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Plan of Talk'

B3 Two flavour oscillation analysis
Bl Solar +KamLAND - constraints on Am? and sin® 0,
Bl Atmospheric+K2K — constraints on Am?2,  and sin® 6.,

atm

BJ Three flavour oscillation analysis

Bl solar+KL+chooz+atmospheric+K2K - constraints on 6,3,
Amg | Am2

atm

BJ Sterile Neutrinos — LSND [
BJ Summary and Future Goals
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v Osclillation: experimental evidences . .. I

Atmospheric Neutrino data from SuperKamiokande

Solar Neutrino Data from Homestake, SAGE, Gallex, GNO,
Kamiokande, SuperKamiokande, SNO (Phase-I,Phase-Il)

Data from Long baseline accelerator based experiment K2K
Long baseline reactor experiment KamLAND

Accelerator based oscillation experiment LSND

—not confirmed by Karmen
—Miniboone will provide independent check
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Global Analysis — Ingredients . . . I

Experimental Data
—statistical error
—systematic errors and their correlations

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, ....)

rate = flux x cross — section x probability

. . N N 2
Minimisation of x7; 44
— covariance method
— pull method Fogli et al.,2002

Frequentist method Creminelli,Signorelli,Strumia
Baysian Analysis M.V.Grazalli and C. Giunti
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Global Analysis — Ingredients . . . I

Experimental Data
—statistical error
—systematic errors and their correlations

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, ....)

rate = flux x cross — section x probability

. . N N 2
Minimisation of x7; 44
— covariance method

— pull method Fogli et al.,2002
Frequentist method Creminelli,Signorelli,Strumia
Baysian Analysis M.V.Grazalli and C. Giunti

Best-fit values of parameters Am?2, sin®4 . ..
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Solar Neutrino Oscillation Parameters:two flavour analysis I
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Allowed area from global Solar Data . . . v,

— Vactive

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free

SoIar/(BPO4) [pre—/sélt] ] Solar/(BPO4) [post/—/é/alt] 1 Am% 1 =6.06 X10—5ev2
0.6 05 % ' / ]

 os 05 | sin® 01, = 0.29 f5=0.89
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free

107 e e 1070 @99% CLLL range
’ Solar/(BP04) [prejsélt] Solar/(l’BPO4) [post/—/é/alt] | Am%1 =(3.1-25.7) x 10~ 5eV2
0.6 05 B | .
/ % ‘, 05 sin” 615, = 0.21 -0.44

....(before salt)
| Am2, =(3.2-14.5) x10~%eV?
- sin®61,=0.22-0.37
.... (after salt)
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free

Solar(BP04) [pre-sal]
0.6 05

Solar(BPO4) [post—/s’/alt]
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sin"6,,

B Upper limit on Am2, and sin” 6, tightens with salt data

- 10° 099% C.L. range

Am3, =(3.1-25.7) x10~°eV?
sin® 01, = 0.21 -0.44
....(before salt)

Am2, =(3.2-14.5) x10~%eV?
sin” 015 = 0.22 -0.37

.... (after salt)
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free

Solar(BP04) [pre-sal]
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- 10° 099% C.L. range

Am3, =(3.1-25.7) x10~°eV?
sin® 01, = 0.21 -0.44
....(before salt)

10™

pre—salt

e mei=0.35 R

10

Am2, =(3.2-14.5) x10~%eV?
sin? 615 = 0.22 -0.37
.... (after salt)

St ne=0.31

B Upper limit on Am2, and sin” 6, tightens with salt data
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Allowed area from global Solar Data . . . v, — Vactive I

Bl Solar Neutrino Oscillation Parameters : Am?% = Am3,, 6o = 612

Bl BPO0O4 fluxes, 8B flux normalisation free

| | - 10° 099% C.L. range
Solar(BP04) [pre-sal( Solar(BPO4) [post-sal] | Am?, =(3.1-25.7) x10~%eV?
0.6 05 :
| / 06 05 sin” 015 = 0.21 -0.44
....(before salt)
| Am2, =(3.2-14.5) x10~%eV?
1 sin? 615 =0.22 -0.37
o .... (after salt)
| 05
J 05 pre—salt _ . Dsalt _
02 03 o4 |02 03 04
01 02 03 04,01 o2 03 o4 o5°
sin"6,,

