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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 

• States of energy
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Evolution of Radiation, Matter, CC

𝐻 = 𝐻0
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𝑔∗ = 2 +
7

8
2 + 2 +
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2 × 3 =
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QCD phase transition at 10−5 sec, 150 MeV   

Matter-Radiation equality at 60000 yr, 0.8 eV

Nucleon-antinucleon annihilation at 10−3 sec, 40 MeV

Neutrino decoupling at 1 sec, 1 MeV

Electron-positron annihilation at 10 sec, 0.5 MeV

Photon decoupling (recombination) at 380000 yr, 0.3 eV

𝑝, ҧ𝑝, 𝜋±,0, 𝑛, ത𝑛, 𝑒−, 𝑒+, 𝜈𝛼, 𝛾
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Nucleosynthesis era: 1 sec – 3 min

𝑝, 𝑛 → 𝐷, 𝐻𝑒, 𝐿𝑖, 𝐵𝑒

𝜌𝑚 = 𝜌𝑟

𝑝 + 𝑒− → 𝐻

𝑒− + 𝑒+ → 𝛾 + 𝛾





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:

ℒeff ∼ 𝐺𝐹𝜈𝐿 𝛾𝜇𝑒𝐿 𝑒𝐿 𝛾𝜇𝜈𝐿 

𝑒− + 𝑒+ 𝜈 + ҧ𝜈

Γint = 𝐻 ⇒ 𝐺𝐹
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Neutrinos in Cosmology
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Ω𝜈 =
𝜌𝜈

𝜌𝑐
=

∑𝑚𝜈

93ℎ2eV

Ω𝑚 = Ω𝑏 + Ω𝑐 + Ω𝜈

Larger 𝑚𝜈

→ less CDM or more relativistic component at earlier time
→ Suppressed smaller scale structure,  
→delayed matter-radiation equality
→Reduced clustering, or weaker CMB lensing

𝐻 = 𝐻0

Ω𝑟

𝑎4 +
Ω𝑚

𝑎3 +
Ω𝑘

𝑎2 + ΩΛ

Variation of 𝑚𝜈→change of cosmological history

∑𝑚𝜈 ≳ ቊ
0.05eV
0.1eV

 NO
 IO

≳ ቊ
0.001
0.002

 NO
 IO



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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Racco, Zhang, Zheng, 2412.04959

𝑘𝑓𝑠 ≈ 0.018
𝑚𝜈

1eV

1
2

Ω𝑚

1
2 ℎ Mpc⁻¹

PLANCK, 1807.06209

Δ𝑚31
2 ≈ 2.5 × 10−3eV2 Δ𝑚21

2 ≈ 7.5 × 10−5eV2

𝑚2 ≈ 𝑚1 ≫ 𝑚3

𝑚3 > 𝑚2 > 𝑚1



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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𝜌𝑟 = 𝜌𝛾 [1 +
7

8

4

11

4
3

𝑁eff]

1911.04504



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

𝑌𝑝 =
2(𝑛/𝑝)

1 + 𝑛/𝑝
𝑛/𝑝 ≈ 𝑒

−
𝑚𝑛−𝑚𝑝

𝑇freeze

1912.01132

𝑁eff = 4
3

2



𝑁eff & CMB damping tail
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Hou et.al, PRD `13 PLANCK, 1807.06209

SPT-3G, 2506.20707



Beyond Standard Model Δ𝑁eff
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0308083

Δ𝑚𝑠𝑎
2

eV2  sin4(2𝜃𝑠𝑎) ∼ 10−5 Δ𝑁eff
2

Light sterile neutrino
Scalar-mediated NSI 

𝑔𝜈,𝛼𝛽𝜙𝜈𝛼𝜈𝛽 + ℎ. 𝑐.

