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Electron mass Proton mass LHC c.o.m. energy 

1 eV = 1.6 x 10-19 Joules
1 TeV = 1.6 x 10-19 x 1012 Joules = 1.6 x 10-7 Joules

1/2 m v2 = 1.6 x 10-7 Joules,  m = 2 x 10-6 kg therefore v = 0.4 m/s  = 1.4 kph

TeV : Energy of a flying mosquito!



Spectrum of natural neutrinos

Sub-eV: Cosmological 


MeV: Sun, SN


MeV-GeV: Atmospheric


TeV: Astrophysical


EeV: GZK neutrinos
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p+ �CMB ! ⇥+ + n

Eth ' 5⇥ 1019 eV

Ref: Greisen, PRL16, 748 (1966); Zatsepin and Kuzmin, ZhETF Pisma4, 114 (1966)

Ecm =
p

2mpElab

• Note : The 14 TeV cm energy at LHC implies a 0.1 EeV proton in the lab frame

Introduction:The Neutrino Sky . . .

Both energetically, and in terms of sources explored, Neutrino
Astronomy remains largely uncharted territory.

High Energy Neutrinos . . . Jan 8, 2009 Nu Horizons,HRI R. Gandhi – p.3/??
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Pattern of mixing

.

Figure 1: Fractional flavour content for di↵erent mass states with varying cos�.

Out of the nine flavour parameters in the standard three flavour mixing framework, only six 3

can be accessed via oscillation experiments - three angles (✓12, ✓13, ✓23), two mass squared
di↵erences (�m2

31, �m
2
21) and a single Dirac-type CP 4 phase (�). The angles and the mass-

squared di↵erences (and absolute value of only one of them) have been measured with great
precision, only recently it has become possible to pin down the CP phase in the leptonic
sector - thanks to the measurement of ✓13 and largeness of its value [?, ?, ?]. The recent
global analysis of all neutrino data leads to the following values of these parameters :

Neutrino flavor transitions have been observed in atmospheric, solar, reactor and accelerator
experiments. Transitions for at least two di↵erent E/L’s (neutrino energy divided by base-
line) are seen. To explain these transitions, extensions to the Standard Model of particle
physics are required. The simplest and most widely accepted extension is to allow the neu-
trinos to have masses and mixings, similar to the quark sector, then these flavor transitions
can be explained by neutrino oscillations.

This picture of neutrino masses and mixings has recently come into sharper focus with the
salt data presented by the SNO collaboration [?]. When combined with the KamLAND
experiment [?] and other solar neutrino experiments [?, ?] the range of allowed values for
the solar mass squared di↵erence, �m2

sol

, and the mixing angle, ✓
sol

, are reported as

6.6⇥ 10�5eV2 < �m2
sol

< 8.7⇥ 10�5eV2

0.33 < tan2 ✓
sol

< 0.50 (1)

at the 90 % confidence level. Also maximal mixing, tan2 ✓
sol

= 1, has been ruled out at
greater than 5 �. The solar data is consistent with ⌫

e

! ⌫
µ

and/or ⌫
⌧

.

The atmospheric data from SuperKamiokande has changed only slight in the past year with
a preliminary new analysis presented at EPS conference [?] and is consistent with the K2K

3The absolute mass scale and the two Majorana phases are not accessible in oscillation experiments.
4CP refers to charge conjugation and parity symmetry.
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Standard and 

new physics

.

• ATMOSPHERIC NEUTRINOS (16) 

• D. Indumathi (overview)

• Lakshmi S Mohan (parameter estimation),  Moon 
Moon Devi (sterile nus),  Amina Khatun (new 
physics and ICAL)

Physics with Atmospheric Neutrinos

ν µν µ ν

ν
ν

µ

µ
e

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
field and leaves a curved (helical)
track in the detector.
These can be simulated and anal-
ysed for sensitivity to neutrino pa-
rameters (energy and path length).

➢ Main goal: Study oscillation pattern in atmospheric neutrino events.
The up/down events ratio is sensitive to oscillation parameters.

