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Neutrinos : The Elusive Ghost Particles

▶ Most abundant massive particles

□ ∼ 100 billion neutrinos from sun through thumbnail every second
□ Human body = 20 mg of K-40 emits 340 million neutrinos per day!

▶ Spin 1/2, neutral, weakly interacting

□ Your body will stop 1 neutrino which passes through it in a lifetime!

▶ 3 mass eigenstates (ν1, ν2, ν3) & 3 flavor states (νe, νµ, ντ )

▶ Neutrinos oscillate among flavors

▶ Can be Dirac or Majorana
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Why Are Neutrinos Necessary? Because, Without Them
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Also, They Help Us Understand Fundamental Physics
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Grand Unified Neutrino Spectrum (GUNS) @Earth

Spanning a range of 1018eV from meV to PeV
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Grand Unified Neutrino Spectrum (GUNS) at Earth
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Cosmic Neutrino Background (CNB)

▶ Relic neutrinos from about 1 s old Universe

▶ About 336 neutrinos and antineutrinos per cm3

▶ Largest neutrino density at Earth, yet never been detected

▶ In adiabatic limit, Tν = (4/11)1/3Tγ implies Tν = 1.954 K, TCMB = 2.725 K

▶ m1 = 0, m2 = 8.6 meV , m3 = 50 meV

▶
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⋆ Not detected yet!
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Neutrinos from Big Bang Nucleosynthesis

▶ Neutron decay: n −→ p+ e− + ν̄e (∼ 880 s)

▶ Tritium Decay: 3H −→ 3He+ e− + ν̄e (∼ 17.8 yr)

▶ BBN produced mostly ν̄ but a small fraction of ν too

▶ 7Be+ e− −→ 7Li+ νe, 861.8 keV (89.6%) or 384.2 keV (10.4%)

▶ The spectra (originally in keV) are downshifted (to meV) by redshift by a
factor 1/(z + 1)

⋆ Not detected yet!
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Solar Neutrinos from Nuclear Reactions
▶ Sun emits 2.3% of its nuclear energy of MeV-range as νe
▶ Effective fusion reaction: 4p+ 2e− −→ 4He+ 2νe + 26.73 MeV
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▶ ⟨Eνe⟩ = 0.312 MeV

▶ The solar luminosity is L⊙ = 3.828× 1033 erg/s = 2.39× 1039 MeV/s

▶ ⇒ Lνe = 2× L⊙
26.73 MeV−2⟨Eνe ⟩

= 1.83× 1038 /s

▶ 1 AU = 1.496× 1013 cm

▶ ⇒ Φν = Lνe/[4π × (1AU)2] = 6.51× 1010 cm−2s−1
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Thermal Neutrinos from Sun

▶ In the keV range, the Sun produces neutrino pairs of all flavors by thermal
processes, notably plasmon decay, the Compton process, and electron
bremsstrahlung

▶ Plasmon Decay: γ −→ ν + ν̄

▶ Compton Process: γ + e− −→ e− + ν + ν̄

▶ Bremsstrahlung: e− + Ze− −→ Ze− + e− + ν + ν̄

▶ The nonelectron flavors are produced primarily by bremsstrahlung

▶ Compton process dominates at the highest energies

▶ For νeν̄e, plasmon decay dominates, especially at lower energies

▶ A numerical integration over the Sun provides the low-energy flux at Earth
from bremsstrahlung for either ν or ν̄ as:

dΦν

dE
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Geo−Neutrinos

▶ The decay of long-lived natural radioactive isotopes in Earth, notably 238U ,
232Th, and 40K, produce an MeV-range ν̄e flux exceeding 1025/s

▶ 238U −→ 206Pb+ 8α+ 6e− + 6ν̄e+ 51.7 MeV

▶ 232Th −→ 208Pb+ 6α+ 4e− + 4ν̄e+ 42.7 MeV

▶ 40K −→ 40Ca+ e− + ν̄e+ 1.31 MeV (89.3%)
e− + 40K −→ 40Ar∗ + ν̄e+ 44 keV (10.7%) −→ 40Ar + ν̄e+ 1441 keV

▶ The main detection channel is inverse beta decay ν̄e + p −→ n+ e− with a
kinematical threshold of 1.806 MeV
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Reactor Neutrinos

▶ Nuclear power plants release a few percent of their energy production in the
form of MeV-range ν̄e arising from the decay of fission products.