2009.08104

𝑚𝜈
eff ∼

𝑔𝜈
2

𝑚𝜙
2 𝑚𝜈𝑇2

BBN

Dark photon
𝜒

2
 𝐹𝜇𝜈𝑋𝜇𝜈

0807.4143



Beyond Standard Model Neutrinos

Dirac NEFT
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2411.17414 2005.13933

Excluded 𝑡0

𝑡eq

Contribution to Δ𝑁eff

Energetic neutrinos

Extra neutrinos from dark sector: 𝜙 → 𝜒𝜈

𝐸0 =
𝑚𝜙

2 − 𝑚𝜒
2

2𝑚𝜙
= 0.01,1,100 𝑚𝜙

𝑦𝐷𝐿𝐻𝑁 + 𝑦𝜙𝑁𝜙𝜒



Dark Matter Evidence
Galactic rotation curves
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𝑀 𝑅 =
𝑣rot

2 𝑅

𝐺𝑁

Matiere obscuree
Dunkle materie

Gravitational lensing (bullet cluster)

Non-baryonic DM

Structure formation accelerated by cold DM

BBN & CMB limit Ω𝑏 ∼ 0.04, Ω𝑚 ∼ 0.3



SDSS

BAO peak in galaxy survey

MilleniumTNG 𝜈

DM

Large scale structure CMB anisotropy
𝑧

Mpc
𝑙 ≈ 220, 𝜃 ≈ 0.60



Extended territory of DM

Snowmass, 2203.08967

PBH



Classification of Dark Matter

• Stable, neutral, non-baryonic particle 
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Structure Formation with Dark Matter

• DM dominates gravitational potential wells
• Baryons fall in after recombination
• Neutrinos suppress power on small scales 
depending on their mass

CDM

• Free-streaming length 𝜆𝑓𝑠 determines cutoff scale
• WDM delays halo formation
• HDM inconsistent with observed galaxy clustering

WDM & HDM

𝜆𝑓𝑠 = 0.1
keV

𝑚

4
3 Ω𝑚

1
3

0.15ℎ2 Mpc

Ultra-light (but cold) bosonic DM 
Wave-like suppression of smaller scales

𝑘 > 𝑘∗ ≈ 4.5
mDM

10−22eV

4
9

Mpc−1

Hui, 2101.11735

Snowmass, 2203.07354

𝜎𝐷𝑀−𝑁 = 10−22cm2

𝑚FDM = 10−22eV

𝑚WDM = 40keV

𝑚Bino = 100GeV



Thermal Freeze-Out Mechanism

⇒ Ω𝐶DM ℎ² ≈
3 × 10−27cm3/s

𝜎𝑣

Decoupling when non-relativistic → CDM 𝑛𝜒 = 𝑔𝜒

𝑚𝑇

2𝜋

3/2

𝑒−
𝑚
𝑇

𝜌𝜒 = 𝑚𝜒𝑛𝜒

Consider the annihilation process 𝜒𝜒 → 𝑓𝑓 whose cross-section is 𝜎𝑣 

Thermal annihilation rate: Γann = 𝑛𝜒⟨𝜎𝑣⟩

Γann > 𝐻, 𝑡ann < 𝑡𝐻 couple in thermal bath

Γann < 𝐻, 𝑡ann > 𝑡𝐻 decouple from thermal bath
number density freezes out after 𝑇𝑓

𝑛𝜒 𝑇𝑓

𝑠(𝑇𝑓)
= constant

  𝜌𝜒0 = 𝑚𝜒
𝑛𝜒 𝑇𝑓

𝑠 𝑇𝑓
𝑠0,  Ω𝜒 =

𝜌𝜒0

𝜌𝑐

For a constant ⟨𝜎𝑣⟩, decoupling occurs when  

Γann

𝐻
∼ 𝑇𝑀𝑃

𝑚

𝑇

3

2
𝑒−

𝑚

𝑇 𝜎𝑣 = 1 at 𝑇 = 𝑇𝑓

𝜌𝜒0 ∼
𝑚𝜒

𝑇𝑓

𝑠0

𝑀𝑃⟨𝜎𝑣⟩

with 
𝑚𝜒

𝑇𝑓
∼ 20



WIMP paradigm for CDM 

If neutrino was heavy enough to decouple when non-relativistic,
    the weak interaction like 𝜈 ҧ𝜈 → 𝑒−𝑒+ freezes out at 𝑇𝑓 ∼ 𝑚𝜈/20.