B Upper limit on Am2, and sin” 6, tightens with salt data

BJ No significant change due to BP04
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Allowed area from KamLAND spectra I

B Survival Probability : P (7, <+ 7,) = 1 — sin? 26 sin” (1.27Am2L>

107 10 10° 10* 10° B
10 7 rrrrmp T oo T T — 110
£ 766.3 ton-year KamLAND data
BJ sensitive to LMA region
(assuming CPT conservation)
<= <> | higher Am?2 regions reduce
10° . 110 In size with new KamLAND data
o ” e New Best fit
<, AmZ = 8.3 x107° eV?
‘“5 sin® 6, = 0.44
KL collaboration, 2004
O 1 e New Best fit
Am2 = 8.4 x107° eV?
— L% | | sin?fg = 0.32
— 99%CL
— %3%cL| 1 Bandyopadhyay et. al. 2004
10-6_2 L ......I_l L ......IO L ......Il L ||||||;0-6
10 10 10 10 10
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Allowed area from Solar+KamLAND . . . I

Solar + KL(162 ton-yr) - I Solar+KI (766.3 ton-yr) | g
a
e =
01 02 03 04 Q1 02 03 04 05
sin'@

10
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Allowed area from Solar+KamLAND . . . I

- Solar + KL(162 ton-yr)

O

T SolarsKI (7663 1ony
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Allowed area from Solar+KamLAND . . . I

- Solar + KL(162 ton-yr)

O

 Solar+KI (766.3 ton-yr)

110

_g° @ Best fit (KL 162Ty)

Am3, =7.2 x10~°eV?
sin® 15 = 0.29, fp=0.89

e New Best fit (KL 766.3Ty)
y Am%l = 8.3 x10~%eV?
sin® 615 = 0.27, fz=0.89

Bandyopadhyay et al., 2004
e New Best fit (KL 766.3Ty)
Am3, =8.2 x107° eV?
sin” 15 = 0.28

KamLAND collaboration 2004

-5
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Allowed area from Solar+KamLAND . . . I

- Solar + KL(162 ton-yr)

 Solar+KI (766.3 ton-yr)

L
01 02 03 04 Q1 02 03 04 05
sinf,,

110

_g° @ Best fit (KL 162Ty)

Am3, =7.2 x10~°eV?
sin® 15 = 0.29, fp=0.89

e New Best fit (KL 766.3Ty)
y Am%l = 8.3 x10~%eV?
sin® 615 = 0.27, fz=0.89

Bandyopadhyay et al., 2004
e New Best fit (KL 766.3Ty)
Am3, =8.2 x107° eV?
sin” @1 = 0.28

KamLAND collaboration 2004

-5
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Bl The high-LMA region is excluded at more than 3¢
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Allowed area from Solar+KamLAND . . . I

- Solar + KL(162 ton-yr)

 Solar+KI (766.3 ton-yr)

L
01 02 03 04 01 02 03 04 05
sinf,,

110

_g° @ Best fit (KL 162Ty)

Am2, =7.2 x10~%eV?
sin? 0,5 = 0.29, fp=0.89

e New Best fit (KL 766.3Ty)
y Am%l = 8.3 x10~%eV?
sin® 615 = 0.27, fz=0.89

Bandyopadhyay et al., 2004
e New Best fit (KL 766.3Ty)
Am3, =8.2 x107° eV?
sin” @1 = 0.28

KamLAND collaboration 2004
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Bl The high-LMA region is excluded at more than 3¢

Bl Solar data disallows 6 > 7 /4 (Dark-Side) solutions 0 Am3, > 0
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Allowed area from Solar+KamLAND . . . I
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Allowed area from Solar+KamLAND . . . I
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Allowed area from Solar+KamLAND . . . I

—— Al solar(BPO4)+K L
—_— Al solar(BPoO4a)
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Bl Am3, further constrained by KamLAND
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Allowed area from Solar+KamLAND . . . I

— Al solar(BPO4)+K L
—_— Al solar(BPoO4a)

