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• Strong source
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• Small endpoint energy E0

• Long term stability
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Figure 3.5: The muon survival probability in vacuum and in matter for both signs of δ32

plotted against the neutrino energy for different values of baseline lengths, L (in km). The
oscillation parameters used in all the plots are : δ32 = 2 × 10−3eV 2 and sin2 2θ23 = 1.
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In vacuum, we have
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Including matter terms leads to
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In the above equation, the first two terms have their counterparts in the vacuum oscillation
probability also. The third term is completely new and it arises because the matter term
splits the degeneracy between m1 and m2.
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Consider the difference
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where we have set θ23 = π/4. We search for energy and path length ranges where this
difference is large. We expect the energy range to be range of resonance, from the first term.
This is nearly true. The fourth term, which has a negative sign, is zero when the phase
(1.27δ32L/E) " nπ. Hence the above difference is likely to be large for those energies which
are in the resonance energy range and for which the phase condition is satisfied.

We see from figure 3.5 that the maximum suppression of muon neutrino survival probabil-
ity due to matter effects occurs when the values of L and E are such that (1.27δ32L/E) " π
and in all the cases the energy range of significant suppression has a large overlap with the
resonance energy range. From figure 3.5, we note that observable matter effect occur for the
energy range 5–10 GeV and L range 6,000–9,700 km.

Mass hierarchy from event rates

Using the probabilities of Fig. 3.5, we calculated the expected events for µ− and µ+ event
rates in a magnetised iron calorimeter and an exposure of 1000 kton-years. The event rates
are calculated for the energy range 5−10 GeV and L range 6000–9700 km. The distribution of
the event rates, both in the case of vacuum and matter oscillations are shown in figure 3.6 as
function of L and in figure 3.7 as function of (L/E). We also show that the L/E distribution
of muon events essentially follows the variation of probability as a function of L/E (shown
in figure 3.7).

In both cases we notice that for the L range of 6000 − 9700 km, the matter dependent
µ− rate is noticeably smaller than vacuum rate, whereas the rates are identical for µ+. This
conclusion holds for δ32 positive. For negative δ32, vacuum and matter rates of µ− coincide
and matter rates of µ+ show a deficit w.r.t. vacuum rates. The total number of µ+ events,
in the case of vacuum oscillations is 105 and it changes to 103 on inclusion of matter effects.
The total number of µ− events, in the case of vacuum oscillations is 261 and this reduces
to 204 on inclusion of matter effects. Thus we have a 4σ signal [56, 57] for matter effects
for neutrino parameters δ32 = 0.002 eV2 and sin2 2θ13 = 0.1. We estimate that the matter
effect will lead to about 2.5σ signal for the same δ32 and sin2 2θ13 = 0.05. A systematic
study of sensitivity of magnetised iron detectors to matter effects as function of θ13 and δ32

is underway.

Mass hierarchy from the matter-induced asymmetry

As is clear from Figs. 3.6 and 3.7, the earth matter effects are not the same for neutrinos
and antineutrinos. The neutrino and anti-neutrino up/down event ratios are different from
each other as well as different with direct (δ32 > 0) and inverted (δ32 < 0) mass ordering
(due to matter effects); the distinction (and hence measurement possibilities) between the
two orderings can be amplified by defining the asymmetry [55],

AN(x) =
U

D
(x) − U

D
(x) , (3.21)
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3.3 Atmospheric Neutrinos

The atmospheric neutrino physics program possible with a magnetised iron tracking calorime-
ter is substantial. It is possible to observe a clear signal of oscillation by observing one full
oscillation period so that the precision of the parameters, δ32 and θ23, can be improved to
10%. A broad range in both path length L (see Fig. 3.2) and energy, E, and indeed in their
ratio, L/E, possible with atmospheric neutrinos, offers the opportunity to probe a large
range of δ32. Among the physics capabilities, in addition, are the sensitivity to matter effects

!

