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What isWhat is Dark MatterDark Matter  ?

➢An Unknown, non-luminous matter with almost no An Unknown, non-luminous matter with almost no 
interactions with other particles except gravityinteractions with other particles except gravity

➢Contains more than 80% of the matter content of the Contains more than 80% of the matter content of the 
universeuniverse

➢All pervading across the galaxies, clusters, super-All pervading across the galaxies, clusters, super-
clustersclusters
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Energy Budget of UniverseEnergy Budget of Universe

 Baryonic Matter are ~ Baryonic Matter are ~ 4.9%4.9%
 Dark Matter ~ Dark Matter ~ 26.8%26.8%
 Dark Energy ~ 68.3Dark Energy ~ 68.3%%

PLANCK 2013 RESULTS !!!
(March 21, 2013)
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General Properties of Dark General Properties of Dark 
MatterMatter

●Should be neutralShould be neutral
●Gravitationally interactingGravitationally interacting
●StableStable
●Very weak interaction withVery weak interaction with
other particlesother particles

➔Major constituent is perhaps heavy (massive) particles Major constituent is perhaps heavy (massive) particles 
(non-relativistic while decoupling)(non-relativistic while decoupling)
➔Mainly non-baryonic in natureMainly non-baryonic in nature
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DARK MATTER
• Dark matter has already been discovered through 

• Galaxy clusters

• Galactic rotation curves
• Weak lensing
• Strong lensing
• Hot gas in clusters

• Bullet Cluster

• Supernovae
• CMB

•  era of dark matter identification
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CDM Model

Concordance Model (The Standard Model of Cosmology) 
describes the evolution of the Universe from Big Bang.

Describes the important cosmological 
observations:
● CMB Fluctuation
● Large Scale Structures
● Accelerated Expansion
(SN observations)
● Distribution of H, D, He, Li
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Baryonic Dark Matter

MACHOs – Massive Astrophysical Compact Halo Objects

Brown Dwarfs: with m < 0.08 M⊙
(no H-burning)

Jupiters: with m < 0.001 M⊙

Black Holes with m ~ 100 M⊙
(not sufficient to close the universe)

Quark Nuggets (?) with m ~ 0.1 M   (MNRAS 340 (2003) 284)⊙

clouds of molecular hydrogen (?)
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Particle dark matter

Hot dark matter
- relativistic at kinetic decoupling
- large free streaming length 
- cannot cluster on galaxy scales

e.g. light neutrinos

Cold dark matter
- non-relativistic at kinetic decoupling
- possible to cluster in small scales
 Cold (v < 10^{-8} c)

e.g. neutralinos, axions, KK particles

Warm dark matter
- semi-relativistic at kinetic decoupling

e.g. sterile neutrinos, gravitinos
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Neutrino Dark Matter

Cannot close the universe 
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There is a lower limit on particle mass for smallest scale 
structure

For small scale structures at z~3: mass of dark matter 2 keV

Neutrinos being low mass and high speed

  travels large distances
  density perturbations may be washed out

Structure formation

Neutrino Dark Matter
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Non baryonic Dark Matter

Explore beyond Standard Model

from Gianfranco Bertone
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from Marc Schumann
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Particle dark matter

Thermal relics
- in thermal equilibrium with the plasma in the early universe
- produced in collision of plasma particles
- insensitive to initial conditions

e.g. neutralinos, other WIMPs, ....

Non-thermal relics
- not in thermal equilibrium with the plasma in the early universe
- produced in decays or out-of-equilibrium decays of heavier particles

e.g. Axions ....



Saha Theory Workshop,           
20.01.2017

Debasish Majumdar, SINP 14

Thermal WIMP ParadigmThermal WIMP Paradigm

         In the early universe, In the early universe, 
WIMPs and the SM WIMPs and the SM 
particles were in thermal particles were in thermal 
and chemical equilibrium and chemical equilibrium 
with each otherwith each other

       So, at very high So, at very high 
temperature             , the temperature             , the 
equilibrium number equilibrium number 
density        behaved like density        behaved like 
photons,photons,
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Thermal WIMP ParadigmThermal WIMP Paradigm
 As the universe expands, the As the universe expands, the 

temperature falls below WIMP temperature falls below WIMP 
mass(             ) and then mass(             ) and then 
behaves like MB distributionbehaves like MB distribution

 When the universe expansion rate When the universe expansion rate 
(H) surpasses the decay rate (H) surpasses the decay rate 

(          ) of WIMPs, i.e., when, (          ) of WIMPs, i.e., when, 
then chemical decoupling then chemical decoupling 
happens and WIMPs per happens and WIMPs per 
comoving distance are fixed. (out comoving distance are fixed. (out 
of equilibrium condition)of equilibrium condition)
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Thermal WIMP ParadigmThermal WIMP Paradigm

     So, the evolution of So, the evolution of 
number density, n(t) is number density, n(t) is 
quantitatively given quantitatively given 
by,by,

     Thus, the relic density Thus, the relic density 
(DM) is set by,(DM) is set by,
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Some factors important for the particle dark matter

— Production from interaction with thermal plasma of the Universe:
- reaches reaction equilibrium and going away from equilibrium at freeze-out
(WIMP)
- does not reach reaction equilibrium (but approaching towards equilibrium – 
freeze-in) (FIMP)
- coannihilating with similar mass particles (neutralinos)

—Production via out-of-equilibrium decay of massive particles 
(non-thermal)

— Production from decays of non-thermal particles (gravitinos, ...)

