
Dark Matter : Dark Matter : 
Properties, Models and Properties, Models and 

DetectionsDetections

Debasish MajumdarDebasish Majumdar

Astroparticle Physics and Cosmology DivisionAstroparticle Physics and Cosmology Division
Saha Institute of Nuclear PhysicsSaha Institute of Nuclear Physics

KolkataKolkata



WHEPP XV Debasish Majumdar, SINP

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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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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Energy Budget of UniverseEnergy Budget of Universe

 Baryonic Matter are ~ Baryonic Matter are ~ 4.8%4.8%
 Dark Matter ~ Dark Matter ~ 26.5%26.5%
 Dark Energy ~ 68.4Dark Energy ~ 68.4%%

PLANCK 2013 RESULTS !!!
(March 21, 2013)
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Evidence of Dark Matter in the Evidence of Dark Matter in the 
UniverseUniverse

➔  Flatness of the rotation curves of spiral galaxies at        Flatness of the rotation curves of spiral galaxies at        
large radius large radius 

➔  Gravitational lensingGravitational lensing

➔  Bullet ClustersBullet Clusters

➔  Anisotropy of cosmic microwave background                Anisotropy of cosmic microwave background                
radiation.radiation.

➔  Difference in gravitational mass and luminous mass in  Difference in gravitational mass and luminous mass in  
galaxy clustersgalaxy clusters

➔  Difference in total mass and observed massDifference in total mass and observed mass
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Spiral GalaxySpiral Galaxy
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Elliptical GalaxyElliptical Galaxy
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Flatness of Rotational CurveFlatness of Rotational Curve
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Flatness of Rotational CurveFlatness of Rotational Curve
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 Another method used to study 
mass/distance relationships among the far 
reaches of our Universe is called lensing.

Lensing occurs when an object’s gravity 
distorts light behind it.

LensingLensing
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In 1997, a Hubble Space Telescope image revealed light from a distant galaxy 
cluster being bent by another cluster in the foreground.

  Based on the way the light was bent, it is estimated the mass of the 
foreground cluster to be 250 times greater than the visible matter in the cluster.

  It is believed that dark matter in the cluster accounts for the unexplained 
mass.

Gravitational Lens Created by Galaxy Cluster Reveals 
Presence of Dark Matter
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Lens Equation
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LensingLensing
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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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Non-thermal vis-a-vis Thermal
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Types of Dark MatterTypes of Dark Matter
 Cold Dark Matter (WIMP)Cold Dark Matter (WIMP)

moves very nonrelativistically, so has a short free
streaming length 

 Hot Dark MatterHot Dark Matter

moves relativistically
 Warm Dark MatterWarm Dark Matter

 Baryonic DMBaryonic DM
 Nonbaryonic DMNonbaryonic DM
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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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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 ....
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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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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
........ 



Debasish Majumdar, SINP

➔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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Inert Higgs doublet Model ---   Ma and Rajasekaran
                                        Ambar Ghosal and DM (2008)
                                         Tytgat et al 
                                     Anirban Biswas, Arunansu Sil, DM (2013)
                                        Amit Dutta Banik and DM (2014, 2015)

Singlet Fermion in a Two-Higgs Doublet Model -- 
                                      Amit Dutta Banik and DM (2015) 
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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

Amit Dutta Banik, DM, Anirban Biswas (2015)



   Some possible indirect signatures
•    1-3 GeV gamma ray excess reported by Fermi-Lat 

from the direction of Galactic  Centre (GC).

•   3.55 keV X-ray line from Perseus, Andromeda etc. 
and  74 other galaxy clusters observed by Newtown X-
ray observatory and Chandra Telescope.

•   Observational evidence for  DM self-interaction in 
Abell and other galaxy clusters.
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Babu, Mahapatra (PRD 2014), Anirban Biswas, DM, Probir Roy (JHEP 2015)
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A. Biswas, DM, P. Roy, Europhys.Lett. 113 (2016) no.2, 
29001 

Madhurima Pandey, DM (2017) (Two component FiMP DM)



                        THE  MODEL
                      (WIMP-FImP model)
Two component DM model          a fermion and a scalar.