!

down

up

L

Figure 3.2: A schematic showing the up-coming and down-going neutrino directions and the
path length L associated with the zenith angle θ.

and sign of δ32. We can also use atmospheric neutrinos to probe CPT invariance which is
one of the fundamental paradigms of quantum field theories, of which the Standard Model
is one.

Atmospheric neutrinos are produced by cosmic ray interactions in the atmosphere, from
decays of pions and muons produced in these interactions:

π → µ νµ ; µ → e νe νµ .

Roughly twice as many muon-type neutrinos (and antineutrinos) are produced as electron-
type ones. The flux peaks at zenith angles θz ∼ ±90◦, i.e., near the horizon, due to the
larger length of atmosphere available in this direction. While the low energy (E < 1 GeV)
neutrinos have a complicated (θz,φ) dependence due to various causes including the Earth’s
magnetic field, they are roughly φ-independent at higher energies.

The atmospheric neutrino flux peaks just below a GeV (see Fig. 2.1) and falls thereafter
faster than 1/E2. While capturing the low energy flux enhances the event-rate, such events
do not contribute significantly to the interesting region where the oscillation has a minimum
or a maximum; hence a trade-off between the requirement of higher energy (to enable better
detection) and better event rates (to enhance statistics) is required. Typically we assume
that ICAL has sensitivity to neutrinos with energy greater than 1 GeV.

While the electron-neutrino flux appeared to be as expected, the Super-K collaboration
[5, 6, 7] observed that the muon-neutrino events were depleted compared to expectations,
with the depletion increasing upto 50% in the case of completely up-going neutrinos. The
Super-K data does not distinguish the charge of the electrons or muons and so is unable to
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Figure 4.1: Schematic view of the iron calorimeter detector consisting of 140 layers of iron
plates. Subdivision into three modules is also indicated.

of the detector. Table 4.1 summarizes the specifications of the ICAL detector and the RPC
elements.

The iron structure for this detector will be self supporting with the layer above resting
on the layer immediately below using iron spacers located every 2 m along the X-direction.
The details are shown in Fig. 4.2. This will create 2 m wide roads along the Y-direction for
the insertion of RPC trays. There will be a total of 8 roads per module in a layer. The iron
plates will be magnetised with a field of ∼1.3 Tesla. The total mass of the detector will be
around 50 kton.

Figure 4.2: Structural detail of mounting active detector elements.

The whole detector, as described above, will be surrounded by an external layer of scintil-
lation or gas proportional counters. This will act as a veto layer and will be used to identify
muons entering the detector from outside as well as to identify partially confined events with
the vertex inside the detector.

4.2.2 RPCs as active detector elements

The Resistive Plate Chamber (RPC) is a type of spark chamber with resistive electrodes.
Since such a detector has very good timing (1-2 nsec) and spatial resolution, it is well suited

Chapter 4

The Magnetised Iron Calorimeter

The goals of neutrino physics world wide in the next two decades have been discussed in
Chapter 2. The major physics goals of the INO experiment as discussed in the previous
chapter are

• to reconfirm the occurrence of oscillation in atmospheric muon neutrinos through the
explicit observation of the first oscillation swing in νµ disappearance as a function of
L/E,

• a significantly improved measurement of the oscillation parameters with respect to
earlier measurements,

• search for potential matter effects in neutrino oscillations,

• determining the sign of δ23 using matter effect,

• discrimination between νµ → ντ and the νµ → νs oscillation,

• probing CPT violation in neutrino sector using atmospheric neutrinos and

• constraining long range leptonic forces.

In this chapter we discuss the criteria for selecting a proper detector system for INO
experiment and the R&D and tests results of various components.

4.1 Choice of the detector

The basic criteria for selecting the detector for the INO experiment can be outlined as follows
:

• A large target mass to achieve statistically significant number of neutrino interactions
in a reasonable time-frame (say 5 years) for the confirmation of atmospheric neutrino
oscillation,

• Good energy and angular resolution so that L/E can be measured with an accuracy
better than half of the modulation period,

• Identification of the electric charge of muons so as to distinguish between neutrino and
anti-neutrino interactions. Charge determination is necessary to achieve most of the
physics goals mentioned above.

