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B “Magic Baseline”
B CERN based (3-beam source

B India-Based Neutrino Observatory (INO)
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Then (1930): Pauli

I have hit upon a desperate remedy to save the
exchange theorem and the conservation of energy.
Namely, the possibility that there could exist

electrically neutral spin % particles of small mass ....
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Then (1930): Pauli

I have hit upon a desperate remedy to save the
exchange theorem and the conservation of energy.
Namely, the possibility that there could exist
electrically neutral spin % particles of small mass ....

Now (2004): APS Neutrino Study Group

Much of what we know about neutrinos we have

learned in the last six years. .... We have so many
new questions, ... We are most certain of one thing :
neutrinos will continue to surprise us ....

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07



S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07 — p.4/43



I ¢

LS CHPTTR 0

ANy 4
EC ¢

Past and Present I

Neutrino physice, a bit player on the physics stage
in yesteryears, has now donned a central role

Spectacular results from a series of experiments
involving solar, atmospheric, reactor and accelerator
neutrinos have firmly established neutrino
oscillations

Research in this area is now poised to move into the
precision regime
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Past and Present I

Neutrino physice, a bit player on the physics stage
in yesteryears, has now donned a central role

Spectacular results from a series of experiments
involving solar, atmospheric, reactor and accelerator
neutrinos have firmly established neutrino
oscillations

Research in this area is now poised to move into the
precision regime

Next generation experiments have been
planned /proposed world-wide to further pin down
the values of the oscillation parameters
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Present Status

’f 1
5 (Our convention : Amz-j = m; — mj)
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ATM + K2K + MINOS
[Am2,| ~ 25597 x 1073e V2, fy3 ~ 45.0°7522. (30)

Solar Neutrino Experiments + KamLAND :
Am3, ~8.0712 x 107%eV?2, 015 ~ 33.83°T482) (30)

(Our convention : Am] = m? — 2)

Chooz + Palo Verde :
sin 2013 < 0.17 (30)

Two large mixing angles and the relative
oscillation frequencies open the possibility to
test CP violation in the neutrino sector, if ;3
and dcp are not vanishingly small
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® The sign of Am3, (m% —m?) is not known.
Neutrino mass spectrum can be normal or
inverted hierarchical

A o
3 I m O e
- solar {
o I |
o
o (3
= =
R Vi Vi Am2
T 0
2 } solar
1 I 3
NORMAL INVERTED
HIERARCHY HIERARCHY

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07




@ The Dirac CP phase (0cp) is unconstrained

We will focus on the first two issues...
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The appearance probability (v. — v,) in matter, upto second
order in the small parameters o = Am3,/Am3, and sin 203,

in?[(1— A)A
A sin® 2613 sin® O3 s - )4
(1—A)?

+  «a sin2613& sindopsin(A)

>
~—~
—
|

+ «a sin2613& cosdop cos(A)

>

+  a? cos® 093 sin® 2015 P

where A = Am3,L/(4E), £ = cos 13 sin 2605; sin 2053,
and A = +(2v2Gpn.E)/Am?,
Cervera et al., hep-ph/0002108
Freund, Huber, Lindner, hep-ph/0105071
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Eight-fold Degeneracy

M 5 (sgn(Amgl), 0cp) degeneracy
Minakata, Nunokawa, hep-ph /0108085
> Fﬁ
- B (03, 7/2 — 63) degeneracy

Fogli, Lisi, hep-ph/9604415
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Kill the “Clones” at the “Magic” Baseline

Huber, Winter, hep-ph/0301257
Smirnov, hep-ph/0610198
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013 and sgn(Am3,)
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Magic Baseline I

If one chooses :

® The ocp dependence disappears from 7.,

B Golden channel enables a clean determination of
013 and sgn(Am3,)

B ¢ S

First non-trivial solution: v/2Grn.L = 27 (indep of E)

B Isoscalar medium of constant density p :
Linagic[km] ~ 32725/ p[gm/cm”]

B According to PREM, the “Magic Baseline”