The Model :- SM+    +   +     

•   - Dirac Fermion,    - scalar,    - a pseudo scalar

•  --singlet under SM gauge group, global             symmetry 
(global             charge), doesn’t talk to SM.

•      interacts with      via Yukawa interaction.

• Impose a discrete       symmetry on the scalar     (singlet).     
is spontaneously broken & develops a VEV for   ..

• The Lagrangian is CP invariant but CP symmetry breaks 
spontaneously  when      acquires  a VEV. 
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Amit Dutta Banik, Madhurima Pandey, DM, Anirban Biswas (2017)



Two Component DM Model
 Lagrangian of the model can be written as

                                                                        ...1)

          has two parts namely the fermionic and the scalar, 
which are given by,

                                                                  .....2)

With                                                          .....3)

 

The Lagrangian       for the pseudo scalar boson      is given 
 by                                                        .......4)        
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WIMP Hunting
Going beyond gravity, three ways to 
detect WIMPs

WIMP pair 
production 
at hadron 
colliders

 

Indirect 
detection of 
radiation 
from pair 
annihilation

Direct detection of 
WIMP 

scattering off a nucleus

f f

χ χ
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• Rotation of galactic disc through 
the halo of Dark Matter causes 
the earth to experience an 
apparent wind of Dark Matter

• Elastic collision of WIMP with 
detector nuclei

• The recoil energy of the nucleus 
is measured

Detection of Dark MatterDetection of Dark Matter  
Direct DetectionDirect Detection
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Types of Direct DetectionTypes of Direct Detection

1.1.Spin Independent (SI)Spin Independent (SI)
ground state spin of detecting nucleus is zeroground state spin of detecting nucleus is zero

2.2.Spin Independent (SD)Spin Independent (SD)
ground state spin of detecting nucleus is non-zeroground state spin of detecting nucleus is non-zero
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WIMP-nucleus InteractionWIMP-nucleus Interaction
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Differential detection rate of Dark Matter 
per unit detector mass

NT denotes the number of target nuclei per unit mass of 
the detector
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 s  1 fm≃
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Some Ongoing Dark Matter Some Ongoing Dark Matter 
Direct Detection ExperimentsDirect Detection Experiments
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Current direct detection 
experimental details

CUORICINO Gran Sasso Heat 41 kg TeO2 running

GENIUS-TF Gran Sasso Ionization 10 to 40 kg Ge in N2 running ???

HDMS Gran Sasso Ionization 0.2 kg Ge diodes stopped

IGEX Canfranc Ionization 2 kg Ge Diodes stopped

DAMA Gran Sasso Light 100 kg NaI stopped

LIBRA Gran Sasso Light 250 kg NaI running

NaIAD Boulby mine Light  46 kg NaI stopped

ZEPLIN-I Boulby mine Light 4 kg Liquid Xe stopped

XENON Surface to GS Light+ Ionization 3 to 10 kg Liquid Xe running 

ZEPLIN II Boulby mine Light+ Ionization 6 kg Liquid Xe running

CDMS-I Stanford Heat + Ionization  1 Kg Ge + 0.2 Kg Si stopped

CDMS-II Soudan mine Heat + Ionization 2 to 7 kg Ge + 0.4 to 1.4 Kg 
Si

running

CRESST-I Gran Sasso Heat + Light 0.262 kg Al2O3 stopped

CRESST-II Gran Sasso Heat + Light 0.6 to 9.9 kg CaWO4 running

EDELWEISS-I Modane Heat + Ionization 1 kg Ge stopped

EDELWEISS-II Modane Heat + Ionization 10 to 30 kg Ge In istallation

PICASSO SNO Bubble chamber 20 g Freon running

ROSEBUD Canfranc Heat + Light 50 g Al2O3 + 67 g Ge + 54 g 
CaWO4

running

Discrimination Name Location Technique Material Status
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Classification of Direct detection experiments based on detection 
strategies 

Nuclear Recoil 
Detection (~ 100 – 

200 keV)

PHONON (Eff=100%  /   E ~ 
meV)

CRESST I   COUPP 
PICASSO / PICO

ROSEBUD
TOKYO (LiF)

SC
IN

TI
LL

AT
IO

N
 (E

ff
 ~

 1
%

, 

E 
~
 k

eV
)

DAM
A/L

IB
RA

 

ANAIS
 E

LE
GANT 

ZEP
LI
N I 

 N
AIA

D  

DEA
P 

36
0 

SA
BRE 

KI
M
S 

…
.

