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[0 Provides a broad range of energy as
compared to any other natural and artificial
sources

[ Provides a wide range of path-length

[0 Hence a broad L/E band (1 to 10° km/GeV).
[0 The longer baseline allow matter effects to
develop

[1 Source of both neutrinos and antineutrinos
[l Source of both v, and v,

I All these for free !!
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» Magnetized Iron Detector (INO)
[0 50 - 100 kT
[J Muon energy measurement, direction reconstruction and charge
discrimination capability
[J Can determine the neutrino energy and direction through Hadron
shower reconstruction

» Megaton Water Cerenkov Detector (HK, MEMPHYS)
] Large volume
[ No charge ID
[1 Both electron and muon energy and direction measurement

$» Liquid Argon TPC
[1 Excellent electron and muon energy and direction measurement
[ Charge ID ?

® Neutrino Telescope (IceCube, PINGU)
[J Huge Volume (Multi-Mton)
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Measurement of |Am2,| and sin® 63
Determine if sin” -3 is maximal and if not then determination of its octant

Determination of Mass Hierarchy or sgn(Am3;)

o o o 0

CPT violation

® Sterile Neutrinos,Non Standard Interactions, Long Range Forces...,
Plan of Talk

® Determination of Mass Hierarchy and Octant in magnetized Iron
Calorimeter and Liquid Argon Detectors
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® Goal: To build an underground laboratory for science with neutrino
physics as major activity

® The Detector: Magnetized Iron CALorimeter detector — (ICAL) for
detection of atmospheric neutrinos in its first phase.

® Detector choice based on
m Technological capabilities available in the country
m Complementarity to Existing/Planned neutrino detectors in the world
m Modularity and the possibility of phasing
m Compactness and ease of construction

®» Other Possibilities
m Neutrinoless double beta decay, Dark Matter Experiment (DINO)..
m Second phase end detector for a beam experiment

International participation is welcome
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» Approvals from Indian Funding Agencies for

Construction of an underground Laboratory and surface facilities at
Pottipuram village in South India

Construction of 50 kton magnetized Iron Calorimeter detector to study
neutrino properties

Construction of INO center (The National Center for High Energy
Physics) at Madural in South India

Human Resource Development
Detector R & D

Completion of project in 6 years

N. Mondal, LP2011
http://www.ino.tifr.res.in




INDIA

State and Union Territories

mmeT;

Bodi West Hills, Pottipuram,

Theni district, Tamil Nadu
9°58° N.and 77°16° E

0 km from Madurai city

PRADESR s

Copyright @ 2011w mepsofingia com @
i/f“? \ Thia map is updated as on Al 15, 2011
JLANKAY

9

Flat terrain with good access to major roads

°

Low rainfall, low humidity

°

Portal outside the RF boundary, surface facilities not on Forest Land,
no clearing of forests required

®» Environmental and Forest Clearances obtained

® 26 Hectre Land provided free of cost by state Govt.
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Muon Intensity (m”"sr'y’)

10" 3

'I ; T 2 | L] . r L ]
10" 1
Depth (metres water equivalent)

Cavern set in Charkonite Rock under the 1589 m peak;
Vertical cover 1289 m;
Accessible through a 2 km tunnel

Cavern 1 will host 50 kt ICAL ( space for 100 kt);

o o o 0 0

Other caverns for multiple experiments (033, DM)
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® Active Detector Element : Resistive Plate Chambers made of glass

® [ron plates Separatd by RPCs

ICAL
| No. of modules 3
s Z | Module dimension 16mx 16mx 144m
i 7| Detector dimension 48mx16mx 144m
| No. of layers 150
\ . Iron plate thickness ~ .6 em
) Gap for RPC trays 40cm
i Magnetic field 1.3 Tesla
; RPC
RPC unit dimension 1.84 m x 1.84 mx 24mm
Readout strip width 3em
No. of RPC units/Road/Layer 8
No. of Roads/Layer/Module 8
No. of RPC units/Layer 192
Total no. of RPC units ~ 28800
No. of electronic readout channels | 3.6864 x 10°

S. AﬁarwallaI NNN2011
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Sensitive to muons

® Good Energy determination from
e Track length
e Track curvature in a magnetic field

® Directionality from tracking and ns timing resolution

°

Charge identification from track curvature in magnetic field

®» Hadron Shower reconstruction enables to determine the neutrino energy




» Development of RPC
[ Full size RPC’s (2m X 2m ) being fabricated in INO Labs
[1 Large scale production developed with the help of Industry

®» Electronics
[1 Designing and Prototyping of electronics, trigger and data acquisition
systems in progress

» Magnet
[ Prototype magnet running at VECC Calcutta

» 8m x 8m x 20 layers 800 ton engineering module is being planned




Neutrino Event Generation

va+X->A+B+...