Indian Institute of Astrophysics, July 11, 2006 – p. 24

Georg Raffelt, MPI Physics, Munich ITN Invisibles, Training Lectures, GGI Florence, June 2012

Solar Neutrinos vs. Reactor Antineutrinos

Fissionable
nucleus

Neutron

Nucleus
splitting

Fission products 
w/ neutron excess

Reines and Cowan 1954–1956

Energy
26.7 MeV

Ray Davis radiochemical 
detector (1967–1992)

Amounts to neutino capture by neutron

• REACTOR NEUTRINOS 
(16) 

• Sushant Raut (overview)

⇥+ ! µ+ + �µ µ+ ! e+ + �e + �̄µ



Standard and new physics

.

• ACCELERATOR NEUTRINOS (21) 

• Sandhya Choubey (long baseline neutrinos) 

• Rathin Adhikari (Non standard interactions), 

• Sabya Sachi Chatterjee (Sterile neutrinos), 

• Suprabh Prakash (Neutral Currents),  

• K N Deepthi (sensitivity studies at future experiments) 

• Samiran Roy (Short baseline neutrino experiments)  



Astroparticle physics with neutrinos

.

• SUPERNOVA NEUTRINOS (21) 

• Amol Dighe (overview of supernova neutrinos)

• Manibrata Sen (new physics + supernova neutrinos)

• COSMOLOGICAL NEUTRINOS (15) 

• Arindam Mazumdar (neutrino cosmology)

SN1987A

(Hubble image)

Confirmed the SN cooling
mechanism through neutrinos
Number of events too small to
say anything concrete about
neutrino mixing
Some constraints on
SN parameters obtained
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Relic neutrino background

• Lies at the lowest energy end 
of the neutrino spectrum

• Temperature : 

• Number density per flavour :

• Energy density per flavour : 

under-
ground

optical:
- deep water
- deep ice

- air showers
- radio
- acoustics

SUMMARY OF NEUTRINO FLUXES

Fermi acceleration predicts dN/dE∼E-2. CRs undergo interactions during propagation 
resulting in softer spectra while neutrinos preserve this dependency.

http://hep.bu.edu/~superk/atmnu/zenith-geom-small.gif
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Impact of relic neutrinos on several 
cosmological epochs

Relic neutrinos influence several 
cosmological epochs
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Neutrino mass : present limits

• Oscillation experiments : a lower 
limit 

• Tritium beta decay experiment : an 
upper limit 

• Cosmology : upper limit
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The concordance framework...

Baryons

?% Massive
neutrinos

● We work within the  CDM 

framework extended with a 
subdominant component of 
massive neutrino dark matter.

– Flat geometry.

– Main dark matter is cold.

– Initial conditions from 
single-field slow-roll 
inflation.

model-
dependent

me =

 
X

i

|Uei|2m2
i

!1/2

< 2.2 eV

⌦⌫ =
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=

P
i mi

93 h2 eV

⇢⌫ = m⌫n⌫
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Mass hierarchy determination

1 Introduction

The immense progress over the past few decades in cosmology and neutrino physics with
various ongoing and upcoming e↵orts has led to the emergence of the new field of neutrino
cosmology [1–3]. It is a remarkable fact that the omnipresent relic neutrino background
(with their number density second only to the number density of photons) carrying miniscule
energy density can have impact on cosmological observables such as the distribution of
large scale structures [4]. This in turn allows us to infer or constrain some of the neutrino
properties such as determination of the absolute mass (in the sub-eV range) of the neutrinos,
their lifetime and address some of the yet unresolved questions such as determination of the
neutrino mass hierarchy.

The issue of determining the hierarchy of neutrino masses mi, with i = 1, 2, 3, refers to
finding the ordering of the mass eigenstates, but this depends crucially on the mass of the
lightest neutrino state ml. For low values of ml, the present oscillation data (viz., the
smaller mass-squared di↵erence �m2

21 = m2
2 �m2

1 > 0 and the absolute value of the larger
mass-squared splitting, |�m2

31| = |m2
3 � m2

1|) indicates a hierarchial pattern of neutrino
masses and one can have the following two possibilities :

1. Normal hierarchy (NH) : sign of �m2
31 > 0 or m2

3 > m2
2 > m2

1

m1 = ml; m2 =
q
m2

l +�m2
21; m3 =

q
m2

l +�m2
31 .