27 g e = 27 e e
2a E- 5 2a -
21 f- = 21 =
18 = 18 5
15 E- = 1s =
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> = = - =
= E 3 = E
1z = = iz =
of- = ° =
oE- = o =
3E- — 3 -
oBai i  NA = o =

0.5 1 1073

Bl Am3, further constrained by KamLAND

B sin 0y, not constrained any further
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Allowed area from Solar+KamLAND . . . I

—_— All solar(BPO4)+K L
—_— Al solar(BPoO4a)

27 T L L 0 i 0 ) e

T = .
2a E- = 2a =
21 = 21 =
1s - = 18 =
15 E- = 1s =
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= E 3 = E
1z = = iz =

oF- = ° =
oE- = o =
3E- — 3 -
oBai i  NA = o =
0.5 1 10°°

Bl Am3, further constrained by KamLAND
B sin 0y, not constrained any further

B LOW solution is disfavoured at more than 3o by only solar data
and at about 50 by solar+KL data

Bl Maximal mixing is disfavoured at more than 50
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Impact of each solar experiment . . . I

All Solar (BP04) — 1 Expt + KL

0] 0.1 0.2 0.3 0.4 0] 0.1 0.2 0.3 0.4 0.5
" 99.73% CL T
e 99% CL il
- = 9590 CL T
90% CL& -

AIIso‘Iar - QI + KL ‘ ‘
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. 2
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—~ 10
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Bl SNO instrumental in disfavouring maximal mixing, Dark side and
higher Am? solutions
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On the precision of v, oscillation parameters'

Bl 6%(5%) total error for future SNO NC(CC) data

Amax — Amin
spread = T %100 %

Amazx + Amin

Data set Range™ of spread in  Range™ of  spread in

used Am3, x 1072 ev?  AmZ, sin? 01 sin? 01
only sol 3.2-14.9 65% 0.22 — 0.37 25%
sol+162 Ty KL 5.2-9.8 31% 0.22 — 0.37 25%
sol+ 766.3 Ty KL 7.3-94 13% 0.22 —0.36 24%
future sol+1.3 kTy KL 6.7-7.8 8% 0.24 — 0.34 17%

¥ 99% C.L.
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On the precision of v, oscillation parameters'

Bl 6%(5%) total error for future SNO NC(CC) data

Amaz — Amin
spread = x 100 %
Amazx + Amin

Data set Range™ of spread in  Range™ of  spread in
used Am3, x 1072 ev?  AmZ, sin? 01 sin? 01
only sol 3.2-14.9 65% 0.22 — 0.37 25%
sol+162 Ty KL 5.2-9.8 31% 0.22 — 0.37 25%
sol+ 766.3 Ty KL 7.3-94 13% 0.22 —0.36 24%
future sol+1.3 kTy KL 6.7-7.8 8% 0.24 — 0.34 17%
*99% C.L.

Bl KamLAND has tremendous sensitivity to Am%l

B Does not constrain #;5 much better than the current set of solar
experiments
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Still closer look at KamLAND sensitivity'

B P..—=1-—sin®20sin? (

2
4 sin? (M

4F

AmglL
4F

) 4+ 1= SPMIN, sin? (M) —+ 0 = SPMAX

4F

B SPMIN best for sin® 6, for sin® 6,,<50.37

1.4

1.2 ¥

1.0 =1 —_— —— — — — —
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08+ \..'

=
gv A ILL y SARVAX
'E ¥ Savannah River 1 ii A
© 06 O Bugey "'._I i i
<. »*  Rovno K ;
| & Goesgen 1
0.4 4 Krasnoyark "\_;
O Palo Verde SPMIN
02 B Chooz
® KamlLAND
00 | | | | |
10" 10° 10’ 10* 10°

Distance to Reactor (m)

(KamLAND Collaboration, hep-ex/0212021)

Best-Fit: sin® 0, = 0.3

Range: 0.22 < sin®f, < 0.37

BJ KamLAND is at SPMAX

B The 60,, sensitivity gets smothered

BEJ KamLAND is not at best position for 61,
BJ SPMIN comes at L ~ 70 km for low-LMA