49
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.
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‘standard’ SK analysis). The statistically insignificant hint for a θ13 > 0 in fig. 1 is mainly due to a
small deficit of events in CHOOZ data at lowest energies.

Other effects? Data show no significant hint for new effects beyond three massive neutrinos. For
example fig. 3a shows a global fit performed without assuming that neutrinos and anti-neutrinos
have the same atmospheric mass splitting and mixing angle. We see that the best-fit lies close to
the CPT-conserving limit, and that the atmospheric mass splitting in anti-neutrinos is poorly deter-
mined. Nevertheless, this is enough to strongly disfavor a CPT-violating interpretation of the LSND
anomaly [19]. Near-future long-baseline experiments will probably study only ν rather than ν̄.

3 Non-oscillation experiments

In this section we discuss non-oscillation experiments and consider the 3 non-oscillation parameters
mentioned in the introduction. Making reference to experimental sensitivities, the 3 probes should
be ordered as follows: cosmology, 0ν2β and finally β decay. Ordering them according to reliability
would presumably result into the reverse list: cosmological results are based on untested assumptions,
and 0ν2β suffers from severe uncertainties in the nuclear matrix elements. Even more, there is an
interesting claim that the 0ν2β transition has been detected [12] (see section 3.3 for some remarks),
there is a persisting anomaly in TROITSK β decay, and even in cosmology, there is one (weak) claim
for a positive effect. None of these hints can be considered as a discovery of neutrino masses. Several
existing or planned experiments will lead to progress in a few years.

In this section, we assume three massive Majorana neutrinos and study the ranges of neutrino
mass signals expected on the basis of oscillation data, updating and extending the results of [30].
Our inferences are summarized in table 1 and obtained by marginalizing the full joint probability
distribution for the oscillation parameters, using the latest results discussed in the previous sections.
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Super-KamiokandeSuper-Kamiokande

e- , e+ , !

convert to Cerenkov light
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Detection YieldsDetection Yields

Assume a Galactic supernova at 10 kpc

Yields in 22.5 kton Super-Kamiokande:

~ 1 kton detectors: SNO, KamLAND, MiniBooNE

~ 1 Gton (but very noisy) detector: IceCube 



Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.
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〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)
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Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl
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ν radiation 0.99∆EB

ν2
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SOLAR NEUTRINOS:
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θ13 & Beyond:
Nu Worlds

Summary: νµ → νe

• Fabulous Laboratory for Neutrino Oscillations

• Sensitive to

• Fraction νe in ν3: sin2 θ13

• Mass Hierarchy: sign δm2
31

• CP Violation: sin δCP

• Atmospheric: θ23 ↔ π
2 − θ23

• CPC: cos δCP

• Solar: δm2
21 sin2 2θ12

• Potential for Surprises!
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• Majorana or Dirac

• Size mlite

• Size sin2 θ13

• Mass Hierarchy m3 > or < m1,m2

• Is sin δCP != 0 ??? CP violation !!!

Reactor (ν̄e → ν̄e)

Long Baseline (νµ → νe)
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ν radiation 0.99∆EB

ν2

sin2 θ23 sin2 2θ13 verses sin2 2θ13
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NOvA   or NOvA+T2K or T2KK

• Majorana or Dirac

• Size mlite

• Size sin2 θ13

• Mass Hierarchy m3 > or < m1,m2

• Is sin δCP != 0 ??? CP violation !!!

Reactor (ν̄e → ν̄e)

Long Baseline (νµ → νe)

sin2 2θ13
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NOvA   or  T2K 



Absolute Neutrino Mass:

• Neutrinoless Double β Decay: 〈mββ〉
• Tritium End Point: mH and |UeH|2
• Cosmology:

∑
k mk

• What about mlite ???
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Neutrinos are Full
of Surprises!!!