Output:
i) Reaction Channel

NUANCE Generates particles that result from a random ii) Vertex Information
interaction of a neutrino with matter using lii) Energy & Momentum of all
H theoretical models . Particles
{} Event Simulation _ Output: _
A + B + ... through RPCs + Mag.Field ') xy.zt (_)f the particles at their
GEANT interaction point in detector

Simulate propagation of particles through the
detector (RPCs + Magnetic Field)

ii) Energy deposited
iii) Momentum information

{} Event Digitisation

(x.y.z,t) of A+ B + ... + noise + detector efficiency
Add detector efficiency and noise to the hits

-

Output:
i) Digitised output of the previous
stage (simulation)

Event Reconstruction
(E,p)of v+ X=(E,p)of A+ B + ...

Fit the tracks of A + B + ... to get their energy and

momentum.

Output:
i) Energy & Momentum of the
initial neutrino

N. Mondal, LP2011
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| Momentum Resolution |
= 0.4
7 +Cos =035
g + Costehss
C 4 Cos =085
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—+ Cos =035
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~t Cos =085

INO Collab, 2

cos(f) Resolution

3
0

—+ Cos 6035
- Cos =055
- Cos =085

—+ Cos =055
- Cos f=0.85

Inhomogeneous magnetic field
Implemented

Muon energy and direction
resolution from tracks achieved —
Improvements possible

Hadron energy resolution available

Neutrino energy and direction
resolution using muon and hadron
information possible

Optimization of iron plate thicknes
In progress
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Crux of the matter : Matter Effect

2 .
m Am3, sin 2013
tan 26013 = AmZ,cos 2013£2v/2G pn. B

For Am?

atm

For Am?

atm

> (0 matter resonance in neutrinos
< 0 matter resonance in anti neutrinos
Experiments sensitive to matter effects can probe the mass hierarchy

Matter effects for Am?

atm

channel depend crucially on 65
Thus both parameters get related
Large measured 0,35 =—> good news

Detectors with charge id that can discriminate between neutrinos and
antineutrinos can be crucial
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® |arge matter effects at long baselines in both 1, and e events —>
Hierarchy Sensitvity

=
(6]

®» v, survival probability can rise or fall in matter

$» Energy and angular smearing important
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°

Sensitive only to Muons

Differential Number of Muons

d°N, 1
dQ.dE,, 27 1

100
dE; / dUR(E¢, En)R(Q, Q) [P4P 4y + PEP,Joe

Energy and Angular Smearing Functions

R(€Q4, Qm) = Nexp [— (O = Om)® + sin 0,61 — ¢m)2] :

2(A0)?
R(Ema Et) — \/21*7_‘_0_ exXp [_ (Em2;2Et) ] .

Simplest Approach
Use fixed widths for energy and angular smearing




_____ IN@lMtyr |N@1Mtyr

40 ----{---15%energyremlut—ron ------- T s s B = ELOvanguIarreeolutlon ------- i 40

5 10 15 20 5 10 15 20O
angular resolution (degree) energy resolution (%)

® \With increased energy or angular smearing the y? for muon like events
decrease.

® Effect of energy smearing is more

R. Gandhi, P. Ghoshal, S.G., P. Mehta, S. Shalgar, S. Umashankar, PRD, 2007
Also, T. Schwetz and S.T. Petcov, Nucl. Phys. B, 2006
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Events generated from NUANCE (50 kT, 10 yr exposure)

9

Two sets of energy/angular resolutions:’high’ (10%, 10°) and ’low’
(15%, 15°)

® Energy threshold 2 GeV, charge ID 100%, constant reconstruction
efficiency 85%

® True normal hierarchy, (0a3)s = 45°, 6cp = 0, (sin® 20;3)4,. = 0.1,
Am3, =24 x 1073 eV2, Am2, = 7.8 x 107° eV?, sin* 6, = 0.31

2 2 2
Res set Xmarg,no—pm' Xmarg,pm' Xfp

Low 1.5 3.1 4.5
High 5.4 8.2 9.7

® Using Projected priors: Am2, = 2%, sin®fy3 = 0.006 and fixed ;3

» > 20 to ~ 30 sensitivity to mass Hierarchy in 10 years

See also Blenow and Schwetz, 2010
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® Using 50 Kton detector and events generated from NUANCE

® Using ICAL resolutions in Muon energy and Zenith Angle

® Using efficiency and

o
=
T

le"mclll hlfierlarclhy‘_
Marginalized over Am?uum & 0257
with priors with projected erro

|
nk s, =0.12

[ sin0 A0

L 2
= sin 2613=0.08

: INO Preliminary -
| [

Charge-ID from ICAL simulations

| | invelzrteld fIIierlarclhy‘_
' 011 Marginalized over Am’um & 02 True Values:
T |- s 01 | with priors with projected errgrs .