IO
N
IZATIO

N
 (Eff  ~

 20%
 

/ E ~
 eV

)

HD
M

S 

G
ERDA 

IG
EX D

M
 

M
AJO

RANA

CDMS / 
SuperCDM

S 
EDELWEISS 

CoGeNT

CRESST-II 
& III

ROSEBUD

LUX /  
ZEPLIN-II & 
III XENON  

XMASS 
WARP 
CLEAN



WHEPP XV Debasish Majumdar, SINP

Liquid Xenon
Xe (A = 131.3) gives a high signal cross section σ  ∝ A2

● 100 kg-year exposure can probe 10-45 cm2

Attractive liquid Xe properties
● High density: 3 g/cm3  Compact detector
● Boiling point: 165 K is warmer than liquid N2 (77 K)  Simpler 

cryogenics
– Liquid Ar is 87 K. Ge (CDMS) is 10 mK

● Good scintillator: 42 photons/keV at 175 nm
– PMTs have good (~30%) quantum efficiency at this wavelength
– Ar scintillates at 128 nm  Need wavelength shifter

● High ionization yield: 64 electron-ion pairs/keV
● Short radiation length: 2.77 cm  Self shielding

– Background γ rays and neutrons cannot reach the fiducial volume
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LUX Detector LUX Detector 

Located at Sanford Lab at 
Davis

4850 feet (1478 m)
underground
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 The CDMS II experiment looks for heavy, slow moving WIMPs using 
unique ZIP detectors.  The detectors are hockey puck-sized disks of silicon 
and germanium, kept cold by a special cryogenic apparatus at about .04 
degrees K.

  Each 250g germanium or 100g silicon crystal provides two sets of 
information about interactions with incident particles. 

  When the incident particle, perhaps a WIMP, hits the nucleus of an atom in 
the detector it generates vibrations called phonons.  The phonons are 
detected by thin films of tungsten metal.  These phonons travel to the 
opposite side of the detector.

  Each 250g germanium or 100g silicon crystal provides two sets of 
information about interactions with incident particles. 

 

CDMS (Cryogenic Dark Matter Search) at CDMS (Cryogenic Dark Matter Search) at 
SOUDAN minesSOUDAN mines
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 When the incident particle, perhaps a WIMP, hits the nucleus of an atom in the 
detector it generates vibrations called phonons.  The phonons are detected by thin films 
of tungsten metal.  These phonons travel to the opposite side of the detector.

As the phonon travels to the opposite side it excites the electrons in thin aluminum 
films.

  This energy is transferred to the tungsten which is “biased” with some electrical 
energy already;  the energy pushes it right near the brink of going through a transition 
from being a superconductor to a closer to normal conductor .
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  The Zip detectors are placed in a container called a cryostat.

  The cryostat is constructed of radiopure copper, ensuring a low-
radioactivity environment for the extremely sensitive CDMS detectors.
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Other DetectorsOther Detectors

DRIFT Detector

Located at Boulby mines (1100 metre deep) at Great 
Britain.

Uses low pressure elctronegative CS2 gas as detector 
material

Drifts CS2 ions instead of free electrons

Enables discrimination of directional events
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NEWAGE (New generation WIMP search with an advanced gaseous tracker 

experiment) Detector

Located at Japan

Uses CF4 gas at 150 Torr.

Direction sensitive micro TPC detector

PICASSO at SNOLAB uses CS2 gel (Superheated droplet) 

CoGeNT at Soudan mines uses Ge

DAMA at Gran Sasso uses NaI

SIMPLE at France uses C2ClF5 droplets (Superheated droplet) 

PANDAX at China uses Xe TPC 
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Mass-SI Scattering cross section
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 NeutrinosNeutrinos  from annihilations in the 
core of the Sun 

 Gamma RaysGamma Rays  from annihilations in 
the galactic halo, near the galactic 
center, in dwarf galaxies, etc.