BJ Reactor Experiment at L ~ 70 km

A. Bandyopadhyay , S.Choubey, S.G.sRREN, @@3004 - p.13u3



Potential of LowNU experiments for 6, I

ISo pp scat. rates
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B The pp flux is known with 1% accuracy from Standard Solar
Models (8 B ~ 20%, "Be ~ 10%)

B Can pin down 6,5 if experimental errors are low
A.Bandyopadhyay, S.Choubey, S.Goswami, hep'&@é@%,()@u%ﬁ%m_p.14/43



Potential of LowNU experiments for 6, I

I ‘ I I I I ‘ I I I
S+K 3yr+['Be],  + 5%
+ [p-p],. £ 3%

+ [p-p],. £ 1%

- I Precision in 6;, increases

with reduced error in pp flux

measurement

J.N. Bahcall and C. Pena-Garay, hep-ph/0305159
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3

Potential of day/night asymmetry for Ams;, I

10_ R L N B L L L \
 ISO A, plot
10.005
- - 0.01 N_D
q _
- 0.02 Ap/n =2 :
D T N+D
=~ 10 - 2
o -
(qV _
E -
q B -
Maris, Petcov
10° b de. Hollanda, Smrinov
0.1 0.15 0.2 0.25 . 993 0.35 0.4 0.45 0'5Blennow, Ohlsson,Snellman
Sin 12 Bandyopadhyay et al.

AZ5©=0.04, 3¢ range:0.02-0.07,(low-LMA)

AZNC =~ 0.01, 30 range: 0.009-0.014, (high-LMA).
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Evidence for MSW effect in Sun . . . I

Bounds on aysw (Solar + CHOOZ + KamLAND)

35 r
All current data

30 b O\ eeeee with simulated KL (x 5 statistics)

i with simulated KL (x 10 statistics)
25 —

\ J Visw = \/ﬁGFne

i , standard 1
20 | “\ VMSW — aMSW-V
15 |-
0} Bl "No MSW" rejected

zeroed

s matter at Sevel’a| o

i effects
O ‘ L1l

3 —2 il 2
10 10 10 “ 10 10 Fogli et al. 2003

Cvsw

BJ Increased statistics from KL can put stronger constraints

B More precise test of MSW and "new" physics beyond MSW
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Atmospheric Neutrino Oscillation Param-
eters: two flavour analysis of SK +K2K
data

S.Goswami, Neutrino2004 — p.17/43



Oscillation Analysis Results

(FC + PC + UP-p)

-1 VvV =V
N"'"‘10 T Ilu;c| T T T
% L
- [ |vuoV:

NE - 2-flavor oscillations
<4 i
2
10 ;
. C
10 3 =
: 68% C.L.
— 90% C.L.
99% C.L.
-4
10

sin®20

C.Saji NOON2004

. Best fit:

sin220 =1.0
Am?2 = 2.0x103 eV?
v2  =170.8/170 dof

. 90% C.L. region:
sin%20 > 0.90
1.3 <Am?< 3.0x10-3 eV?

Best-fit 0 2.1x1073 eV?

pa o b oo by o byn o by by o by v v o byg o by yalygg .
0 01 02 03 04 05 06 07 08 09 1 C Kearns, Neutrino2004
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Analysis of SK Atmospheric Data I

B3 Analysis of SuperKamiokande data by two groups * confirm this
downward shift of Am?

atm

Three-Dimensional Honda Atmospheric Fluxes

Normalisation to SK Monte Carlo to include the effect of revised
efficiencies and cross-sections

Bl Pull approach for systematic uncertainties
— provides useful information on the role of systematic
uncertainties on the best-fit rates.

*Maltoni et al.,hep-ph/0405172
*Gonzalez-Garcia et al., hep-ph/0404085
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Allowed area from K2K Experiment'

2

B Py, =1-—sin® 2044, sin’ (%)

Bl L~ 250 km, £, ~ 1.3 GeV

NE [ — — S eBest-fit
< | --|-|---v-|-|-|—m|-|_ :
_2 Am?, =28 x1073 eV?
10 C_’?__ ] A .
i s : sin® 20 ¢, = 1.0
_3 | ’\" .’..nl.
10 F E K2K collaboration, 2003
| —68% _
| — 90%
' —99%
_4 | | | I
10 0 0.2 0.4 0.6 0.8 1

sin?20
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Allowed parameters from SK+K2K analysis'

