mL
2y Im (URUZFUR U T R

j>1
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Ve v,

Yy Three Flavor Oscillations In Matter

Ve

ZT # Flavor Eigenstates # Mass Eigenstates
CVu #v) =), U

Ve
Vr

U
e [y
Uy

Ve

Vr
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Ve v,

Yy Three Flavor Oscillations In Matter

Ve

ZT # Flavor Eigenstates # Mass Eigenstates
CVu #v) =), U

Ve
Vr

U
e [y
Uy

Ve

Vr

SANDHYA CHOUBEY

Mp =UMpU"  (Vacuum)
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Ve v,

Vuy Three Flavor Oscillations In Matter

ZT # Flavor Eigenstates # Mass Eigenstates
CVu #v) =), U

Ve MP =U"MBU™  (Matter)
Vr

U
e [y
Uy

Ve

Vr
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Yy Three Flavor Oscillations In Matter

Iljr » Flavor Eigenstates # Mass Eigenstates

e Y slva) = X Uy

v}

U, M]@”L:Uli";LUmT (Matter)
Vr
1%
Ve U m? 0 0 A0 0
£ Mp=U[0 md 0 |U'+]0 00
S 0 0 m? 0 0 0

® A = 422G pn.E (+ = neutrinos)
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Yy Three Flavor Oscillations In Matter

Iljr » Flavor Eigenstates # Mass Eigenstates
e Y slva) = X Uy
v}
U, M]@”L:Uli";LUmT (M atter)
Vr
1%
1/6 Uy 0 0 0 A 0O
£ MEp=Ul0o Aam2, 0o |U'+]0 0 0
U 0 0 Amg 0 0 0

® A = +2V2Grn.E (+ = neutrinos)
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Yy Three Flavor Oscillations In Matter

Iljr » Flavor Eigenstates # Mass Eigenstates
e Y slva) = X Uy
v}
U, M]@”L:Uli";LUmT (M atter)
Vr
1%
1/6 Uy 0 0 0 A 0O
£ MEp=Ul0o Aam2, 0o |U'+]0 0 0
U 0 0 Amg 0 0 0

® A = 422G pn.E (+ = neutrinos)
A =4756x 10"°p(gm/cc)E(GeV) eV?
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Yy Three Flavor Oscillations In Matter

57 # Flavor Eigenstates # Mass Eigenstates
e Uy va) = X U
v}
Ve MP =U"MPU™  (Matter
F D
Vr
1
g 0 0 0 A0 0
U, Mr=U|lo am2, o |vt+]o 0 0
U 0 0 Ami 0 0 0
® A = +2V2Grn.E (+ = neutrinos)
8 A =4756x10""p(gm/cc)E(CGeV) eV?
—3 B 2 2
»[A] ~2x10 4.5(gfn/cc) 5.0(GeV) eV= ~ |Amg|

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



Yy Three Flavor Oscillations In Matter

Vr #» Mass squared difference in matter changes to:
v, (Amdy)™ = /(A3 cos 2013 — A)2 + (Am3, sin2613)?
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Yy Three Flavor Oscillations In Matter

I’jf #» Mass squared difference in matter changes to:
e v
A (Amdy)™ = /(A3 cos 2013 — A)2 + (Am3, sin2613)?
Ve
Y # Mixing angle in matter changes to:
Ve 7-I/ sin 2075 = sin 2603 Amg,
v, % (Amgy )™
Ve
Vr
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Yy Three Flavor Oscillations In Matter

I’jf #» Mass squared difference in matter changes to:
e v
A (Amdy)™ = /(A3 cos 2013 — A)2 + (Am3, sin2613)?
Ve
Y # Mixing angle in matter changes to:
Ve TI/ sin 2971773 — sin 26043 Am%l
v, 5 (Amgy )™
Ve

# Both of these depend on the sign of AmZ,
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Yy Three Flavor Oscillations In Matter

I’jf #» Mass squared difference in matter changes to:
e v
A (Amdy)™ = /(A3 cos 2013 — A)2 + (Am3, sin2613)?
Ve
Y # Mixing angle in matter changes to:
Ve TI/ sin 2971773 — §in 26043 Am%l
v, 5 (Amgy )™
Ve

# Both of these depend on the sign of AmZ,
# Effect is opposite for neutrinos and
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Yy Three Flavor Oscillations In Matter

I’Z ] #» Mass squared difference in matter changes to:
v, (& (Am%l)m — \/(Amgl cos 2013 — A)? + (Am%1 sin 2613)?
er #» Mixing angle in matter c:hangesAtﬂcl:2
IV/‘; vy, sin 26075 = sin 2613 (Amgim
Ve » Both of these depend on the sign of Amj,
7 # Effect is opposite for neutrinos and
# When A = AmZ, cos 2613

sin 2073 = 1
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Yy Three Flavor Oscillations In Matter

I’j; ] #» Mass squared difference in matter changes to:

A (Amdy)™ = /(A3 cos 2013 — A)2 + (Am3, sin2613)?

er #» Mixing angle in matter c;hangesAtﬂcl:2
IV/‘; vy, sin 26075 = sin 2613 (Amgim

