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Outline of talk

s On neutrinos, their interactions,
and osclillations In particular.

s The status of the India-based
Neutrino Observatory.



The Standard Model of Particle Physics

& There are four fundamental forces in nature: gravity,
electro-magnetic, strong and weak.

& Leptons are those particles that do not experience
strong forces (which baryons do).

& Weak forces are like beta decay or the fusion processes
that power the Sun. (
)
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The Standard Model of Particle Physics

& There are four fundamental forces in nature: gravity,
electro-magnetic, strong and weak.

& Leptons are those particles that do not experience
strong forces (which baryons do).

& Weak forces are like beta decay or the fusion processes
that power the Sun. (
)

o Lﬁptopﬁcomp)ﬁpthr?e avours or types or generations:
o, 0 o, 1 and ¢ heavi_er vgrsions of e.
e 1 ; Reason for their existence (and

no. of generations) a mystery.
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An aside: Solar Neutrinos

Nuclear energy comes from transforming mass to energy,
according to Einstein's equation, E = mc?. In the case of nuclear
fusion, it comes from Aston's discovery (1920) that 4 hydrogen

nuclel are heavier than a helium nucleus.

@

The difference arises due to nuclear binding.
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The key to the old puzzle

In 1920, Eddington used the results of Aston to argue that
hydrogen could burn into helium in stars like the Sun, and in
principle, that there was enough energy in the Sun for it to
shine for 100 billion years.

By 1938, von Weizacker and then Bethe completed the
detailed calculation of the evolution of the Sun. In brief, the
result can be expressed as

p+p+p+p! “He

Note: Baryon number conservation, charge conservation,
lepton number conservation and Energy-momentum
conservation.
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The key to the old puzzle

In 1920, Eddington used the results of Aston to argue that
hydrogen could burn into helium in stars like the Sun, and in
principle, that there was enough energy in the Sun for it to
shine for 100 billion years.

By 1938, von Weizacker and then Bethe completed the
detailed calculation of the evolution of the Sun. In brief, the
result can be expressed as

0+ p+p+p! “He+2e" +2°,+26:7 MeV :

Note: Baryon number conservation, charge conservation,
lepton number conservation and Energy-momentum
conservation.
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The proof of the pudding : ::




The proof of the pudding : ::

.. 1 1s In looking for, and nding the neutrinos!

Since neutrinos interact only weakly with matter, they are
notoriously hard to detect.

First attempts were made as early as the 1960s.
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Early solar neutrino experiments

Davis and collaborators:
rst results in 1968.

0+ 3'CI1 S'Ar+ @l :

Looked for “needle” Argon in
Chlorine “haystack”. Event
rate about 1 in 3 days.

Indian
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>olar neutrino experiments: from the Sun

Question re Davis' expt: Are these solar neutrinos?
Koshiba, Totsuka and collaborators, 1986, Kamioka, Japan.

Water Cerenkov detectors. Detection is by elastic scattering of neutrinos
onwater: °y + el 9% + e:

All avours contribute, but mostly (6:1) e-type neutrinos.
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>olar neutrino experiments: from the Sun

Question re Davis' expt. Are these solar neutrinos?
Koshiba, Totsuka and collaborators, 1986, Kamioka, Japan.

Water Cerenkov detectors. Detection is by elastic scattering of neutrinos
onwater: °y + el 9% + e:

All avours contribute, but mostly (6:1) e-type neutrinos.

Super-K: 22,500 tons of (pure) water. About 3 events per day.
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>olar neutrino experiments: from the Sun

Question re Davis' expt. Are these solar neutrinos?
Koshiba, Totsuka and collaborators, 1986, Kamioka, Japan.

Water Cerenkov detectors. Detection is by elastic scattering of neutrinos
onwater: °y + el 9% + e:

All avours contribute, but mostly (6:1) e-type neutrinos.