B Higher Am? values are constrained by K2K

B K2K data does not constrain 6,;,, any better
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B i 2 — -3 2
: 1 Am2,, = 23 x1073 eV?,
L 30__
B I i
o \ I/ ] — — — — atmospheric only
‘\ J 20 atmospheric + K2K
B \ L/ i
C L N L ]
I T T T I T T T I T T T
I 1 [ o= ]
L 4 L — i
B 7 B \
L 4 L HN w e
1 I 1 1 I 1 I 1 1 1 1 1 QI 1 1 1 QI 1 I
0] 0.25 0.5 0.75 10 5 10 15 20
. 2
sin°@ AX

Maltoni et al.,hep-ph/0405172
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Allowed area from SK L/E data . . . I

0 -2 e Best-fit
- Am2, = 24 x1073 eV2

atm

sin® 204¢m = 1.0 (SK L/E)

e90% C.L. range
Am?2, =1.9-3.0x107° eV?,

atm

sin? 20,4¢m > 0.9 (SK L/E)
spread in Am?, = 22%

atm

Am? (eV2)

""" 99% CL 0

¢90% C.L. ran
— 90% C.L. 90% C.L. range
--------- 68% C.L. Am?

2 =1.3-3.0 x1073 eV2,

) . . . . . sin? 20,4m > 0.9 (SK Zenith)

1 1 1 1 1 1 1

07 075 08 08 09 09 1 spreadin Am?, =39%
sin“20

BJ Improved precision in Am?,  with L/E data

atm

BJ Range of sin® 0,4, unchanged — §(sin® 2653) ~ 5%

Y. Ashie et al. SK collaboration, hep-ex/0404034
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Precision of atmospheric neutrino oscillation parameters I

Bl §(sin” 623) ~ 32% [ sin 6,5 precision is worse than sin® 26,3
precision near maximal mixing

Bl §(sin” 2093) = \/(exposure) [ more statistics from SK
Bl §(sin’6a3) ~ 22% in SK 20 years at 90% C.L..

B Increased statistics in L/E data can improve §(Ams3,)
B 5(Am3,) ~ 10% in SK 20 years at 90% C.L..

Bl Effect sensitive to the true Am3, chosen (Am3,=2.5 x107° eV?)
T.Kajita, Talk in NOON2004
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Precision of atmospheric neutrino oscillation parameters I

BJ Large Magnetized Iron (30-100 KT) calorimeters have very good

L/FE resolution
Bl excellent muon track and charge identification

B ~ 5% energy resolution

BJ MONOLITH was first proposed for GranSasso
MONOLITH proposal, http://castore.mi.infn.it/~monolith

B3 INO : currently planned for location in India
§(Am?) ~ 10% for 150 kTy ~ 5 yrs of INO

(at Am?,  ~ 3.0 x1073 eV?)

atm

http:/www.imsc.res.in/~ino

B3 Longbaseline, Superbeam . ..
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Three Flavour Oscillation I

BJ Two mass squared differences

2

2 _ 2 2 _ 2 ~ _ 2
Amyy = Amg,  Amz; = Amepooz = AMgy, = Ama,
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Three Flavour Oscillation I

BJ Two mass squared differences

2

2 _ 2 2 _ 2 ~ _ 2
Amyy = Amg,  Amz; = Amepooz = AMgy, = Ama,

B Three mixing Angles
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Three Flavour Oscillation I

BJ Two mass squared differences

Amz, = Am%, Am3; = AmEpooy = Amey, = Am3,
B Three mixing Angles
Bl U = RysRi3R12 =
C13C12 S$12C13 $13

—S812C23 — S$23513C12 C23C12 — $23513S512 523C13

523512 — S13C23C12 —S823C12 — S13512C23 (C23C13
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Three Flavour Oscillation I

BJ Two mass squared differences
2

atm

2 2 2 2 ~ — 2
Amy, = Amg, Amz; = AmEpooz =~ Amg,, = Ami,
B Three mixing Angles

Bl Am3, << Am3,
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Three Flavour Oscillation I