Ve # Both of these depend on the sign of Am3;
7 # Effect is opposite for neutrinos and
# When A = AmZ, cos 2613
sin 2074 = 1

Matter Enhanced (MSW) Resonance
Wolfenstein 1978, Mikheyev and Smirnov 1985-6
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Yy Three Generation Oscillation Probabilities
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Yy Electron v Transition/Survival Probability
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vV
H .- - .
vy Electron v Transition/Survival Probability
I/e
Am3,)™L
I’j;‘ .. Aml211n’1_> OPMG(L E) = sin®fo3sin® 267 sin 2 { 77;;%)
vV, o, (Am3 )™ L
Ve Amlzllm—> ; Pro(L,E) = cos®fa3sin® 207 sin 43;?
vV
Ve 2 2 (Amgy)™ L
& e lim P.(L,E) = 1—sin®207}sin?
Vi Ams, — 0 4F
Ve
Vr
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vV
H .- - .
vy Electron v Transition/Survival Probability
Ve
5 (Am3,)™L
I’j;‘ .. A777/1211111_> OPMG(L E) = sin®fo3sin® 267 sin 43E1
Y 2 9 oam 2 (Amg)"L
Ve Amhm_} OPTe(L FE) = cos” fa3sin” 2675 sin T
VVT 2 (Am2 )mL
& e lim P.(L,E) = 1—sin®207}sin? ol
Vi Ams, — 0 4F
Ve
.. » Matter effects will be maximal when:
* sin? 2074 =

* Sin2 <Aﬁ%)mL — 1 Ghoshal,Gandhi,Goswami,Mehta,UmaSankar (2004)

are satisfied simultaneously
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| 74
H -l . -
vy Electron v Transition/Survival Probability
Ve
Am3,)™L
Vr lim P, (L,E) = sin 923 sin? 20" 38111 2| (Bm3))
Me v,  Am -0 AE
UV 2 \m
H A L
Ve Amljlfn_) ; Pro(L,E) = cos®f93sin? 2075 sin? ( 7713’;:)
Vr
Am3,)™L
Ve Uy lim P.(L,E) = 1—sin®207}sin? 2 (Am3)
VH Amz; — 0 4F
Ve
.. » Matter effects will be maximal when:
* sin” 207 = 1
* Sin2 <Aﬁ%)mL — ] Ghoshal,Gandhi,Goswami,Mehta,UmaSankar (2004)

are satisfied simultaneously

® This condition of maximal matter effects is
(oL (2p + 1)75.18 x 107
o tan 26013

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07
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vy Electron v Transition/Survival Probability

Am3, )" L
lim P,,(L,E)=sin 2 03 sin® 207 sin? 2 =L
Yeowry  amz — o0 el B) = . o AE
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Yy Electron v Transition/Survival Probability

U, | Am2.)™L
1 lim P, (L,E)=sin 2 B3 sin” 2077% sin” 2 (Am)
& Vy Am3s, — 0 Ak
VH 0.5 ——
| 74 e sin 623—0 5(matter)
P sin 923—0 5(vacuum) i 1
Vr ok | L=7000 km | L =9000 km |
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U, Am2.)™L
U, lim P, (L,E)=sin 2 0og sin? 207 sin? 2 (Amg,)
V'u Am3s, — 0 4k
VH 0.5 ——
| 74 e sin 623—0 5(matter)
—— sin“6,,=0.5(vacuum) 1 1
V’T 0.4 B L =7000 km T L=9000 km |

» Above ~ 3 GeV, matter effects increase for all £ and L
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Yy Electron v Transition/Survival Probability

U, Am2.)™L
U, lim P (L, E) = sin? A3 sin® 207% sin* 2 (Amgz, )
V'u Am3s, — 0 4k
VH 0.5 ——
| 74 e sin 623—0 5(matter)
—— sin“6,,=0.5(vacuum) 1 1
V’T 0.4 B L =7000 km T L=9000 km |

# Sub-dominant Am3, oscillations are also very crucial
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vy Muon Neutrino Survival Probability

UV
Ve Yo lm P,(LE)=1-P,(LE)- P;(L E)-P,,(L E)
i Ams, — 0

Ve
V;/TI/M Pl (L E) : 29m : 22@ .2 (A—I_Am%l) o (Amgl)mL
= Siln S111 S111
I/uV S o = SE -
e A+ Am2,) + (Am2
v PL(LE) = cos?6sin’ 25 sin? m318)E+( M)
Am2 )"
P3(L,E) = sin? 207 sin? By sin? (2731 p

15

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



vy Muon Neutrino Survival Probability

| 4
Ve Yo lm P,(LE)=1-P,(LE)- P;(L E)-P,,(L E)
i Ams, — 0

Ve
V;/TI/M Pl (L E) - 29m - 22@ .2 (A—I_Am%l) o (Amgl)mL
= Siln S111 S111
I/uV S o = SE -
e A+ Am2,) + (Am2
v PL(LE) = cos?6sin’ 25 sin? m31;E+( M)
Am2 )"
P3(L,E) = sin? 207 sin? By sin? (2731 p