▶ β decay of U-235 (56%), Pu-239 (30%), U-238 (8%), Pu-241 (6%)

▶ Also, neutron capture on U-238 produces ν̄e below detection threshold of
inverse beta decay i.e. 1.806 MeV
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Diffuse Supernova Neutrinos

▶ All collapsing stars in the visible Universe, a few per second, provide the
DSNB. It dominates at Earth for 10–25 MeV

▶ Neutrino burst from SN 1987A in the Large Magellanic Cloud detected
around 20 neutrinos

▶ For a given species ν, the DSNB flux with ncc ∼ 107 Mpc−3 is

dΦν

dE
=

10.3

MeV cm2 s

ncc

107 Mpc−3

Nν

1057
gν(E)
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Atmospheric, Astrophysical & Cosmogenic Neutrinos

Cosmogenic νtrinos

p+ γCMB
∆+

−−−−→

{
p+ π0 −→ p+ γ + γ

n+ π+ −→ n+ e+ + νµ + νe + ν̄µ

Astrophysical/Atmospheric νtrinos (Credit [7])

p+ γ −→ π0 + p

p+N −→ π +X (π = π0, π+, π−)

π0 −→ γ + γ

π+(π−) −→ µ+(µ−) + νµ(ν̄µ)

µ+(µ−) −→ e+(e−) + νe(ν̄e) + ν̄µ(νµ)
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▶ Huge number of detection every now and then, mostly in Japan
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⋆ No Cosmogenic ν detected yet! (Adapted From: [5], [6])
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Thank You!
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Abstract

Neutrinos are the fundamental particles which has promising potent to unveil the
mysteries of our universe. Besides their importance in understanding fundamental
Physics, a new era of multi-messenger astronomy with neutrinos is outspreading
which is evident from the large scale neutrino detectors around the world sensitive
from meV to PeV energy scales. In this presentation, we discuss the grand unified
neutrino spectrum (GUNS) at Earth from various sources. The original work is done
by Vitagliano, Tamborra, and Raffelt in their review paper, DOI: 10.1103/RevMod-
Phys.92.045006 [6].
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Important Points

▶ If neutrino masses are of Majorana type and thus violate lepton number, any
primordial asymmetry remains conserved, i.e., helicity plays the role of lepton
number and allows for a chemical potential. In the Dirac case, the same
reasoning implies that the sterile partners will not be thermally excited.
Therefore, the standard CNB will be the same for both types of neutrino
masses.

▶ For neutrinos with mass, not the energy but the momentum is redshifted by
cosmic expansion, so the phase-space occupation at redshift z for free
streaming neutrinos is

fν(p) =
1

ep/Tz + 1

where
Tz = (1 + z)Tν

▶ Early Universe, p and n in β equilibrium: n/p = e−∆m/T , ∆m = 1.293 MeV
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SSM Prediction
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▶ Except for 8B, the continuum spectra follow
dN

dE
∝ E2(Q− E)

√
(Q− E)2 −m2

e, Q = Emax +me
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pp Flux Neutrino @Earth
▶ Total pp flux approximation for the flux at Earth is

dΦpp
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=
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DSNB
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CNB
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▶ Maximum flux does not depend on mass
▶ For larger masses it is tightly concentrated at E ≥ mi, i = 2, 3
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Other Solar Neutrinos

▶ Sun also produces ν̄e from 40K decay but flux at Earth is of around 100
cm−2s−1. With a geo-ν̄e luminosity of around 225/s from potassium decay, the
average geoneutrino flux is 5× 106cm−2s−1 at Earth’s surface.

▶ An additional flux of higher-energy solar ν̄e comes from photofission of heavy
elements such as uranium by the 5.5 MeV photon from the solar fusion
reaction p+ d −→ 3He+ ν̄e. However, this small flux of around 103cm−2s−1

is vastly overshadowed by reactor neutrinos.
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