 Positrons/AntiprotonsPositrons/Antiprotons  from 
annihilations throughout the galactic 
halo

 Synchrotron RadiationSynchrotron Radiation  from 
electron/positron interactions  with 
the magnetic fields of the  inner 
galaxy

  Indirect Detection of DMIndirect Detection of DM
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χ
χ

W+

W-

e+ ν
q

q

p

π0

γ γ

e+

γ

                          Indirect Detection of DMIndirect Detection of DM

●AnnihilationAnnihilation
●FragmentationFragmentation
●Synchrotron RadiationSynchrotron Radiation
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Gamma Ray Flux from DM annihilationGamma Ray Flux from DM annihilation
From the Galactic CentreFrom the Galactic Centre

AndAnd
Detection in Gamma TelescopesDetection in Gamma Telescopes
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Targets for Indirect Detection of Dark Matter

Galactic 
Centre 

Dwarf 
galaxies 
and Galaxy 
Clusters 

Galactic 
Halo

Extra
Galactic

Lines

Strongest signal expected, most difficult background
Hard sources, not well understood diffuse emission

Dwarfs: weak signal, but relatively well controlled Dark Matter 
Distribution and essentially no background (if at high latitude).

Clusters: DM density not well constrained, but provides boost 
factor (extended emission), so good for discovery (if lucky)

Fermi-LAT: spatial and spectral discrimination, good 
statititstics, extreme freedom in galactic diffuse emission.

IACT: best potential, small systematics due to diffuse emission, 
~100 hour observation time (GC halo)

Very model dependent, good as target for spatial analysis.

Smoking gun*, got to get lucky.

http://arxiv.org/abs/arXiv:1205.6474
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Galactic Centre : a suitable target
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Gamma-
ray

~ 10 km
Particle
shower

~ 1o

~ 250 m

High Energy Stereoscopic System (H.E.S.S.)High Energy Stereoscopic System (H.E.S.S.)

● Ground based Cherenkov telescopes of four detectors for investigation 
of cosmic gamma rays in the hundreds of GeV to TeV energy range 
(located at Namibia)

● Gamma ray interacts with atmosphere – secondary particles produced – 
result in air shower – Cherenkov light is produced that on the ground 
illuminates an area of diameter 250 m

● The four detectors detect the Cherenkov light
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AMS (Alpha Magnetic Spectrometer)
at International Space Station

Antimatter search in cosmos
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• AMS searches for Antimatter 

• The Primordial Antimatter content of the Universe is unknown. 

•  ~100 MeV γ  flux excludes wide antimatter regions up to 20-100 
Mpc 

•  Sakharov’s  3 Principles of Baryogenesis :

1.  Baryon Number Violation (not confirmed….)

2.  C and CP Violation (strong….)

3.  Deviation from Thermal Equilibrium

… but alternative models predict distant Antimatter local domains !

•  Single anti-He Cosmic Rays nucleus   Strong Evidence for 
Large Anti-matter Domains in the Universe

• AMS probes antimatter domains to the edge of the universe
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DAMPE Experiment (Dark Matter Particle Explorer)

Excess electron-positron flux at ~ 1.4 TeV 

Break at 1 TeV

1.4 TeV Dark Matter ?
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Neutrino signal from Galactic CentreNeutrino signal from Galactic Centre
And And 

detection at neutrino detectordetection at neutrino detector
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Neutrino signal from Galactic CentreNeutrino signal from Galactic Centre
And And 

detection at neutrino detectordetection at neutrino detector
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  Astronony with a Neutrino Telescope Astronony with a Neutrino Telescope 
and Abyss environmental RESearch and Abyss environmental RESearch 

proect (ANTARES) proect (ANTARES) 

● Water Cherenkov detector at a depth of around 2.5 
km under the Mediterranean Sea off the French coast

● Designed to detect neutrinos with high energy 
(~100 GeV to ~100 TeV)
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The 12 string Antares Telescope