𝜎𝑣 ∼ 𝐺𝐹
2𝑚𝜈

2  ⇒  Ω𝜈ℎ2 ∼ 0.1
5MeV

𝑚𝜈

2

Astray in the fog of neutrinos



Misalignment 
mechanism

Generation of ultra-light 
but cold bosonic DM

Snowmass, 2203.14915

෠𝜙 𝑥 𝑇 = 𝜙 𝑡

ሷ𝜙 𝑡 + 3𝐻 ሶ𝜙 𝑡 + 𝑚𝜙
2 𝜙 = 0

𝜙

𝜙′

𝑥 ≡ 𝑚𝜙𝑡 ∝ 𝑎2



Neutrino-DM connection

• Singlet Majorana fermion 𝑁 coupling to the neutrino Yukawa term:

• Typical size of  the Yukawa for seesaw: 

• Two masses for atmospheric and solar neutrinos → one RHN can be cosmologically 
stable:

𝑌𝜈 𝑌𝜈

ℒ𝜈 = 𝑌𝜈𝐿𝐻𝑁 +
1

2
𝑀𝑁𝑁𝑁 + ℎ. 𝑐. ⇒  𝑚𝜈 = 𝑌𝜈

𝐻 2

𝑀𝑁
𝑌𝜈

𝑇

𝑌𝜈 ∼
𝑚𝜈𝑀𝑁

𝐻
∼ 10−6

𝑚𝜈

0.05eV

𝑀𝑁

TeV

Γ𝑁→𝐿𝐻 =
𝑌𝜈

2𝑀𝑁

8𝜋
∼

1

1028sec 

𝑌𝜈

10−27

2
𝑀𝑁

TeV

Γ𝑁→𝜈𝛾 =
9𝛼𝐺𝐹

2

265𝜋4
𝜃2 𝑀𝑁

5 ∼
1

1028sec 

𝜃

3 × 10−4

2
𝑀𝑁

keV

5

𝜃 =
𝑌𝜈 𝐻

𝑀𝑁



Production of  sterile neutrino DM
• Neutrino  propagation in thermal background affected 

by Wolfenstein potential 𝑉𝑎 (MSW effect)

29

𝜈𝛼 𝜈𝛼

𝑓

𝑊𝑍

𝑍
𝜈𝛼 𝜈𝛼

𝑖
𝑑

𝑑𝑡

𝜈𝑎

𝜈𝑠
= 𝐻

𝜈𝑎

𝜈𝑠

𝜈𝑎

𝜈𝑠
=

𝑐𝜃 𝑠𝜃

−𝑠𝜃 𝑐𝜃

𝜈1

𝜈2

𝐻 = p +
𝑚1

2 + 𝑚2
2

2p
+

𝑉𝑎 𝑡, p

2
𝐼 +

1

2

𝑉𝑎 𝑡, p − Δ𝑐2𝜃 Δ𝑠2𝜃

Δ𝑠2𝜃 Δ𝑐2𝜃 − 𝑉𝑎(𝑡, p)