LS TR0

I

Lmagic = 7690 km
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Best-fit values

Am3, =8.0 x 107° eV?
Sin2 912 = 0.31

ocp =0

Chosen benchmark values of oscillation parameters,
except sin’ 263

Exact 3-flav osc. prob using PERM profile
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0.50 * L=1000 km ” L=4000 km
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Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

Normal .vs. Inverted hierarchy

7 9 11
Energy (GeV)

SiIl2 2913 = 0.1

S. K. Agarwalla MPI-K Heidelberg, Germany

21st May, 07




= o4} Transition Probability £,

|
¢}
o ®
l! 0.00 e .;: HHH{HHH:{HHH:guuu;g;u:
'} 0.5 - L=7500 km T L=10000 km .

A% 0.25 :

0 NN ] T T T T T T T T I T T T T T T TS T T I
5 7 9 11 1 3 5 7 9 11

Energy (GeV) Energy (GeV)
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What is Beta Beam?

Beta Deacy Process

vﬂ Beila Beam

P. Zucchelli, Phys. Lett. B 532 (2002) 166

Beta decay of completely ionized, radioactive ions
circulating in a storage ring. No contamination of
other types of neutrinos
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B High Lorentz boost of the parent ions = better
collimation and higher energy of beam
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Some positive features I

B Known energy spectrum

L

B High intensity and low systematic errors

B High Lorentz boost of the parent ions = better
collimation and higher energy of beam

B Can be produced with existing CERN facilities
or planned upgrades

Bl It can be operated simultaneously in the v, as
well as 7, mode. The boost factors are fixed by
the e/m ratio of the respective ions

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07



Beta Beam : lon sources

gB 1.11 14.43 600684.26 100% Ve
§Li 1.20 13.47 425355.16 100% Ve

Comparison of different source ions

Low-v design, useful decays in case of anti-neutrinos
can be 2.9 x 10'® /year and for neutrinos
1.1 x 108 /year

I ¢
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Schematic Lay-out

- Baseline Beta Beam
facility comprises these
sections — Acceleration

— Proton Driver olinac, RCS, PS, SPS
- SPL (»4 GeV) — Decay Ring
— ISOL Target o 7000 m; 2500 m straight

- spallation neutrons or
direct protons

— Ton Source
o pulsed ECR

Baseline concept assumes
CERN PS, S5PS

Use of Tevatron alsce RCS
being considered

e~ T /e P A.__ “

PR “t OTD
flUpUbB /U Gd. 1 LUIII})IE Al U ILUIULN

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07 — p.18/43



v-factory mmmp

beta-beam mp

target

proton mesp T+ + ...
l.; u +v, (super-beam)

L} et + "\f']Lt+Tf"ch

target
proton s isotope

and charge conjugated

H *
L, isotope* + e+ + v,

N v-factory uses beam of 4" generation.
’*T Beta-beam uses 3 generation beam.
L) Beta-beam is technically closer to existing/used accelerator technology.

lon source

>

Acceleration

>

Storage

fl> Neutrino beam

T T

Iltimate choice depends on future R&D

S. K. Agarwalla
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' The INO/ICAL will be the world’s

y ' first magnetized large mass iron

: calorimeter with interleaved Glass
RPC detectors
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Location of INO

Bhan
MYANMAR

SHa="" Y yanapm BAY OF BENGAL

{Pandicherry)

0 e
g s

PONDIGHERRY o Fort Blair

S
{Pordonery) ANDAMAN & NICOBAR ISLANDS
T ——
ton of INO o PUSHEP Site (Lat: N11.5°, Long: E76.6%)
Prnsriaht @ Camnara Infahace Put |t 200% Mao nat to Scale .