RES = Number of events observed . 1.
Number of events expected 2

Most importantly, these neutrinos are indeed from the Sun:
First evidence that the Sun does shine due

to nuclear fusion.

Con rmation from GALLEX (GNO) (down
to small neutrino energy 0.24 MeV):

°+ Ga! "Ge+ ¢
New puzzle: Rates lower than expected.
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Neutrino oscillations

Neutrinos come in more than one avour or type. Consider,
for simplicity, two- avours, °. and °..

If neutrinos are massive (different masses), and, further,
show the quantum mechanical phenomenom called avour
mixing, then neutrinos can oscillate between avours.

°¢ =  COSp®z+ sINp®p;

°©0 = j sinu%y+ cosu9s:
°1 and °, are quantum mechanical states with given energy
(and momentum) (mass eigenstates). They evolve

according to
°i(t) = expli IEi1]°(0) :
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Neutrino oscillations

One can then ask what is the probability that a °¢ that is
produced att = 0 remains °¢ at a given time t = t.
If E»> > E 1, oscillation period of °, greater than that of °1.

Real °.(t) =cosp© +sin u©

Hence as the neutrino travels to the Earth it oscillates
between different avours of neutrinos.

Caution: matter effects: neutrinos get modi ed as they
come out of the super-dense (150 gm/cc) core of the Sun.
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The nal denouement

Test of oscillation hypothesis: look for other avours of neutrinos .
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The nal denouement

Test of oscillation hypothesis: look for other avours of neutrinos .

The SNO detector, Sudbury, Canada
1000 tons of heavy water D-O

First results announced in 2002.

rcC — Number of events observed
Number of events expected

% (Cl and Ga):
RES % (Super-K):
RNC 1.

NC stands for the neutral
current process:
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The nal denouement

Test of oscillation hypothesis: look for other avours of neutrinos .

The SNO detector, Sudbury, Canada
1000 tons of heavy water D-O

First results announced in 2002.

rcC — Number of events observed
Number of events expected

' 3 L (cland Ga): V'

RES 2(Super K)y:
RNC 1.

NC stands for the neutral
current process:

Hence the Standard Solar Model is vindicated in the NC sector.
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India-based Neutrino

Observatory



A Schematic of Neutrino Properties

Neutrino masses are not well-known. Oscillation studies only
determine the mass-squared differences: ¢ mg = m¢?j m? and the

mixing angles ; .
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A Schematic of Neutrino Properties

Neutrino masses are not well-known. Oscillation studies only
determine the mass-squared differences: ¢ mg = m?j m? and the
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A Schematic of Neutrino Properties

Neutrino masses are not well-known. Oscillation studies only
determine the mass-squared differences: ¢ mg = m?j m? and the
mixing angles ; .
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(APS multi-divisional neutrino study, physics/0411216)
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In Summary

Neutrinos are the least understood particles in nature.

They have exotic properties: non-zero, distinct masses, and
non-trivial mixing among the different avours: this is because
of compelling evidence for neutrino oscillation.

While the depletion effects of oscillation are well-studied, a
complete oscillation (with one minimum and one maximum) has
not yet been directly studied in any single experiment and has
only been inferred.

The mass-squared differences as well as the masses are very
small; the origin of small masses is a puzzle.
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The INO Collaboration

Stage | : Study of atmospheric neutrinos

The feasibility study of about 2 years duration for both the
laboratory and detector is under-way. Issues under study are

Site Survey
Detector R & D, including construction of a prototype
Physics Studies

Human resources development

After approval is obtained, actual construction of the laboratory
and ICAL detector will begin
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The INO Collaboration

Stage | : Study of atmospheric neutrinos

The feasibility study of about 2 years duration for both the
laboratory and detector is under-way. Issues under study are

Site Survey
Detector R & D, including construction of a prototype
Physics Studies

Human resources development

After approval is obtained, actual construction of the laboratory
and ICAL detector will begin

Stage Il : Study of long-baseline neutrinos, from a neutrino
factory?
Other detectors/physics like neutrinoless double beta decay?