15

# Dependence on 653 in the form sin® 653
#» Octant sensitivity Is expected to be good
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V- 1
Ve iy, 0.8
|V “ 0.6 y
H . /- sin“6,,=0.50 (matter)
Ve O e sin’e,_=0.50 (vacuum)
0.2 - - sin262320.36 (matter)
= —- sin'6,,=0.36 (vacuum
VT 0‘11111}12311}1(11}1)1
Ve VH 0.8 | \ L=3000 km
I Vi 0.6 | '
'LLV o~ 0.4
e i
0.2
V- 5
0.8
0.6
0~ 0.4

0.2 |

I v A i L1 B N/
9 11

S.C. and P. Roy, hep-ph/0509197
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Uy
Uy
Ve
V- 1
Ve Vv, 08 |
|V 0.6
K 0’04
Ve o
Vr o
Ve
v 08 |
v ¥ 0.6
¥ 0¥ 0.4
I/e ) i
0.2
V- o |
0.8
0.6
0¥ 0.4

0.2 |

SANDHYA CHOUBEY

L=1000 km

sin°0,,=0.50 (matter)
sin°0,,=0.50 (vacuum)
-~ sin’6,,=0.36 (matter)
—- s q2923=O.3§ (vacuum)

SPMIN2

MIN1

L=3000 km

\ VAN

NEUTRINO OSCILLATION PHENOMENOLOGY - II

9

11

S.C. and P. Roy, hep-ph/0509197
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Yy Large Matter Effects in v, Survival Probability

Uy R L.

Ve 1 081
V “ 06 |
H

(
v, o4y g gnzezgzo_so (vacuum)
02 / o S'n 923:0_36 (maI'[er)
I _ gq2923:0,%6 (vacuqm) 1

® Max effect for L ~ 7000
lkm and EF ~ 5 GeV

1= (EspMAX =~ Eres)
L PMING

Iy

//— sin'8,=0.50 (matter)

L | s | | |
ah
Sl =
s —

L.=3000 km

Ve ol
7 -
v, |

O 04r
Ve
02

MR

08 |1

004 |
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Yy Large Matter Effects in v, Survival Probability

U, L SR
22k W 0l | a | & Max effect for L ~ 7000
7, ¢ 06 | lkm and E ~ 5 GeV
H £ //— sin'8,=0.50 (matter) ] N
I/e 0'4, ----- sin2623:0.50(vacuum) 7 — (ESPM AX = Eres)
, -~ sin'8,,=0.36 (matter)
I V4 v * / - :n2923=0.36 (vaitltjirm) J \\SP e
T 0 = .
7, | ® P, decreases (increases)
€ I/“ 08 | L=3000km ]
vV, 06 | S at SPMAX (SP'\/”N) due to
U, 04 | W\ matter effects

02 |

08 |
06
004 |
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Vy Large Matter Effects in v, Survival Probability

U, T SR
L | M N wa | ®Max effect for L ~ 7000
€ UV 08 L=1000km | Lk
vy, ¢ 6 g ] "-,,‘ i \\.}\ lkm and F ~ 5 GeV
2 — §nB,7050 (matter) - |
UV, al A ::923-050(\Tacuirm) | 3} /ﬁ w1 = (ESPMAX = EreS)
n'8,,=0.36 (mat ; N
V’T 0.(2) S :ne -036Evacu?1rr)n) B {; ‘ \ SPMINZ “‘ijéfMlNl .
s N e | | ® P, decreases (increases)
= m 7
v, 8 Y, | at SPMAX (SPMIN) due to
U, <04 W\ matter effects
02}
v | .
g o ~1 # Sign of the earth matter ef-
Cl \ fects depends on both F and
0¥ 04 | L
02
0 L
1
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Vy Large Matter Effects in v, Survival Probability

U, . . S
1 ol M N wa | ®Max effect for L ~ 7000
Y e AT km and B 5 GeV
f T f o
VH o2 ° / /— sm 0,050 (matter) ) ﬁf/ W ’
Ve 04} s 111 NN 1 = (ESPMAX 22 Eres)
02 A / sn@Z;O 36 (matter) I '.‘ "'/ e SPMIN1
VT 07 — ‘1_ Sme '036(VaCUL‘Jm)} 1J | {; e IR ‘\\7 .
1 . | ®P,, decreases (increases)
€ Vﬂ 08 L=3000 km \ ]
v, 0| 5 | at SPMAX (SPMIN) due to
U, 04 | W\ matter effects
02!
1% | | :
r o ~ 7| #3ign of the earth matter ef-
Cl \>y fects depends on both E and
| L
02 ]
nil ’Matter effects depend on
1

* the value of sin 2 0oq
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Large Matter Effects in v, Survival Probability

08 -
06 |
004

0.2

0.8
06
* 04
02

08 |1

0.6

004 |

_ SPMAX

7
L=1000 km

/

/— sne =0.50 (matter)

- sin 923-0 36 (matter)

(

/o n 923-0 50 (vacuum) |
(
(

e sne -036 vacuum) 1

\\‘I,v\\\\‘\\\\\\
/

| ® Max effect for L ~ 7000

\
“-\ L=7000km -

lkm and E ~

= (EspMAX =~ Ehes)
L PMING

5 GeV

L.=3000 km

\\ | ® P, decreases (increases)