PUSHEP-Bangalore: 250km

http://www.imsc.res.in/~ino/
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INDIA BASED NEUTRINO OBSERVATORY
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Spokesperson: Prof. N.K. Mondal, TIFR
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Artificial Source
Beta Beam ?
Neutrino Factory 7

12.71-13.1

9.9-12.15
FERMI LAB
(10480)
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B A magnetized Iron calorimeter (ICAL) detector
with excellent efficiency of charge identification
(~ 95%) and good energy determination

B Preferred location is Singara (PUSHEP) in the
Nilgiris (near Bangalore), 7152 km from CERN

B A (50+50) Kton Iron detector

B Oscillation signal is the muon track
(ve — v, channel)
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Total Mass

Energy threshold
Detection Efficiencyd)
Charge Identification Efficiencyf{p)

50 kton
1.5 GeV
60%
95%

Detector characteristics used in the simulations

We assume a (Gaussian energy resolution function

with 0 = 0.15F
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f-beam flux at INO-ICAL
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Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

Boosted on-axis spectrum of v, and 7,
at the far detector assuming no oscillation

S. K. Agarwalla

MPI-K  Heidelberg, Germany 21st May, 07




contribution to the neutrino parameters,
essential for probing the sign of Amgl

I ¢
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CERN - INO Long Baseline I

LcgrN-IN0 = 7152 km

B The longer baseline captures a matter-induced
contribution to the neutrino parameters,
essential for probing the sign of Am%l

B The CERN - INO baseline, close to the ‘Magic’
value, ensures essentially no dependence of the
final results on 0. p. This ‘Magic’ value is

LS TR0
B ¢ Y

independent of

This permits a clean measurement of ;3

I 6
°

avolding the degeneracy issues which plague
other baselines
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@ The very long CERN - INO baseline provides an
excellent avenue to pin-down matter induced
contributions

B In particular, a resonance occurs at

LS T
E ¢ JE—

E _ |Am3; | cos 2013
res = o AGeN.
= 6.1 GeV

with [Am2,| = 2.5 x 1073 eV?, sin? 2613 = 0.1 and
pav = 4.13 gm/cc (PREM) for the baseline of 7152 km

B
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Events in 5 years

250

200

150

100

50

0.0c

8B Neutrino Beam

CERN -INO

== 500 & NH
—— 500 & IH
- = 350 & NH
— — 350 & IH
— 250 & NH

—— 250 & IH g

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

Events in 5 years

350

300

250

200

150

100

8Li Anti-neutrino beam

CERN - INO

—= 500 & IH /
—--— 500 & NH 5
- - 350&IH Y
— - 350 &NH i
— 250 & IH
—— 250 & NH 5

Event rates sharply depend on mass ordering and 03

S. K. Agarwalla
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Event Rates (contd..)

250 ! I T 1T 1 rrrrj |,.|\|
: ¢ CERN-INO  8BNeutrino Beam \\
@ 200} Y = 500 (NH) A\
3]
v —---5%
>
g o 150 —— PREM profile 7]
e cl ——= +5%
o @
3 B 100 -
<
>4 g
_ 9| S0 —
-
N | ! T R | ! P
8.001 0.01 0.1 0
.« 2
51n2613
Agarwalla, Choubey, Raychaudhuri, hep-ph /0610333

Sensitivity to matter profile
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400
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200
150

Ocp (degree)

100
50
0

S. K. Agarwalla

[S

5 Inputs
in 2613 =0.04
dcp=0

%

25 3.0 35 4.0 45

|
5.0

sin 26,3 (1072

| |
55 6.0 65

)
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400
350
300
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200
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50
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sin 2613 = 0.043 v = 350
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i 100000 S
4000
- 732 : -
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0 | | | RV | | |
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sin 265 107

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

At CERN-INO distance, the effect of oop
on the measurement of 63 is less
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N™({w}, {&})
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I

minimizing Xt20tal

X2({W}) = min |2 (Nth _ N _

{w}: oscillation parameters, {£;}:
runs over systematic uncertainties

_ K _
1+ Z?kak
B k=1 _

Minimize y? with respect to the pulls {¢;,} and

= N"({w})

Assume Poissonian distribution and define

>+Z£k

“pulls”, where k

O(&;)

finally marginalize over oscillation parameters by
_ 2 2
= X"+ Xpm'or
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The systematic errors