X
mi = ml +

q
m2

l +�m2
21 +

q
m2

l +�m2
31 (1)

2. Inverted hierarchy (IH) : sign of �m2
31 < 0 or m2

2 > m2
1 > m2

3

m1 =
q

m2
l ��m2

31 =
q
m2

l ��m2
32 ��m2

21;

m2 =
q

m2
l +�m2

21 ��m2
31 =

q
m2

l ��m2
32;

m3 = ml .
X

mi =
q

m2
l ��m2

32 ��m2
21 +

q
m2

l ��m2
32 +ml (2)

For ml = 0, one gets a lower bound on the sum of neutrino masses for the two cases listed
above. For largerml values, mi �

p
�m2

31, all neutrinos share equal masses, m2
1 ⇠ m2

2 ⇠ m2
3

and this corresponds to “degenerate” mass pattern. This is depicted in Fig. 1.

The wealth of data obtained in a series of oscillation experiments using solar, atmospheric,
accelerator and reactor neutrinos in past few decades have established beyond doubt that
neutrinos oscillate among the three flavors while conserving the lepton number. This exper-
imental fact implies that at least two of the neutrinos carry non-zero mass. Determination
of the neutrino mass hierarchy is in fact one of the most important physics goals of fu-
ture atmospheric and long baseline oscillation experiments [7] which makes use of resonant
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of the neutrino mass hierarchy is in fact one of the most important physics goals of fu-
ture atmospheric and long baseline oscillation experiments [7] which makes use of resonant

1

• May be possible with cosmological 
probes and can be competitive with 
oscillation expts.  

• Meaningful if mass of lightest state is 
small 
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Astroparticle physics 

with neutrinos

.

• ASTROPHYSICAL NEUTRINOS 

• Raj Gandhi (anomalies and future directions) (17)

• Debanjan Bose (multimessenger approach) (15)

• Aritra Gupta (Dark Matter + IceCube) (17)

• Ujjal Kumar Dey (BSM physics + IceCube) (22)

photons:       absorbed on dust and radiation; reprocessed at source
protons/nuclei:      deviated by magnetic fields, absorbed on radiation (GZK)

gammas  ( z < 1 )

protons E>1019 eV ( 10 Mpc )

protons  E<1019 eV

neutrinos

cosmic
accelerator

MESSENGERS FROM THE UNIVERSE

Discovery messengers: Neutrinos and Gravitational Waves 

νµ

νµ

νe

e±

µ±

π±

p

p

THE HIGHEST ENERGY NEUTRINOS

Figure 4: Cosmic beam dumps exist: sketch of
cosmic ray accelerator producing photons. The
charged pions that are inevitably produced along
with the neutral pions will decay into neutrinos.

as the sources. Some would say that the smoking
gun is still missing and neutrinos may be the key.

Cosmic Neutrinos Associated with
Galactic Supernova Remnants

Can kilometer-scale neutrino detectors observe
neutrinos pointing back at the accelerators of the
galactic cosmic rays? It is believed that galac-
tic accelerators are powered by the conversion of
1050 erg of energy into particle acceleration by dif-
fusive shocks associated with young (1000–10,000
year old) supernova remnants expanding into the
interstellar medium. The cosmic rays will interact
with hydrogen atoms in the interstellar medium to
produce pions that decay into photons and neutri-
nos. These provide us with indirect evidence for
cosmic ray acceleration. The new twist here is
that the eventual observation of pionic gamma rays
allows for a straightforward determination of the
neutrino flux.
The HESS telescope has opened a new era in as-
tronomy by producing the first resolved images of