Am3; = 2.4 x 1072 eV?
SiIl2 (923 = 0.5
Am3, = 7.8 x 107° eV?
: SiIl2 912 = 0.31
4(”,~” .............................................................. .; 5CP p— O
1F INO Preliminary -
. |

---- sin'28, =008

Years

~ - [a WP

6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

-~ — a N~ A

= INO Gallah, 2012

® Forsin® 2613 = 0.1 x2,.,,_,.; = 6.97 ~ 2.7 o sensitivity in 10 years
(Using Projected priors: Am3; = 2%, sin? A3 = 0.006 and fixed 0;3)
e
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o ' ' ' | ' 15 T T .
§in'2 =1 \
].N 0 GOlldb) 2 0 I 2 all parameters are fixed o \
-g \ NOvA
210 \\
' |k \ /
X = I
§ INO mgrliuuon \ ’/!
; ‘\ —_
B > o /
N2 INOlow resolution \ /
5 | <
INO Prelliminary | | | | |
| | | I 0 ' ! L I
0 0.5 1 15 p)
dep{n} 0 05 1 1.5 2

® Data simulated for NH and 6~ p = 0 and fitted for IH with varying - p
» MH sensitivity with atmospheric neutrinos almost independent of 6 p

» Complementarity with LBL experiments




1

09 D = 1/2 — sin® 3
0.8
0.7 0.7 |D| gives the deviation of
) 0.6 0.6 SiIl2 023
a: 05 0.5
0.4 0.4 " sgn(D) gives the octant
0.3 0.3 SiIl2 9
0.2 # 0.2 23
0.1 U 0.1 u
O | | 0 | | | | | |
1 2 3 1 2 3 4 5 6 7 8 9 10
E (GeV)
NH, v-resonance IH, anti-v-resonance
P P, ~ sin® f3sin” 2073 sin® (1.27A5 L /E)

#® Octant sensitvity from the sin® 6,5 term
S.Choubey. and P. Roy hep-ph/0509197
Indumathi,Murthy, Rajasekaran,Sinha hep-ph/0603264
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® Events generated from NUANCE (50 kT, 10 yr exposure)

® Results for 'high’ (10%, 10°) resolutions

® Enerqgy threshold 2 GeV, charge ID 100%, reconstruction efficiency 85%

5

--- Without prior
--- With prior

Ab————mm 20 _______________

-

® < 20 sensitvity for |0o3 — w/4| > 5°

True Parameters
Normal Hierarchy
(023)¢r = 45°,

docp =0,

(sin® 2613)s = 0.1,
Am3, = 7.8 x 107° eV?
sin” 015 = 0.31

» Analysis using INO simulation code in progress

ﬁ
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°

50-100 Kton Magnetized LigAr detector —

Energy threshold 1 GeV

Sensitive to both muons and electrons

100% CID for muons and 20% for electrons in the energy range 1-5 GeV
op, =op, =0.01; og,,, =+/(0.15)2/Epea + (0.03)2

o5, =/ (05,)% + (0.15)2/(yE,) + (0.03)%;
y — average rapidity = 0.45

gg, = 1.72°; 00, = 0044 = 2.29°; gg9,., = 2.8°; 790,, = 3.2°

Barger,Gandhi,Ghosal,Goswami,Marfatia,Prakash,Raut,Umashankar, Phys. Rev.Lett., 2012




excess of electron-like events:

FO
N r = F_@; — the flux ratio
~o — 1~ (7 823 )PQV(Amg]_, 613) 0:13-effects

+ (rcs; — 1) Py (Amsy, 612) Am?2,-effects

— 2513523c03 7 Re(A Ae) interference: dcp
084<cosenadlr <1

g M ' ® Resonant matter effect in P, (Am2,,0:3) for
% 13f multi-GeV neutrinos .
@ sin’6,,=0.64 __inverted | _ _ _
2 12 - 1 # NH-neutrinos IH - antineutrinos
=
w— al .
=0 11 —% | ® Allthree terms important for sub-GeV
S Mo m--T Siverad .
= neutrinos