— Dark matter-antimatter asymmetry:
• self-conjugate (Majorana fermions, neutralinos, axions, gravitinos, ...)
• not self-conjugate (Dirac fermions, asymmetric dark matter, ...)

— Hubble expansion rate before nucleosynthesis:
• standard vs nonstandard cosmology (low temperature reheating, ...)
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Axion Dark Matter

There are CP violating terms in the QCD Lagrangian

since no strong CP violation is observed,  must be very small or zero 
but in general  can take any value

Strong CP Problem

introduce the global U(1) symmetry (Peccei-Quinn Symmetry)

this symmetry is spontaneously broken at some large scale

dynamical interpretation of the angle 

for CP symmetry is restored

a is the axion field

this theory has a pseudo-scalar boson (the axion) of the spontaneously 
broken PQ symmetry
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Dark Matter Candidates in the MSSM

1. sneutrino (spin 0)
would have relatively large coherent scattering with 
nuclei direct DM expts exclude sneutrinos between a 
few GeV and several TeV

2. neutralino (spin 1⁄2) → the favourite

3. gravitino (spin 3/2)
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Kaluza- Klein DMKaluza- Klein DM
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Kaluza- Klein DMKaluza- Klein DM
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All Standard Model fields can propagate into an extra dimension and 
every SM particle has a KK tower. The proposed candidate
for dark matter in the UED model can be the particle B1 (LKP), which
is the first KK partner of the hypercharge gauge boson.

Kaluza- Klein DMKaluza- Klein DM
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Kaluza- Klein DMKaluza- Klein DM
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Kaluza- Klein DMKaluza- Klein DM
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Kaluza- Klein DMKaluza- Klein DM
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Taken from Marc Schumann
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Dark Matter models in simple Dark Matter models in simple 
extension of SM extension of SM 

Scalar Higgs-portal dark matter
Fermionic dark matter
........ 
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➔Scalar Singlet Dark MatterScalar Singlet Dark Matter
((SM+extra scalar singletSM+extra scalar singlet))

The most general form of the potentialThe most general form of the potential

➔Apply       symmetry (             )Apply       symmetry (             )
ensures stability of DMensures stability of DM
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Barger et al., Phys. Rev. D 77 (2008) 035005
A. B., S. C., A. G., D. Majumdar, JHEP 1011 (2010) 065

A. Biswas, D. Majumdar, 1102.3024
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ConstraintsConstraints

Perturbative calculations

Vacuum stability conditions

Unitarity Conditions
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Constraints (contd.)Constraints (contd.)

LEP measurements of Z decay width

ALTAS and CMS bounds on diphoton signal strengths (LHC Constraints)

(ATLAS) (CMS)

PLANCK bound on CDM relic density
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A fermionic DM Model in hidden sector

Dark Matter candidate belongs to a dark sector

Proposed: The existence of a `hidden' dark sector

The Lagrangian of this hidden sector remains invariant under local

The Lagrangian is also invariant under a global

Two fermion generations   

transforms like a part of a doublet under 

 singlet under 
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Both           and           are charged under

 
                 Scalar doublet Does not have global              charge 

The dark sector is connected to the visible sector through the gauge invariant
Interaction term, 

Global        does not break spontaneously 

Local                  breaks spontaneously when neutral component of      gets a VEV                 

Also possesses a custodial SO(3) symmetry

Three dark gauge bosons                       also   get mass

become degenerate in mass

No mixing between                  gauge bosons and SM gauge bosons                 
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Dark Sector fermions are charged under global 

Invariance of dark sector Lagrangian under              requires equal and opposite          
charges between each fermion and its antiparticle.

Dark sector fermions are Dirac type (not Majorana).

Dark sector fermions can interact by exchanging dark gauge bosons 

Heavier fermions decays into the lightest fermion

        gets mass by the VEV of        when              of hidden sector breaks spontaneously
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A. Biswas, DM, P. Roy, Europhys.Lett. 113 (2016) no.2, 29001 
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Courtesy: Paolo Gondolo
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Tests for DM ParticlesTests for DM Particles

Taken from Gianfranco Bertone, arXiv:0711.4996



THANK YOUTHANK YOU
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