BJ Two mass squared differences

2 _ 2 2 _ 2 ~ 2
Amy, = Amg, Ams; = AmMEpooz =~ Am

_ 2
atm — Am32

BJ Three mixing Angles

Bl Am3, << Am3,
Bl Atmospheric probabilites depend on Am2,, 613, 023
Bl Solar neutrino probabilites depend on Am3,, 612, 613
Bl CP violation phases can be neglected
B 9,3 = 0 O solar and atmospheric neutrinos decouple
Bl CHOOZ probability depends on Am2,, ;3

S.Goswami, Neutrino2004 — p.24/43



Allowed area from CHOOZI

10-2 | IIIIIII| | IIIIII| | IIIIIII| | IIIIIII| T TTTTT
| Theregion Theregion i
" alowed from disallowed from ]
| CHOOZ data CHOOZ data Bl CHOOZ/PaloVarde —
I 1 bound on 6;5 from
I ] non-observation of v,
] 90% CL allowed region | disappearance
N from Sk+K2K :
3 e B3 The 6;3 bound from CHOOZ
Nk i vt Using L/E range | depends on Am2
g [rirrmrrore /<31 Using the zenith range P 31
SEEN LN :
SRSRTARNEI Bl Stronger bounds for higher
NSRS Lorad N Am2
\:\‘:\.,.. \ ] _\:_\\\_\\:\\_\\ ;.\: .\: \ A
— 90% CL
— 95% CL
— 99% CL
99.73% CL
'3 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | 1L 11111l
10
10° 10° 10" 10’ 10" 10°
2
tan 6

13
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Bounds on sin? 65 I

CHOOZ+(K2K+ATM)
Solar(BPO4)+KL+CHOOZ+(K2K+ATM)
Solar(BP04)+CHOOZ+(K2K+ATM)
Solar(BP0O4) + KL

N

\
[

— Ll T 1 Wl
0.02 0.04 0.06 0.08

. 2
sin 613

o
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Bounds on sin? 65 I

- - CHOOZ+(K2K+ATM)

H— Solar(BP04)+KL+CHOOZ+(K2K+ATM)
1 — Solar(BP04)+CHOOZ+(K2K+ATM)

I Solar(BP04) + KL

I\LIIIIIII|IIIII

IIIIIIIII|IIIIIIIII|IIIIIIIIIIIII
N

OIIIIIIIII|IIIIIIIII

30 Bounds (Ay? = 9)

® Assuming the Am%Q range from SK+K2K analysis

sin? 613 < 0.096 (CHOOZ+ ATM+K2K)
sin” 013 < 0.077 (Sol+CHOOZ+ ATM+K2K)
sin? 613 < 0.074 (all data)

Bandyopadhyay et al., 2003
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Bounds on sin? 65 I

30 Bounds (Ay? = 9)

Bandyopadhyay et al., 2003

15_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ . 2 .
: . ® Assuming the Am32 range from SK+K2K analysis
[~ CHOOZ+(K2K+ATM) sin? 013 < 0.096 (CHOOZ+ ATM+K2K)
H— Solar(BP04)+KL+CHOOZ+(K2K+ATM . .

20— rmroscroozegakeany -/ sin? 613 < 0.077 (Sol+CHOOZ+ ATM+K2K)
H— Solar(BPO4) + KL // sin? 613 < 0.074 (all data)

® Assuming the SK zenith analysis

sin? 613 < 0.067 (all data)
Fogli et al., 2003

N
1 Y I |

® Assuming SK L/E analysis

sin® 013 < 0.05  (all data)
Fogli, Lisi, Marrone, Palazo, 2004

OIIIIIIIII|IIIIIIIII

® SK zenith+K2K+solar+reactor analysis

sin? 613 < 0.061  (all data)

Maltoni et al,2004
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B Solar:

Bl CHOOZz

Effect of sin? 0,53 on Solar Parameters I

Solar(BP0O4) + KamLAND + CHOOZ

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5
sin6,, = 0.00 sin“e,,=0.02
A | | | ———+— |
sin“e,, = 0.04 sin®e,, = 0.065
&