10% error in the interaction cross section

Detector systematic uncertainty of 2%

No systematic error related to the shape of the
energy spectrum. We work with the energy
integrated total rates
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Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

sin’ 2013 limit below which experiment is insensitive
For v, (7.) true hierarchy is assumed normal (inverted)

Marginalization over |Am3,|, sin?260s3 and Jcp

B
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Upper limit on sin® 20,

At 30, sin®26013 < 8.4 x 1074(1.6 x 1073) with 80%
detection efficiency and 10(5) years data in the
neutrino mode assuming normal hierarchy as true
with v = 500

At 30, sin®2013 < 1.1 x 1073(2.1 x 1073) with 60%
detection efficiency and 10(5) years data in the
neutrino mode assuming normal hierarchy as true
with v = 500

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07



NP>
LS TR
B ¢ Y

B

sin 20;3

100———
9ol - 1t
8ot L

70+ Neutrino 4 F

CERN - INO

Precision (%)
3
|

30 ' 1t

20 Lol L ool Lol L Lol Lol L L
1004 100%® 1072 1040 *% 10° 102 10104 10°3 102 1

. 2 . 2 . 2
sin 2013 (true) sin 2013 (true) sin 2013 (true)

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

Upper panels show the band of “measured” valuesiof26,; and
lower ones depict the corresponding precision
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Upper panels show the band of “measured” valuesiof26,; and
lower ones depict the corresponding precision
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sin20,s (true)

S. K. Agarwalla
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Raychaudhuri, hep-ph/0610333

Min value ofsin? 26;3(true) as a function of to rule out wrong
hierarchy. True hierarchy is normal (inverted) for(7.).

Marginalized ovetAm}3,

: Sin2 2053, 5013 andSiIl2 2013
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Sensitivity to mass ordering

Minimum value of sin” 2613 — 8.5 x 1073(9.8 x 1073)
for which one can rule out inverted hierarchy at
30 C.L. with 10(5) years of neutrino run assuming

¥ normal hierarchy as true hierarchy with v = 500
E i and 80% detection efficiency

for which one can rule out inverted hierarchy at
30 C.L. with 10(5) years of neutrino run assuming
normal hierarchy as true hierarchy with v = 500
and 60% detection efficiency

I Minimum value of sin? 2013 — 8.7 X 10_3(1.0 X 10_2)

S. K. Agarwalla MPI-K Heidelberg, Germany 21st May, 07
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Agarwalla, Choubey, Raychaudhuri, hep-ph /0610333

Just 9 months run in the. mode to rule out the wrong invertdut
erarchy at thego C.L. with v = 500 and60% detection efficiency
if sin? 20,3(true)= 5 x 102 and the normal hierarchy is true
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Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333

The loss Iin hierarchy sensitivity due to the uncertaintydp Is
very marginal. Best sensitivity to hierarchy comesdepr ~ 125
(300) in thev () mode

B
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Conclusions I

Ical@QINO — 50 Kt magnetized iron calorimeter

CERN-INO baseline (7152 Km) - tantalizingly
close to the magic baseline and hence will be
free of the clone solutions

B At this baseline we can get near-resonant matter
effect for ' ~ 6 GeV = possible with §B and §Li

B Near-resonant matter eflfect gives largest
possible P, = enough statistics
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Conclusions I

Ical@QINO — 50 Kt magnetized iron calorimeter

CERN-INO baseline (7152 Km) - tantalizingly
close to the magic baseline and hence will be
free of the clone solutions

At this baseline we can get near-resonant matter
effect for ' ~ 6 GeV = possible with §B and §Li

Near-resonant matter effect gives largest
possible P, = enough statistics

The CERN-INO Beta-Beam experiment is
expected to give sensitivity to 013 and Sgn(Am3,)
better than all other rival proposals, apart from
a high performance neutrino factory
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Wait for Magic

: ¥ &
1*% "' Thank You !!
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