% | at SPMAX (SPMIN) due to
| matter effects

# Sign of the earth matter ef-

fects depends on both £ and

N L

E (GeV)

.oMatter effects depend on

* the value of sin 2 0oq

#» Most important to choose the bins properly in £ and L
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Yy Atmospheric Neutrino Events
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vy Atmospheric Neutrino Events
v
i € Change in number of muon events:
Z
v
Ve 7l Ny = NSPMM+N3P6M
L
Ve 0 1 NB
U — NH PMM+;P€M ] (WhereT:@)
Ve 'y,
Vu _&N(Pl —I—PZ)—I—(PS)/Q(Q—})
Uy NO = Ve T P pp) 231523 7
L4
Vr

2 (Am?ﬂ)m
41F

(Pjﬂ)’ — sin? 2072 sin L

# Can be used to study maximality and octant of 63
# Can be used to study the neutrino mass hierarchy

® Am3, and é¢p bring in small effects
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%
7 i i
Yy Atmospheric Neutrino Events
%
» I Change in number of electron events:
2
v N, Am3 )™ L
Ve Y m—l ~ sin® 207 sin <( TZ%) ) x (1 cos® B3 — 1)
i
Ve .
A mL
V- + sin® 2072 sin® <( Wfé) ) x (1 sin” fag — 1)
Ve 'y,
1)
V“V + sinfo3 cosboz v Re [AT?)AH exp(—10cp)
(&
Vr

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



1%
2! - -
vy Atmospheric Neutrino Events
UV
» e Change in number of electron events:
2

v N, Amg,)™L
VZ Y N—;S —1 ~ sin® 267 sin® <( Trjfé) ) x (1 cos® Bg3 — 1)

Am3,)™L
V- + sin® 207 sin” <( TZSEl) ) x (rsin® fg3 — 1)
Ve vy,
v
V”V + sin (923 COS (923 r Re [AT3A12 eXp(—i5cp)
€
Vr
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Ve vy,
AR Atmospheric Neutrino Events

| ¢
» e Change in number of electron events:
2
Ve v Ne 2 o ((Amg)™L 2
B — -1 ~ 2075 X Oo3 — 1
VHV N sin“ 2675 sin B (rcos® B3 — 1)
e 2
A ML
U+ + sin® 2072 sin® (Am) x (rsin® o3 — 1)
1 41F
e VN
VIJ’V + sin (923 COS (923 r Re [AT3A12 eXp(—i5cp)
(&
Vr

# Am?3,-driven oscillation effect
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1%
2! - -
Yy Atmospheric Neutrino Events
UV
» e Change in number of electron events:
2
vV N, Am2)™L
Ve Y O 1 ~ sin?®267 sin? <( Trjf;j) ) x (1 cos® Bg3 — 1)
H e
U, >
A mL
V- + sin® 2072 sin® << Wfé) ) x (1 sin” fag — 1)
Ve 1,
v
V[J,V + sin 923 COS 923 r Re [AT3A12 eXp(—i50p>
(&
Vr

# Am?3,-driven oscillation effect

# Brings an excess (depletion) in the sub-GeV electron
event sample for sin? fa3 < 0.5(> 0.5)
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1%
2! - -
Yy Atmospheric Neutrino Events
UV
» e Change in number of electron events:
2
vV N, Am2)™L
Ve Y O 1 ~ sin?®267 sin? <( Trjf;j) ) x (1 cos® Bg3 — 1)
H e
U, >
A mL
V- + sin® 2072 sin® << Wfé) ) x (1 sin” fag — 1)
Ve 1,
v
V[J,V + sin 923 COS 923 r Re [AEAIQ eXp(—i5cp>
(&
Vr

# Am?3,-driven oscillation effect

# Brings an excess (depletion) in the sub-GeV electron
event sample for sin? fa3 < 0.5(> 0.5)

# Can be used for studying maximality and octant of 0,3
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1%
2! - -
vy Atmospheric Neutrino Events
UV
» e Change in number of electron events:
2

v N, Amz,)™L
VZ Y N—eg —1 =~ sin®267% sin® << ﬂjfé) ) x (rcos® fa3 — 1)

Am3 )" L
U, +  sin® 207 sin” (( 7713;7) ) x (rsin® fg3 — 1)
Ve vy,
4]
V[J,V + sin 923 COS 923 r Re [AEAIQ eXp(—i5cp>
(&
Vr
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Ve vy,
AR Atmospheric Neutrino Events

UV
» e Change in number of electron events:
o
v N, Am3 )" L
Ve Vi W_l ~ sin® 2607 sin << ﬂjfé) ) x (rcos® 3 — 1)
v}
Ve
Am3 )" L
V- +  sin® 207 sin (( m31) > x (7 sin” fag — 1)
Ve o, AE
v
Vuye + sin 923 COS 923 r Re [ATgAlg eXp(—i50p>
V. ® 013-driven oscillation effect
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1%
2! - -
Yy Atmospheric Neutrino Events
UV
5 e Change in number of electron events:
2
v N, Am3 )" L
VZ Vi W —1 ~ sin*267sin <( ijé) ) x (rcos® 3 — 1)
U, 5
A mL
V- +  sin® 2072 sin® (( M) > x (7 sin” fag — 1)
Ve o, AE
v
V/J,V + sin 923 COS 923 r Re [ATgAlg eXp(—iécp)
(&4
V. ® 013-driven oscillation effect

® Reduces the excess (depletion) in the sub-GeV
electron event sample for sin® fa3 < 0.5(> 0.5) — bad!!