0 I 0.I02 I 0.I04 2I 0.I06 I 0.I08 I 0.1
B ® Sensitivity to both Hierarchy and Octant

Bernabeu, Palomares-Ruiz, Petcov, hep-ph/0305152




Liquid argon (2|50 kT yr), marginlalized hiel‘iarchy slenisi’tj,vit'y'_’/’/ Liquid argon (2|50 KT yr), marginlalized hjeliarchy slenisitivity,./
40 f 40t
Ayl = 0.0024 eV?, true NH, test IH |~ / IAm?5, 1, = 0.0024 eV?, true TH, test NH
sin” 0)3=0.4 —— e sin” 0,3=04 —— o
30 F|  sin?By=0.5 ----- | / 1 30 F|  sin?By;=0.5 ----- g
5 sin 0,,=0.6 - 5 sin’ 0)3=0.6 - | 7.
& - - & .l
s s r
e o20p T e 20 f
10 k== 30 sensitivity] 10 . :_,-;_‘f_' :::: 30 sensitivity]
sin2 e23:0'5 i nocharge-ld ’ Sin2 923=0.5, no charge-ld
Y — | | | N - . | |
0.04 0.06 008 DB oRENO g 0.04 0.06 008 DB o RENO o1
true sin’ 205 true sin’ 205

°

X* =X+ xa + (G T X2)1-5Gev + (X218)5-10GeV T Xorior

True values of undisplayed Parameters: (|Am3,]) = 2.4 x 1073 eV?,
(5013) =0, Am%l =8 x 107° eV2, 010 = 34°

°

°

Marginalized over all parameters
® > 50 sensitivity for sin® 26,5 = 0.1 and sin? 55 = 0.5
® Drastic drop in sensitivity if no CID is assumed.
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® NH : 20 discrimination for |055 — 7/4| > 3.5° (sin® 20,3 < 0.985).

® |H: 20 Discrimination for |03 — 7/4| > 4° (sin® 2655 < 0.985).

15
\
\

Liquid argon (500 kT yr), marginalized octant sensitivity with priors

IAm?;, I, = 0.0024 eV, NH

sin’ 26,5 (true) = 0.07 ——
sin’ 20,5 (true) = 0.1 -—--~

30 sensitivity

20 sensitivity

.
~..

,,,,,,
\\\\\\\

20

15
£
°‘§ 10 +
(o]
>

0

Liquid argon (500 kT yr), marginalized octant sensitivity with priors

IAm?; 1, = 0.0024 eV, TH

sin’ 20,5 (true) = 0.07 ——
sin’ 20,5 (true) = 0.1 -—--~

30 sensitivity

20 sensitivity

3
..

..
e
N
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3o Discrimination for |fo3 — w/4] > 5°

NH

Not having CID
does not affect
results so
drastically.

the
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In view of large 0,3 determination of of mass hierarchy and octant using
matter effect in atmospheric neutrinos look very promising

INO a strong contender because of the possibility of magnetization and
charge identification

~ 3o sensitvity to mass hierarchy in 10 years for 50 kton detector
Hierarchy sensitivity from atmospheric neutrinos independent of i p
Complimentary information to Long Baseline Experiments..

INO R&D going on full swing

Liquid Argon detectors with charge-id provides excellent hierarchy
sensitivity > 50 for 250 ktyrs

Non-Magnetized LArTPC would necessarily need larger volume/exposure

Other possibilities ..CPT violation, Sterile Neutrinos,NSI, .....
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Description of work

2011-12

2012-13

2013-14 | 2014-15

2015-16

2016-17

Civil work at Pottipuram

Land acquisition and pre-project work

>

Architectural and Engineering consultancy

<+

-

Tendering and award of contracts

Mining of access portal

S

Excavation of nuinel

Excavation of cavermns

Installation of services. cranes. lifis etc.

O 00|~ O] b [ |12 | =

Civil work for magnet support bed

Surface facilities

10

Magnet
Procurement of steel plates

11

Machining job for steel plates

4ly

12

Transportation of machined plates at site

13

Procurement of copper coils

14

Assembly/erection of magnet (3 modules)

‘vi

RPC

15

Finalization of all design details. tendering

16

Procurement of components

17

Fabrication and assembly of 30000 pcs

18

Transportation 1o site and tests

19

Procurement of electronics. gas handling

Installation and commissioning

>

N. Mondal, LP2011
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® A preliminary study using a GEANT based simulation of cosmic ray muon
background in INO shows that these are unlikely to mimic the signal

Indumathi and Murthy, hep-ph/0407336

® NC background: the 6 cm thickness of the iron plates is sufficient to
absorb any pions and kaons in the 1-10 GeV range before they can
decay.

® Oscillated v, induced muons softer in energy and can be eliminated by
suitable energy cuts

Agarwalla, Raychaudhuri, Samanta, hep-ph/0505015
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