𝑠2𝜃𝑚

2 =
Δ2s2𝜃

2

Δ2𝑠2𝜃
2 + Δ𝑐2𝜃 − 𝑉𝑎 𝑇, p

2  where Δ =
𝑚2

2 − 𝑚1
2
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𝑠2𝜃𝑚

2 =
Δ2s2𝜃

2

Δ2𝑠2𝜃
2 + Δ𝑐2𝜃 − 𝑉𝛼 𝑇, p

2

Γ 𝜈𝑎 → 𝜈𝑠: p, 𝑇 =
Γ𝑎

4
𝑠2𝜃𝑚

2
Γ𝑎(p) ≈ 𝐺𝐹

2p𝑇4

Resonance 
conversion

𝑉𝑎 𝑇, p = 𝑉𝑎
𝑇 + 𝑉𝑎

𝐿

∼ −𝐺𝐹
2 p 𝑇4 + 𝐺𝐹 ℒ𝑎𝑇3

Dodelson-Widrow ’93 
+ Shi-Fuller ’98

Lepton 
asymmetry

𝑓 = 𝑒, 𝜈𝑒



Restricted parameter space

Abazajian, 2102.10183 Boyarsky et.al., 1807.07938

NSI to live with the limits

Bhupal Dev, et.al., 2505.22463 & refs therein

𝑦𝑎𝑠𝜙𝜈𝑎𝜈𝑠



To conclude
• In summary, the cosmology of neutrinos and dark 

matter lies at the intersection of particle physics 
and astrophysics, offering a unique window into the 
fundamental structure and evolution of the 
universe. Neutrino cosmology has demonstrated 
that even sub-eV masses leave measurable imprints 
on the cosmic microwave background, large-scale 
structure formation, and the expansion history of 
the universe. These effects continue to provide 
stringent constraints on the absolute neutrino mass 
scale and the number of effective relativistic species.

• Dark matter, on the other hand, remains the 
dominant component of the matter density, yet its 
particle nature is still unknown. The concordance 
cosmological model (ΛCDM) accurately describes 
the large-scale distribution of matter, but the 
absence of direct detection and possible small-scale 
tensions invite consideration of alternative 
scenarios — from warm dark matter to self-
interacting or fuzzy dark matter candidates.

• Together, the study of neutrinos and dark matter 
exemplifies the synergy between cosmological 
observations and laboratory experiments. 
Upcoming surveys, such as CMB-S4, Euclid, and the 
Vera C. Rubin Observatory, alongside next-
generation neutrino and dark matter detectors, 
promise to refine cosmological parameters and 
potentially reveal new physics beyond the Standard 
Model.

• Ultimately, progress in understanding these elusive 
components will not only constrain the parameters 
of our cosmological model but may also redefine 
our view of the fundamental constituents and 
interactions that shape the universe.

• We conclude our journey back to the 
foundations of the universe by recognizing 
the profound interplay between two forms of 
matter that, despite their invisibility, dictate 
the cosmos's destiny. 

• The neutrino, a ghost of the Standard Model, 
serves as our universe's lightest resident, 
confirmed to possess mass and thus 
operating as a crucial, though small, 
component of Hot Dark Matter. While its 
mass slightly softens the edges of the cosmic 
web, the dominant role in knitting galaxies 
together belongs unequivocally to Cold Dark 
Matter (CDM)—the gravitational scaffolding 
that defines the structure of the universe on 
its largest scales. 

• Defining this dark sector is the Everest of 
modern cosmology. Future efforts, from 
high-precision laboratory experiments like 
KATRIN to kilometer-scale neutrino 
observatories and groundbreaking galaxy 
surveys, are converging to precisely measure 
the neutrino's mass and, crucially, to finally 
identify the fundamental particle of CDM. 
The dark sector is not an abstraction; it is the 
95% of reality we have yet to chart, and the 
experiments of the next decade promise to 
illuminate this cosmic enigma, completing 
our inventory of the universe.

• Neutrinos and dark matter—once considered 
elusive shadows in the cosmic tapestry—are 
now central to our understanding of the 
universe’s structure, evolution, and fate. 
Neutrinos, with their ghostly interactions, 
have reshaped our models of particle physics 
and cosmology, while dark matter continues 
to challenge our imagination, guiding 
galaxies and sculpting the cosmic web.

• The journey to uncover their secrets is far 
from over. With next-generation experiments, 
precision cosmological surveys, and bold 
theoretical ideas, we stand at the threshold 
of a new era—one where the invisible 
becomes knowable, and the unknown 
becomes a catalyst for discovery.

• Let us continue to ask bold questions, 
embrace uncertainty, and explore the 
cosmos not just for answers, but for deeper 
insight into the nature of reality itself.
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