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This lecture explores two of the most enigmatic constituents of the universe—
neutrinos and dark matter—and their profound implications for cosmology. 
      Despite their  elusive nature, these particles leave detectable imprints on the 
early universe, and their properties can be inferred through a range of cosmological 
observations.

Introduction



History of 
Early 

Universe

• Our universe began with  the reign of inflation—exponential expansion which is 
believed to be driven by a fundamental scalar field (inflaton).  

• In this era, quantum fluctuations are stretched to macroscopic scales and those 
beyond the Hubble horizon froze in as perturbations in the curvature of spacetime.

• In later times, they re-enter the horizon to act as seeds of density variations.

• After inflation ends, the inflaton underwent a dramatic transition to standard 
particles forming a thermal phase of hot dense plasma (Big Bang).

• During this period, numerous fundamental and fascinating events are presumed to  
take place – generation of matter-antimatter asymmetry, symmetry breaking, phase 
transition, etc. 

• Just a few minutes after the Big Bang, a foundational process began—Big Bang 
Nucleosynthesis, the formation of light elements (D, He, Li) which eventually 
constitute all matter in the present universe.

• The thermal universe dominated by radiation gave way to the matter-dominated 
era setting the stage for a landmark event—the birth of the Cosmic Microwave 
Background exhibiting tiny temperature anisotropies imprinted by primordial 
density perturbations.

• Such subtle variations were amplified by dark matter clumps, guiding the formation 
of large-scale structure like galaxies, clusters and superclusters as we observe 
today.



Introduction to leptogenesis
• Leptogenesis is a theoretical framework that explains the observed 

matter–antimatter asymmetry of the universe through the generation 
of a lepton asymmetry in the early universe, which is later partially 
converted into a baryon asymmetry via electroweak sphaleron 
processes.

• At its core, leptogenesis is intimately connected to the seesaw 
mechanism, which introduces heavy right-handed Majorana neutrinos 
to explain the small but nonzero masses of the observed light neutrinos. 
These heavy neutrinos can decay in a CP-violating and out-of-
equilibrium manner in the early universe, producing an excess of 
leptons over antileptons.

• This lepton asymmetry is then partially transformed into a baryon 
asymmetry through non-perturbative Standard Model processes that 
violate baryon (B) and lepton (L) number but conserve B - L. This 
mechanism elegantly links neutrino physics with cosmological 
baryogenesis, offering a testable bridge between particle physics and 
the early universe.

Copilot



 Basic Idea of Leptogenesis
• Leptogenesis links the matter–antimatter asymmetry to the physics of neutrinos.In the very early universe, there 

were extremely heavy right-handed neutrinos (predicted by many extensions of the Standard Model, like the 
seesaw mechanism). These heavy neutrinos could decay asymmetrically — producing slightly more leptons (L) 
than antileptons (anti-L). This created a lepton asymmetry.Then, through sphaleron processes (nonperturbative 
effects in the Standard Model at high temperatures), part of this lepton asymmetry was converted into a baryon 
asymmetry — giving rise to more matter (baryons) than antimatter.

• This is summarized schematically as:
𝑁→𝑙+𝐻and𝑁→𝑙ˉ+𝐻ˉ where 𝑁 is a heavy Majorana neutrino, 𝑙 a lepton, and 𝐻 the Higgs boson. If the decay rates   of 
these two processes are not exactly equal, an asymmetry arises.

 Sakharov Conditions
• To generate a matter–antimatter asymmetry (baryogenesis or leptogenesis),
     Sakharov’s three conditions (1967) must be satisfied:
      i) Baryon (or lepton) number violation;  ii) C and CP violation iii) Departure from thermal equilibrium
• Leptogenesis naturally meets these:  
      Lepton number violation via Majorana neutrino decays.
      CP violation through complex phases in the Yukawa couplings.
      Out-of-equilibrium decays as the universe cools.

Connection to Neutrino Physics
Leptogenesis is strongly connected to the seesaw mechanism, which explains why neutrinos are so light. The same 
heavy neutrinos responsible for light neutrino masses (via the seesaw) can also drive leptogenesis. Thus, leptogenesis 
offers a cosmological test of neutrino physics.

ChatGPT



• Leptogenesis is a class of theoretical scenarios in particle physics and cosmology that proposes an 
explanation for the matter-antimatter asymmetry observed in the universe.  This asymmetry is the 
puzzling fact that the universe today contains overwhelmingly more matter (like protons, neutrons, 
and electrons) than antimatter.

• According to the prevailing cosmological model, the Big Bang should have produced nearly equal 
amounts of matter and antimatter. If this were strictly true, they would have annihilated, leaving a 
universe full of only radiation. 

• Leptogenesis suggests that the observed imbalance of matter originated from an initial imbalance in 
leptons (a class of particles that includes electrons and neutrinos), which was later converted into a 
net baryon (ordinary matter) asymmetry.

      Key Mechanism
• Heavy Sterile Neutrinos: The most common leptogenesis models are closely tied to the existence of 

hypothetical particles called heavy sterile neutrinos (also known as right-handed neutrinos), which are 
predicted by extensions to the Standard Model of particle physics, particularly the seesaw mechanism 
used to explain the tiny masses of ordinary neutrinos.

• Production of Lepton Asymmetry: In the very early, hot universe, these heavy sterile neutrinos decay. 
Their decay must slightly favor the production of leptons over antileptons, violating the conservation 
of lepton number and the charge-parity (CP) symmetry. This is consistent with the Sakharov 
conditions, which must be met to generate an asymmetry between matter and antimatter.

• Conversion to Baryon Asymmetry: This initial excess of leptons (lepton asymmetry) is then converted 
into the observed excess of baryons (baryon asymmetry) by non-perturbative processes within the 
Standard Model, known as sphalerons, which can violate both lepton number and baryon number 
while conserving the combination (B-L), where B is the baryon number and L is the lepton number.

The theory is attractive because it links two major puzzles in physics: the origin of neutrino masses and 
the matter-antimatter asymmetry of the universe.

Gemini



Mathematical details in short

• Friedmann-Lemaitre-
Robertson-Walker

• Einstein: Curvature = 
Energy-momentum 
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Evolution of Radiation, Matter, CC
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Neutrinos in Cosmology

• Weakly interacting, decouple 
at 𝑇 ~ 1 MeV (𝑡~1 sec)
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• Neutrino vs. photon temperature 
after 𝑒−𝑒+ annihilation:
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Neutrinos in Cosmology
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Neutrino Masses in cosmology

• Oscillations imply nonzero masses:

• Affect cosmology via free-streaming:
   - Delay matter–radiation equality
   - Suppress small-scale structure
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Effective Number of Neutrino Species

• Radiation energy density:

 •Standard Model prediction
𝑁eff =  3.043

• Extra Δ𝑁eff → New light species in BSM

 → Larger 𝐻
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𝑁eff and BBN

Neff changes the freeze-out temperature of the weak processes 

Γ𝑛⇔𝑝 = 𝐻

Higher 𝑁eff→ larger 𝐻, higher 𝑇freeze

→ more neutrons, higher 𝑌𝑝
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𝑁eff & CMB damping tail
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Hou et.al, PRD `13 PLANCK, 1807.06209
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Beyond Standard Model Δ𝑁eff
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Beyond Standard Model Neutrinos

Dirac NEFT
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Energetic neutrinos
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