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



1%
2! - -
Yy Atmospheric Neutrino Events
UV
5 e Change in number of electron events:
2
v N, Am3 )" L
VZ Vi W —1 ~ sin*267sin <( ﬂjfé) ) x (rcos® 3 — 1)
U, 5
A mL
V- +  sin® 2072 sin® (< M) > x (7 sin” fag — 1)
Ve o, AE
v
V/J,V + sin 923 COS 923 r Re [A%Alg eXp(—i50p)
(&4
V. ® 013-driven oscillation effect

® Reduces the excess (depletion) in the sub-GeV
electron event sample for sin® fa3 < 0.5(> 0.5) — bad!!

# Big earth matter effects = big change in multi-GeV e
sample, the change being sin” ;3 dependent — excellent!!

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



1Y
7 i i
Yy Atmospheric Neutrino Events
17
5 e Change in number of electron events:
2
v N, Am3,)™L
VZ Vi NO 1 ~ sin®2607 sin <( ﬂjfé) ) x (rcos? fa3 — 1)
Ve .
A mr
V- +  sin® 2072 sin® (< M) ) x (7 sin” fag — 1)
Ve |, AE
4]
Vp,y + sinfo3 cosboz r Re [AT3A12 exp(—10cp)
(&4
U ® 013-driven oscillation effect

® Reduces the excess (depletion) in the sub-GeV
electron event sample for sin® fa3 < 0.5(> 0.5) — bad!!

# Big earth matter effects = big change in multi-GeV e
sample, the change being sin” ;3 dependent — excellent!!

# Can be used for studying maximality and octant of 693
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1%
2! - -
vy Atmospheric Neutrino Events
UV
5 e Change in number of electron events:
2
v N, Am3,)™L
VZ Vi NO 1 ~ sin®2607 sin <( ﬂjfé) ) x (rcos? fa3 — 1)
Ve
Am3 )" L
V- +  sin® 2072 sin® (( M) ) x (7 sin” fag — 1)
Ve o, AE
v
Vp,y + sinfo3 cosboz r Re [ATSAM exp(—10cp)
(&4
U ® 013-driven oscillation effect

® Reduces the excess (depletion) in the sub-GeV
electron event sample for sin® fa3 < 0.5(> 0.5) — bad!!

# Big earth matter effects = big change in multi-GeV e
sample, the change being sin” ;3 dependent — excellent!!

# Can be used for studying maximality and octant of 693
# Can be used for studying the neutrino mass hierarchy
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%
7 i i
Yy Atmospheric Neutrino Events
%
» I Change in number of electron events:
2
v N, Am3 )™ L
Ve Y m—l ~ sin® 207 sin <( Tr:fé) ) x (1 cos® B3 — 1)
i
Ve .
A mL
V- + sin® 2072 sin® <( TZ%) ) x (1 sin” fag — 1)
Ve 'y,
1)
V“V + sinfoz cosboz v Re [A’{?)Alg exp(—10cp)
(&
Vr
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%
7 i i
Yy Atmospheric Neutrino Events
%
» I Change in number of electron events:
2
v N, Am3 )™ L
Ve Y m—l ~ sin® 207 sin <( TZ%) ) x (1 cos® B3 — 1)
i
Ve .
A mL
V- + sin® 207 sin <( Wfé) ) x (1 sin” fag — 1)
Ve 'y,
1)
V“V + sinfoz cosboz v Re [A’{?)Alg exp(—10cp)
(&
Vr

# “interference” term which depends on é¢op
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%
7 i i
Yy Atmospheric Neutrino Events
%
» I Change in number of electron events:
2
v N, Am3 )™ L
Ve Y m —1 ~ sin*267sin <( Tr:fé) ) x (1 cos® fag — 1)
i
Ve .
A mL
V- + sin® 2072 sin® <( Wfé) ) x (1 sin” fag — 1)
Ve 'y,
1)
V“V + sinfoz cosboz v Re [A}‘?)Alg exp(—10cp)
(&
Vr

# “interference” term which depends on é¢op

» It might cancel the effect of the Am3, and 6,3 terms
depending on the value of /op — bad bad bad...
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%
7 i i
Yy Atmospheric Neutrino Events
%
» I Change in number of electron events:
2
v N, Am3 )™ L
Ve Y m —1 ~ sin*267sin <( Tr:fé) ) x (1 cos® fag — 1)
i
Ve .
A mL
V- + sin® 2072 sin® <( Wfé) ) x (1 sin” fag — 1)
Ve 'y,
1)
V“V + sinfoz cosboz v Re [A}‘?)Alg exp(—10cp)
(&
Vr

# “interference” term which depends on é¢op

» It might cancel the effect of the Am3, and 6,3 terms
depending on the value of /op — bad bad bad...