• 25 storeys / line
• 3 PMTs / storey

• 900 PMTs

~70 m

450 m

100 m

14.5 m

Interlink cables

Junction
Box

40 km to
    shore

Anchor/line socket
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ANTARES detection principleNeutrino detection principle

ν

µ

γč

43°2500 m
depth

p

νµ

νµ
µ

p, α

γ

interaction

Cherenkov
light from µ

3D PMT
 array 

Measurement :
Time, position &
 amplitude of hits

µ (~ ν) trajectory



Debasish Majumdar, SINP

Tests for DM ParticlesTests for DM Particles

Taken from Gianfranco Bertone, arXiv:0711.4996
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Likely Candidates for Dark Matter
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Indian Endeavour in DM 
Search
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  Shielding of the detector is required for rock                             
muons, cosmogenic muons and more hazardous neutrons 
(radiogenic and cosmogenic)

  Cooling is proposed to be by He (4 K and below)

  Proposed to be housed at horizontal shaft 550 metre 
underground at UCIL

  Required is testing of rock composition, rock radioactivity.

  Determination of neutron background, other radioactive 
backgrounds

  Simulation required for determination of thickness of the 
shielding

Dark Matter @ INO (DINO)



Dark matter search at INO (DINO): A 

proposed dark matter search experiment in 

India

Proposed in 2 phases: miniDINO and DINO

Collaboration (MiniDINO): SINP, UCIL, BARC, NISER, …

MiniDINO: Scintillator for DM search R & D for prototype 
experiment at 555 m depth of UCIL mine with ~ 1-10 kg 
active mass 

Phase I: room temp.
Phase II: Cryogenic expt.

DINO: Approx 10 kg to Ton Scale experiment at INO  cavern



Reducing Cosmogenic  Background : shielding of cosmic ray particles 
by rock
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Kolar (India)
Sudbury (Canada)

Mont Blanc (France)
Baksan (Russia)

Oroville (USA)

Boulby (UK)             

Frejus (France)

Soudan (USA)

Stanford Underground Site

Gran Sasso (Italy)

1 per min

INO (India)

UCIL JADUGUDA (India)

-555 m 
site at 
UCIL

Second underground 
laboratory for 
Astroparticle Physics in 
India.
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JADUGUDA MINE ELEVATION DRAWING

165 m

555 m

495 m

Bypass to ore 
bin 

880 m

500 m Uranium mining 
on 

New proposed site 



LAY-OUT OF -555 M LEVEL AT JADUGUDA AND LOCATION OF LAB

COURTESY: UCIL, 
Jaduguda
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miniDINO & DINO Experiment: Challenges ahead

 Detector material and fabrication: surface lab based prototyping    
Scintillators: CsI(Tl) / CsI GGAG(Ce) / GGAG  

Tungstates 
Read-outs:  Scintillation signals (PMT, Si-PMT, Si photodiode)

Phonon signals (cryogenic phonon sensors)

 Cryogenics:
Dilution refrigerator to cool detector stack  ~ 10 mK.
Cryogen-free 4 K refrigerator (suggested alternative 

for mini-DINO)

 Shielding against background radiation (simulation, passive &   
     active shielding):

Cosmogenic background (muons, neutrons)
Radiogenic background (alphas, neutrons)
Gamma rays, surface beta particles

 Site choice and preparation for experiment:   
  

UCIL, JADUGUDA (UNDERGROUND LAB)     INO CAVERN
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Radon monitoring at -555 m level

Preliminary measurements:
Average radon level within the laboratory = 56.7 +/- 22.0 Bq/m^3 
(1.53 +/- 0.62 pCi/L)
Average radon level outside the laboratory = 111 +/- 31 Bq/m^3 (3.0 
+/- 0.9 pCi/L)

Comparable or better with respect to SNOLAB radon 
background (3.3 +/- 0.4 pCi/L). 
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Dark-matter@INO (DINO) Ton-scale 2020

• INO Lab Depth 1.3km Pottipuram in Bodi West 
hills
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THANK YOUTHANK YOU
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Variation of Dark Matter Halo densities for 
various Halo Profiles
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Mass-SI Scattering cross section
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