T T S S S I S TS ST S ST TS [ S S S S B L v L

0.1 0.2 0.3 0.4 2O.l 0.2 0.3 0.4 0.5
sin"6,,

Pee

Pee ~ COS4 91381112 912

B KamLAND  P.. = cos® 613 (1 — sin? 20;0sin2 A2 L

4F,

: .2 Am2, L
1 — sin® 2013sin? 20a1~
3

4 F,

)
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Effect of sin? 0,53 on Solar Parameters I

31 oscillations : Solar + (Atm. + K2K) + CHOOZ + KamLAND

—3
10 T T T 5 ‘ —_— ‘ ‘
_ o 2
ST O - s;z= 0.02
~ —4
o~ 10 — — — —
= R F R
(«B] -
~—_ _— -
= :
O 10757 — — —
3 d.o.f. B E
90 =% B
------- 95 %% B
99 = i
------- 99.73 =
1o % b P R N AR ARV AP BRI AR IR A
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
—3
10 ‘ ——— e —_—
F 2
s2.= 0.04 - s2. = 0.06
& —4
10 - — - —
= E F E
(¢B) -
~—— :
= N
< s
10 - — = —
jo @ by P R N AR ARV AP BRI AR IR A

(@] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 (@] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

sin®1%,, sin®1Y,,

B3 Using the SK likelihood function of Am§2,sin2 053 from the SK L/E

analysis by graphical reduction
Fogli, Lisi, Marrone, Palazo, 2004
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Three generation parameters'
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2. 2 . 2
{sin"6,,, sin'6,.} sinf,

BJ Minimised w.r.t undisplayed parameters

Maltoni et al., 2004
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Three generation parameters'
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e 30 range: 3-flavour analysis

Am3, =1.1-3.4 x107° eV?
sin? f35 = 0.32 -0.7

Am3, =5.4-9.4 x107° eV?
sin? 65 = 0.23 -0.39

| #30 range: 2-flavour analysis
| Am3; =1.1-3.4 x1073 eV?
1 sin? y3 = 0.32 -0.68

| Am3, =5.4-9.4 x1075 eV?

0 05 05 0B Ly g7 1t if sin® B = 0.23 -0.39

{sin’8,,, sin'8,

)
sin 913
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Bound on Amj3, / Am3, I

Bl o = AmZ,/AmZ, O the hierarchy
parameter associated with
subleading oscillations

B Best-fit
o =0.03
o sin 2601, = 0.028

10 10 Maltoni et al. 2004
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Three neutrino oscillation parameters'

oBest-fit
LY
Ve Am2, =7.1 x107° eV2, sin? 612 = 0.29
" AmZ, = 2.4 x1073 eV2, sin263 = 0.5,
T 4\_ [ V-[ Sin2 013 — 001
i Fogli, Lisi, Marrone, Palazzo,2004
atmospheric
L~ 2X10° eV 084 054 0.1
U=1-044 056 0.71
| 0.32 -0.63 0.71
I -5 2
' solar ~ 7x10 " eV
LV
| F— .
V2 Bl Am3, can be positive or negative

Bl Am3, > 0 (from solar data)
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Summary-Current status I

Solar+KamLAND

MSW effect in sun is confirmed.

Salt phase data from SNO further restricts Am?2 and sin” 0,
Solar + new KamLAND data favours low-LMA

Best-fit Am2 = 8.3 x107° eV?, sin” §, =0.28

high-LMA disallowed at more than 3o

Maximal mixing disfavoured at more than 5¢

Solar Neutrino physics enters precision era
Atmospheric+K2K

B Analysis of SK zenith angle data gives Am?,  ~ 2.1 x1073 eV?,

atm
SiIl2 9atm =0.5
Bl K2K constrains the higher Am? part
Bl The L/FE data gives Am?2,  =2.4 x1073 eV?, sin® 0,4y, =0.5

atm

Bl Increased precision in Am?, ~with L/E data

atm
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Summary -Current status I

Three Generation Analysis

B3 Solar,KamLAND ,atmospheric,K2K,CHOOZ data compatible

BJ The bound on 645 is sensitive to the allowed Am§2 range and
SiIl2 013 < 0.05-0.07

Bl Best fit value of Am3,/Am3, = 0.03
B3 The two generation allowed parameter regions are stable

S.Goswami, Neutrino2004 — p.32/43



Future goals I

BJ Improve the precision of parameters we already know
BJ Obtain some measure of smallness of 65

B Determine the sign of Am?,

B3 Search for CP violation in the lepton sector;

BJ Subleading effects in solar and atmospheric neutrinos

Bl Sterile neutrinos, discrete symmetries, Nonstandard
Interactions . ..