# But it might tell us if 0cp = 0 or 7 (Fogli et al. hep-ph/0506083)
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Yy Atmospheric v Events in MTon Water Detector
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Ve

1 12000
1 8000

1 4000

| 8000
| 6000

| 4000

| 20000

| 16000

events (SK50)

92000

10000

events (SK50)

| 2000

UV
i
vy Atmospherlc Y Events In MTon Water Detector
Ve 20000 |
5 T 16000 -
(& =) —_I
7 Vi © 12000 -
2 < i
Ve £ 8000 - sin’6,;=0.35 1 b
> S sin e —0 65 1T
V- 4000 - i r
Ve : | | | | | | | | : : | | | | | | | |
V V“ 5008 [ : I ! I ! I ! I ! ] [ ! I ! I ! I I ! ]
K 3 MG. = MG, _ :
Ve 4000 - 1 5
U, § 3000
2 p000 | AM=0 S S
2 - Am°,=2.5x10" eV’ 1 b
1000 - sin22623=0.91 1
- sin°8,,=0.00 1 F
°1 06 02 02 06 11 06 -02 02 06

cos& COS¢

# These are just 2-gen v, — v, oscillations
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Ve

| 24
vy Atmospherlc Y Events In MTon Water Detector
Ve 20000 | 1 20000
Vs 16000 | . SG | 16000
1 B 12000 | 12000 2
i} ) : ] )
Ve 2 8000 | sin6,,=0.35 1 8ooo £
> i sin 6 —0 65 ) >
| 4000 | | 4000
Ve Vl,l, 8 L | | | | | | | 9
1 5000 | ‘ — 1 — ‘ —— 12000
© 5 MG | 10000
Ve 4000 | 1| L
3 : i 1 8000 &
U+ S 3000 | | f 3
) ] 6000 £
£ 2000 L Am’,=8x10 " eV’ S S ] Iz
= - Am’,=2.5x10" eV’ 1L | 4000 ¢
L -2 i
1000 sin"20,,=0.91 ]
: sinzeljio.oo 11 ] 2000
| : | : 1 L : | : | : | : | : ] 0

O—1 | —6.6 | —6.2 | 0.2 0.6 1-1 -0.6 -0.2 0.2 0.6 1
cos& COS¢

® Ams3,-driven oscillations bring in octant sensitivity in

SGe events
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I/eV

e Atmospherlc Y Events In MTon Water Detector
Ve

20000 | ‘ — ‘ ‘ ‘ —— 20000
Z T 16000 - G, 4 F | 16000
1 B 12000 - | | 12000 2

2 < : 1 ] <
Ve 2 8000 - sin6,,=0.35 4 b - 8000 £
q>_) i sin 9 _0 65 11 1 5
V- 4000 - i r - 4000
[ P4 I ]
e V | | | | | | | | | | | | | | | | | |
ll’ 5008 L ! I ! I ! I ! I ! ] [ ! I ! I ! I T I T ] 92000
Vl,l, i — ] 1 L MG 1
Ve 4000 - MG, - ! T 10000
) i 1 - 8000 &
| O 3000 & — 11 : 3
- —I—A ? 8 fl.O_5 Vi - L :,':II 7 6000 <
£ 2000 - M 5=0X10 "€ - | @
% - Am’,=2.5x10" eV’ 1 F - 4000 %
L -2 1k i
1000 sin"26,,=0.91 1t h
. sin2913:0.04 1t 1 AU
0 L : | : | : | : | : 1 L : | : | : | : | : ] 0
-1 -06 -02 02 06 1-1 -06 -02 02 06 1
COSE COS¢
® 013 brings in more octant sensitivity through matter
effects
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Yy Atmospheric v Events in INO-ICAL

SANDHYA CHOUBEY

NEUTRINO OSCILLATION PHENOMENOLOGY - II

JIGSAW 2007, 12.02.07



I 74
M - - ;
vy Atmospheric Neutrino Events in INO-ICAL
He 0.2
Vr o - T ]
I/e = 0 ... == —_——me——— —
VLL - -0.1 - » - .
UV ' ] — matter (s°,,=0.5)
H o —0.2 —- vacuum (s°,,=0.5) | i
Ve = —0.3 - |cJ=I0-0.157|]— matter (s°,,=0.36) | |c|=|0.471-0.628] g
-0.4 o o o | |
Vr _ 01 . 1 ]
Ve Vl’l’ Q< O ‘,
U - -0.1 - + -
H 502 - 1 ]
Ve = -0.3 - |c,|=|0.157-0.314| +  lcg|=10.628-0.785 .
v -04 | . 1 - = 1
g 0.1 - T i
o 90— ﬁ:i _______________
<C L £ i
2 -01 - + |:;
~£-0.2 - - -
> —0.3 - |c=|0.314-0.471] +  lcg|=10.785-0.942] 2
_04 | | | | | | | | | | | | | | | | |
1 3 5 7 9 1 3 5 7 9 11
E (GeV) E (GeV)