sources in TeV gamma rays, particularly, in this
context, of the supernova remnant RX J1713.7-
3946 [23]. While the resolved image of the source
reveals TeV gamma ray emission from the whole
supernova remnant, it shows a clear increase of the
flux in the directions of known molecular clouds.
This is suggestive of protons, shock-accelerated in
the supernova remnant, interacting with the dense
clouds to produce neutral pions that are the ori-
gin of the observed increase of the TeV photon
signal. The magnitude of the photon flux is con-
sistent with a site where protons are accelerated
to energies typical of the main component of the
galactic cosmic rays. A similar extended source
of TeV gamma rays tracing the density of molecu-
lar clouds has been identified near the galactic cen-
ter. Protons, apparently accelerated by the remnant
HESS J1745-290, diffuse through nearby molecu-
lar clouds to produce a signal of TeV gamma rays
that traces the density of the clouds [24]. Fitting
the observed spectrum by purely electromagnetic
processes is challenging because the relative height
of the inverse Compton and synchrotron peaks re-
quires very low values of the B-field, inconsis-
tent with those required to accelerate the electron
beam to energies that can accommodate the obser-
vation of 100 TeV photons. Nevertheless, an ex-
clusively electromagnetic explanation of the non-
thermal spectrum is not impossible, even favored
by some [25]. One can, for instance, partition the
remnant in regions of high and low magnetic fields
that are the respective sites of acceleration and in-
verse Compton scattering.
Supernovae associated with molecular clouds are
a common feature of associations of OB stars that
exist throughout the galactic plane. Although not
visible to HESS, possible evidence has been accu-
mulating for the production of cosmic rays in the
Cygnus region of the galactic plane from a vari-
ety of experiments[28, 31, 32, 33, 34]. Most in-
triguing is a Milagro report of an excess of events
from the Cygnus region at the 10.9 ⇥ level [34].
The observed flux within a 3� � 3� window is
70% of the Crab at the median detected energy
of 12 TeV and is centered on a source previ-
ously sighted by HEGRA. Such a flux largely ex-
ceeds the one reported by the HEGRA collab-
oration, implying that there could be a popula-
tion of unresolved TeV �-ray sources within the
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Figure 4: Cosmic beam dumps exist: sketch of
cosmic ray accelerator producing photons. The
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as the sources. Some would say that the smoking
gun is still missing and neutrinos may be the key.

Cosmic Neutrinos Associated with
Galactic Supernova Remnants
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tronomy by producing the first resolved images of
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3946 [23]. While the resolved image of the source
reveals TeV gamma ray emission from the whole
supernova remnant, it shows a clear increase of the
flux in the directions of known molecular clouds.
This is suggestive of protons, shock-accelerated in
the supernova remnant, interacting with the dense
clouds to produce neutral pions that are the ori-
gin of the observed increase of the TeV photon
signal. The magnitude of the photon flux is con-
sistent with a site where protons are accelerated
to energies typical of the main component of the
galactic cosmic rays. A similar extended source
of TeV gamma rays tracing the density of molecu-
lar clouds has been identified near the galactic cen-
ter. Protons, apparently accelerated by the remnant
HESS J1745-290, diffuse through nearby molecu-
lar clouds to produce a signal of TeV gamma rays
that traces the density of the clouds [24]. Fitting
the observed spectrum by purely electromagnetic
processes is challenging because the relative height
of the inverse Compton and synchrotron peaks re-
quires very low values of the B-field, inconsis-
tent with those required to accelerate the electron
beam to energies that can accommodate the obser-
vation of 100 TeV photons. Nevertheless, an ex-
clusively electromagnetic explanation of the non-
thermal spectrum is not impossible, even favored
by some [25]. One can, for instance, partition the
remnant in regions of high and low magnetic fields
that are the respective sites of acceleration and in-
verse Compton scattering.
Supernovae associated with molecular clouds are
a common feature of associations of OB stars that
exist throughout the galactic plane. Although not
visible to HESS, possible evidence has been accu-
mulating for the production of cosmic rays in the
Cygnus region of the galactic plane from a vari-
ety of experiments[28, 31, 32, 33, 34]. Most in-
triguing is a Milagro report of an excess of events
from the Cygnus region at the 10.9 ⇥ level [34].
The observed flux within a 3� � 3� window is
70% of the Crab at the median detected energy
of 12 TeV and is centered on a source previ-
ously sighted by HEGRA. Such a flux largely ex-
ceeds the one reported by the HEGRA collab-
oration, implying that there could be a popula-
tion of unresolved TeV �-ray sources within the
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.
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Angular Distribution of events is isotropic, indicating that most events are 
extragalactic. 
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 Power-law behavior (index)  of 8 yr up-going muon data and HESE data significantly 
different.

It is widely believed that UHE neutrinos 
are produced in charged pion decays 

produced in pp and or p! interactions in 
the source. Such neutrinos are expected 

to follow a E-2 spectrum
However….

   Power-law behavior of observed neutrino fluxes…..
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-John Updike-

Neutrinos, they are very small.
They have no charge and have no mass

And do not interact at all.
The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids through a drafty hall
Or photons through a sheet of glass.

They snub the most exquisite gas,
Ignore the most substantial wall,

Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,

And scorning barriers of class,
Infiltrate you and me! Like tall

And painless guillotines, they fall
Down through our heads into the grass.

At night, they enter at Nepal
And pierce the lover and his lass

From underneath the bed-you call
It wonderful; I call it crass.

The New Yorker Magazine, Inc. , 1960 