S.Goswami, Neutrino2004 — p.33/43



Future goals I

BJ Improve the precision of parameters we already know
BJ Obtain some measure of smallness of 65

B Determine the sign of Am?,

B3 Search for CP violation in the lepton sector;

BJ Subleading effects in solar and atmospheric neutrinos

Bl Sterile neutrinos, discrete symmetries, Nonstandard
Interactions . ..

Thanks to T.Kajita, E. Lisi, M. Maltoni for disucssions
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Sterile component in solar v, quxI

Solar(BpOo4) + KamL AND

e O B b
fB sSiN”
Ve — SINQ Vg + COS Qs e Best-fit sin® o = 1.0
. 2 . .
sin“a =1, pure v, — v, e sterile fraction cos? o < 0.41 at 3¢
sina =0, pure v, — v,

A.Bandyopadhyay,S.Choubey,S.Goswami,S.T.Petcov,D.P.Roy, hep-phiQ30Qdifhsho - p.34az



Accommodating LSND I

Bl Adding extra sterile neutrinos
Bl CPT violation

One additional sterile neutrino
e 6 mixing angles

* two possible mass schemes m, . —_n
| n 2 |
o2 :Am am |
3 T ' !
| ALSND
' I
' I
ALSND :
I ' 2
! 2 M,
. Am
) | atm: )
mZ ! A 2 x m2
2 I Am I )
m1 v sl ] m1

2+2 3+1
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SIS

B 3+1 disfavoured from SBL accelerator and reactor experiments
Karmen+Bugey+CDHS+NOMAD

10

[ev7]

LSND
=

2

Am
T IIIIII|

0.1

—-—~__
~
g
P

~—_

-~
-~
-~

--- 95% CL bound
— 99% CL bound

™

LSND 90% and 99% CL

Two small areas consistent at 99
C.L.

2+2 disfavored irrespective of LS

Is confirmed or not
—oscillation to almost pure ste

state is disfavoured in both solar ¢
atmospheric

M.Maltoni et al.,hep-ph/0209368

S.Goswami, Neutrino2004 — p.36/43



Effect of K2K on Am?,
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Maltoni et al
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Sensitivity of sin? 65 I

L .. I For ® B neutrinos undergoing matter
o.9§ E-imeze """""" enhanced resonance
R sin ]
08 Aggﬁleacilons A0S 28, g PAD ~~ sin 9@ LMA(AD)
0.7 S ] .
ns el - B For VO U sin (Am%ZL/E) =1/2
o5 M T PAV =1 - 1sin®20g
04 | //// ] Averaged Oscillations(AV)
03 ftAdlf%lbatlc)/// 7
3 p transitons - B For VO O sin*(Am2 L/E) =
0.2 | ] .
. “ PSPMIN —1 _gin? 20
T Survival Prob. MINima(SPMIN)
0

01 015 02 025 03 035 04 045 05
sin‘e,,

(Asin®0g)ap ~ AP,.; good if sin?fg ~ 0.5

(Asin?6g) gy ~ _2Acfse;(9®; better if  cos 260 2 0.5(sin* §,, < 0.25)

(Sin? 00) spmin ~ 2L bestif  cos 206,20.25(sin? 0,50.375)
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Future precision of three neutrino oscillation parameters'

Bl 9,5 from solar

10 |

sz vs 0,

J.N. Bahcall and C. Pena-Garay, hep-ph/0305159

BJ Reactors, Superbeams...

S.Goswami, Neutrino2004 — p.43/43



Future precision of three neutrino oscillation parameters'

B3 9,3, 053, sign of A,3 from observation of earth matter effects in
atmospheric neutrinos

B3 Detectors with charge identification capability
Bl MINOS, INO....

Palomarez-Ruiz, Petcov, 2004
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