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

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



Vy Physics from Sub-Dominant Oscillations
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I/eV

V”u y Determining Octant of 63

b # Am?, driven oscillations give an excess of events in

U
=8 L the sub-GeV electron sample. The excess depends

VHV on #»3. This can be used In
© megaton water Cerenkov detectors to study octant.
V(I:T Octant sensitivity is possible even if 613 = 0 if sin? 03
i Y IS sufficiently far from maximal.
H
Ve

Vr
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Vuy Determining Octant of 63
(&
57 ® (3 driven matter effects appear in the multi-GeV
€ Vy electron sample. This effect is 653 dependent. This
Vi can be used in megaton water Cerenkov detectors
Ve to study octant. Both 8,3 should be sufficiently large
Vr and sin? fo3 away from maximal for this.
Ve v,
Uy
Ve
Vr
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1%
1 .
vy Determining Octant of 6.3
Ve
57 #» 03 driven matter effects appear in the multi-GeV
€ Vy electron sample. This effect is 653 dependent. This
E uV can be used in megaton water Cerenkov detectors
= to study octant. Both 8,3 should be sufficiently large
VVT and sin? fo3 away from maximal for this.
e v . . .
v, ¥ #» 0,3 driven matter effects appear in the multi-GeV
Ve muon sample. This excess Is #,3 dependent. This
U can be used in large magnetized iron | detectors to

study octant. Both 6,3 should be sufficiently large
and sin? 3 away from maximal for this.
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1%
1 .
vy Determining Octant of 6.3
Ve
57 #» 03 driven matter effects appear in the multi-GeV
€ Vy electron sample. This effect is 653 dependent. This
E uV can be used in megaton water Cerenkov detectors
= to study octant. Both 8,3 should be sufficiently large
VVT and sin? fo3 away from maximal for this.
e v . . .
v, ¥ #» 0,3 driven matter effects appear in the multi-GeV
Ve muon sample. This excess Is #,3 dependent. This
U can be used in large magnetized iron | detectors to

study octant. Both 6,3 should be sufficiently large
and sin? 3 away from maximal for this.

® Matter effects in general improve sin? 6,3 sensitivity
= Maximality sensitivity improves if 6,3 Is large.
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Ve
Uy
Ve
Vr
Ve y,
Uy

Ve
Vr
Ve 'y,
Uy

Ve
Vr

Uy

Determining sgn(Am2,)

® (3 driven matter effects in multi-GeV electrons can
be used in megaton water Cerenkov detectors to

study hierarchy.
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v
H ..
Y Determining sgn(Ams3;)
(&4
Vr ® (3 driven matter effects in multi-GeV electrons can

Ve v, be used in megaton water Cerenkov detectors to

% H, study hierarchy.
55 i ® (3 driven matter effects in multi-GeV muons can be
U, TV used in large magnetized iron detectors to study
v, ¥ hierarchy.
Ve
Vr

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY - II JIGSAW 2007, 12.02.07



v
H ..
Y Determining sgn(Ams3;)
(&4
Vr ® (3 driven matter effects in multi-GeV electrons can

Ve v, be used in megaton water Cerenkov detectors to

& ;! study hierarchy.
49 : ® (13 driven matter effects in multi-GeV muons can be
U, TV used Iin large magnetized iron detectors to study
v, K hierarchy.
Ve #» For magnetized iron, sensitivity increases as the £
Ur and L resolution improves
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1%
1 ..
v, Determining sgn(Amj3;)
Ve
I’jr ® (3 driven matter effects in multi-GeV electrons can
€ Vy be used in megaton water Cerenkov detectors to

& ;! study hierarchy.

49 : ® (13 driven matter effects in multi-GeV muons can be
U, TV used Iin large magnetized iron detectors to study
v, K hierarchy.

Ve #» For magnetized iron, sensitivity increases as the £
Ur and L resolution improves

# Sensitivity increases with true value of sin® 6;3.
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1%
1 ..
v, Determining sgn(Amj3;)
Ve
I’jr ® (3 driven matter effects in multi-GeV electrons can
€ Vy be used in megaton water Cerenkov detectors to
& ;! study hierarchy.
49 : ® (13 driven matter effects in multi-GeV muons can be
U, TV used Iin large magnetized iron detectors to study
v, K hierarchy.
Ve #» For magnetized iron, sensitivity increases as the £
Ur and L resolution improves

# Sensitivity increases with true value of sin® 6;3.

# Sensitivity increases with true value of sin® a3.
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1%
1 ..
v, Determining sgn(Amj3;)
Ve
I’jr ® (3 driven matter effects in multi-GeV electrons can
€ Vy be used in megaton water Cerenkov detectors to

& ;! study hierarchy.

49 : ® (13 driven matter effects in multi-GeV muons can be
U, TV used Iin large magnetized iron detectors to study
v, K hierarchy.

Ve #» For magnetized iron, sensitivity increases as the £
Ur and L resolution improves

# Sensitivity increases with true value of sin® 6;3.

o

Sensitivity increases with true value of sin? 3.