Should be an international facility
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Site survey: PUSHEP



The ICAL detector
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The active detector elements: RPC

RPC Construction: Float glass, graphite, and spacers



Fabricating and testing RPCs

at TIFR :::

And of course :::



Speci cations of the ICAL detector

ICAL
No. of modules 3
Module dimension 16mE£ 16 ME 12 m
Detector dimension 48 mE 16mME 12 m
No. of layers 140
Iron plate thickness » 6.Ccm
Gap for RPC trays 2.5cm
Magnetic eld 1.3 Tesla
RPC
RPC unit dimension 2mE 2m
Readout strip width 3cm
No. of RPC units/Road/Layer 8
No. of Roads/Layer/Module 8
No. of RPC units/Layer 192
Total no. of RPC units » 27000
No. of electronic readout channels | 3.6 £ 10°
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Magnet studies

Design criteria:

Field uniformity

Modularity
Optimum copper-to-steel ratio

Access for maintenance T oroidal Magnet design
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For the prototype : ::

The gas-mixing unit at SINP

A schematic of the
read-out electronics
for the prototype
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For the prototype, at TIFR :::



A close-up view
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Physics with Atmospheric Neutrinos

The up-going muon neutrinos are
found to be depleted in Super-K de-
tector.

In ICAL, such a neutrino inter-
acts (mostly with the iron) and pro-
duces a muon and (perhaps) some
hadrons.

The muon bends in the magnetic
eld and leaves a curved (helical)
i track in the detector.

Me These can be simulated and anal-
ysed for sensitivity to neutrino pa-
rameters (energy and path length).

a Main goal: Study oscillation pattern in atmospheric neutrino events.
The up/down events ratio is sensitive to oscillation parameters.
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Physics possibilities
... WITH ATMOSPHERIC NEUTRINOS

Determination of mixing parameters, especially in 2—3 sector.
Determine mass ordering of the 2—3 states and the octant of

M23.

Discrimination between oscillation of °. to active °; and sterile
%5 from up/down ratio in “muon-less” events.

from rates of neutrino- to rates of
anti-neutrino events in the detector.

Constraining long-range leptonic forces by :: ..
... WITH LONG BASE-LINE NEUTRINOS

Precision neutrino oscillation studies
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High Energy MuonSgr. Hoerandel,

Aspen, astro-ph/0508014).
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The knee is at few £ 10° GeV; physical origin is not fully understood.

There may be new competing astrophysical processes.

Phenomenological models very uncertain.

Major background to UHE neutrinos from AGN, GRB, etc. (Icecube).

ICAL will complement balloon/air-shower experiments (KA QG AL Elvopnysics, suy 12, 2006 - p. 27



ICAL as a pair-meter
140

layer number
\l
o

transverse dimension (arb. units)

Muons with TeVs of energy radiate e” -e pairs which ¢ascade,
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An aside |: supernova neutrinos

(A) (Takahashi et al., PRD 64
2001): The luminosities are
similar; the average energies
are very different.

(B) (Raffelt et al., Astrophys J.
590 2003): The average en-
ergies are the same but the
luminosities differ.

In either case, these Is great sensitivity to neutrino oscillation.
Choubey et al., Dutta et al.

Conversely, if the neutrino oscillation parameters are known,
Information may be got on the shock wave.
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An aside |I: more on neutrino properties

It is still not known whether neutrinos are Majorana or
Dirac.

Can be tested in neutrino-less double beta decay.
Prelim. proposal at INO.

If Majorana, can build see-saw models to explain
smallness of neutrino mass.

Another issue: matter—anti-matter asymmetry in the
Universe =) baryogenesis.

Necessary: 8,6P, non-equilibrium at early times.
¢(Bij L)=0=) baryogenesis via leptogenesis.
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In short :::
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1This is an open collaboration and experimentalists are espaally encouraged to join.
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