# Increase in sensitivity with sin” 623 is more for
electron sample than muon sample.
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v, Determining sgn(Am2,)

Uy
Ve
VT ’
Ve y,
Uy
Ve
U ®
Ve y,
Uy
Ve 9o
Vr
r
r
r
r
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013 driven matter effects in multi-GeV electrons can
be used in megaton water Cerenkov detectors to
study hierarchy.

013 driven matter effects in multi-GeV muons can be
used Iin large magnetized iron detectors to study
hierarchy.

For magnetized iron, sensitivity increases as the £
and L resolution improves

Sensitivity increases with true value of sin® ;3.
Sensitivity increases with true value of sin? 3.

Increase in sensitivity with sin® 693 is more for
electron sample than muon sample.

Sens of the electron sample gets affected by 6. p.
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vy, Testing maximality of 6,3
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Testing maximality of 6,3
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vy, Testing maximality of 6,3
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vy, & Testing maximality of 6,3
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# Sensitivity to |D| = |(sin? 623 — 0.5)| comparable
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3 Testing Maximality of 6.3
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# Sensitivity to | D| in ICAL improves marginally with 63
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# Sensitivity to | D] in ICAL improves marginally with 63

# Sensitivity to |D| in SK50 improves remarkably with 63
BACK
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vy Resolving the 0,3 Octant Ambiguity with ICAL
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S.C and P. Roy hep-ph/0509197
# sin” fo3(false) can be excluded at 3¢ if:

sin® (923(131”116) < 0.402 or > 0.592 for sin® f13(true) = 0.02,
%ﬂ\(ﬁ%)’ ) < 0.421 or > 0.573 for sin?#;3(true) = 0.04.
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%’As‘%gegg(false) can be excluded at 3¢ if:

sin? o3 (true) < 0.36 or > 0.62 for sin’ 013 (true) = 0.00.
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Resolving the 6,3 Octant Amblgwty with SK50
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v, Resolving the sgn(Am2,) Ambiguity with ICAL

Ve
|V osc. params. fixed, external prior information, osc. params. free
I/T solid: true hierarchy normal, dashed: true hierarchy inverted
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Vr fryevalueof sin'20,, (Thomas Schwetz)

Petcov and Schwetz, hep-ph/0511277
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v, Resolving the sgn(Am2,) Ambiguity with ICAL

U, osc. params. fixed, external prior information, osc. params. free
1 solid: true hierarchy normal, dashed: true hierarchy inverted
e
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. 2
Vr fievalueof sn29,, (Thomas Schwetz)

Petcov and Schwetz, hep-ph/0511277
# The wrong hierarchy can be ruled out at 2 with 4000
upward going events for sin” 2613 = 0.1(sin” ;3 = 0.026)
and Sin2 03 = 0.5
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v, Resolving the sgn(Am2,) Ambiguity with ICAL

| Y osc. params. fixed, external prior information, osc. params. free
I/T solid: true hierarchy normal, dashed: true hierarchy inverted
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Vr fievalueof sn29,, (Thomas Schwetz)

Petcov and Schwetz, hep-ph/0511277
# The wrong hierarchy can be ruled out at 2 with 4000
upward going events for sin” 2613 = 0.1(sin” ;3 = 0.026)

and Sin2 923 — 0.5 Polamares-Ruiz,Petcov (2003)
Indumathi, Murthy (2004)

Ghoshal,Gandhi,Goswami,Mehta,UmaSankar (2004)

Samanta (2006)
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v, Resolving the sgn(Am2,) Ambiguity with ICAL

| Y osc. params. fixed, external prior information, osc. params. free
I/T solid: true hierarchy normal, dashed: true hierarchy inverted
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| . 2
Vr fievalueof sn29,, (Thomas Schwetz)

Petcov and Schwetz, hep-ph/0511277
# The wrong hierarchy can be ruled out at 2 with 4000
upward going events for sin” 2613 = 0.1(sin” ;3 = 0.026)
and Sin2 03 = 0.5
#» Sensitivity increases with £ and L resolution
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v, Resolving the sgn(Am2,) Ambiguity with ICAL

| Y osc. params. fixed, external prior information, osc. params. free
I/T solid: true hierarchy normal, dashed: true hierarchy inverted
€ V.U 5 8 30 20
VM % i
IV 15
e S —
o
V- = 1 10
I/e . by 7/ 30 —
8 Y § """"""" 5
uy =
= 01 °
| . 2
Vr fievalueof sn29,, (Thomas Schwetz)

Petcov and Schwetz, hep-ph/0511277
# The wrong hierarchy can be ruled out at 2 with 4000
upward going events for sin” 2613 = 0.1(sin” ;3 = 0.026)
and Sin2 03 = 0.5
# Sensitivity increases with electron detection
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Yy Resolving the sgn(Am3,) Ambiguity with ICAL

|V osc. params. fixed, external prior information, osc. params. free
I/T solid: true hierarchy normal, dashed: true hierarchy inverted
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Petcov and Schwetz, hep-ph/0511277
# The wrong hierarchy can be ruled out at 2 with 4000
upward going events for sin” 2613 = 0.1(sin” ;3 = 0.026)
and Sin2 03 = 0.5
# Sensitivity increases with sin? 6,5 BACK
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