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What is Dark Matter ?

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

»>Contains more than 80% of the matter content of the
universe

> All pervading across the galaxies, clusters, super-
clusters
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General Properties of Dark

Matter

ELEMENTARY
Should be neutral PARTICLES

*Gravitationally interacting

Stable

*Very weak interaction with
other particles

T I I

of Mat

>Major constituent is perhaps heavy (massive) particles‘ »
(non-relativistic while decoupling)
>Mainly non-baryonic in nature
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Energy Budget of Universe

PLANCK 2013 RESULTS 1
(March 21, 2013)

Baryonic Matter are ~ 4.8%
Dark Matter ~ 26.5%
Dark Energy ~ 63.4% stars baryon neutrinos N

dark energy
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“Discovery” of Dark Matter — |
Jan Hendrik Oort (1932)

BULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS.

W A agusE 1 Volums VIL Mo, w3l

COMMUNICATION FROM THE ORSERVATORY AT LEIDEMN

Tha fores szscied by the siellar sysism in the direction perpesadicalsr o e galaotio
plnris ard sods felaled BroielE e,

by ¥F. N Darf

Jan Hendrik Oort (1900-1992)

Snbrrsimsmbeul Dt ites of The Sctbcelimds © Proshbol Boilie % 055 Sarephssbs Daln Spabeem

* Vertical velocities of stars too high —
Integrating over a column perpendicular to the thE}" EhDUId ha‘u'rE ESEElpEdT

gaiantic plane I find that an average unit of photographic
light corresponds to a mass of 18 (if both are

expressed in the sun as unit), approximately agresing * T = " P
with the proportion found in the central region of NEEd InVIEIhIE mass Df dE”SlW
the Andromeda nebula, the only available case where ~ 2 GeV/ cec! Modern value — 0.3 Gev / cc
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“Discovery” of Dark Matter — Il
Fritz Zwicky (1933)

F. Zwicky, "Die Rotverschiebung von extragalaktischen Nebeln”,
Helvetica Physica Acta 6: 110-127 (1933)

F. Zwicky, "On the Masses of Nebulae and of Clusters of Nebulae”,
Astrophysical Journal 86: 217 (1937)

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOM AND
ASTROMOMECAL PHYSICS

CDma CIU ster VOLLME 86 QCTORER 1937 MUMBER 1
N = 1000 galaxies
D ~ 100Mpec ON THE MASSES OF NEBULAE AND OF
"LUSTERS OF NEBULAE
M ~ 10™M, ‘ '

F. IWICEY

ABSTRACT
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Evidence of Dark Matter in the
Universe

=> Flatness of the rotation curves of spiral galaxies at
large radius

=> Gravitational lensing

=> Bullet Clusters

=> Anisotropy of cosmic microwave background
radiation.

=> Difference in gravitational mass and luminous mass in
galaxy clusters

=> Difference in total mass and observed mass
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Spiral Galaxy
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Elliptical Galaxy
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Uralactic scale Dark Matter senously studied only begiming early 1970s: Vera Rub

Spiral galaxies.
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Flatness of Rotational Curve

observed

expected
from
luminous disk

.. M33 rotation curve
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Flatness of Rotational Curve
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Rolation Curve
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Lensing

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.

Image (ring)
Object (galaxy :
or quasar)

—
o,

—
e

s

-

Observer _— o
on Earth A

e
=i

e,

F
Lens (galaxy or
cluster of galaxies)
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GRAVITATIONAL
LENSING:

A Distant Source
Light leaves a young,
star-forming Blue galaxy near
the edge of the visible universe.

WHEPP XV
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A Lens
Of ‘Dark Matter’
Some of the ight
passes through a large
cluster of galaxies and sur-
rounding dark matter, directly in the S rsenenns OHTI
line of sight betweaen Earth and the -*, path ; 3 ”I;‘,
distant galaxy. The dark mattar's gravity : N ) WAY
acts like a2 lens, bending the incoming light. :

Light's

Focal Point:
Earth

MWaost of this light is
scatterad, but some is
focused and directed toward
Earth. Obsarvars see multiple,
distorted images of the background
galaxy,

el
Bail | aha,
Linrerd Technologies

Toay Tyaon, Greg Kochanaki aml
Tan Dell"Antanie

Freml O'Connell and Jim Mebdanus!

The Mew York Times
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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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AGM_p
IR = RC;

Ds6 = Dsp + D50

Observer
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; ,f'"'s WHO: The “Bullet Cluster,” named for its dis-

tinctive shape, is formally known as 1E (0657-56,

and is the result of the collision of two enormous
clusters of galaxies.

WHAT: The collision that created the Bullet Clus-
ter was one of the most energetic events since the
Big Bang.

WHERE: Ata distance of nearly 4 billion lightyears
from Earth, the Bullet Cluster is located in the con-
stellation Carina, or the “keel” (bottom of a ship).

WHEN: The speed and shape of the bullet, and
other information from various telescopes suggest

that the smaller cluster passed through the core of
the larger one about 150 million years earlier.

HOW: When these two enormous objects col-
lided, Lh»eg,r did so at speeds of several million
miles an hour. The force of this event was so great
that it wrenched the “normal” matter in the form
of hot gas (seen in pink) away from the dark matter

(blue).

WHY: The separation between the hot gas and the
darkmatterin thissystemisdirect evidence thatdark
matter does, in fact, exist. The exact nature of dark
matter remains unknown, but it is thought to ac-
count for about 25% of the matter in the Universe.
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Thermal WIMP Paradigm

>N
> 1
. i [ |I||I|I| I IIIIIH| T TTTI
So, the evolution of 2 91
number density, n(t) is < 107 | |
quantitatively given 5 710-5 tNEreasing
Qo 106 C @V
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= 5 S X
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WHEPP XV Debasish Majumdar, SINP



Non-thermal vis-a-vis Thermal

Equilibrium vield

Y
Increasing )\
Increasin
9 }‘ for freeze-out
for freeze-in
lﬂ'"" Er -l-.'l-l-'..' ----------------
3 - emmemme———— e e s e e
-‘.-”..‘.nl"::'-.‘_--‘ ———————————————
- - -
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Types of Dark Matter
Cold Dark Matter (WIMP)

moves very non-relativistically, so has a short free-
streaming length

Hot Dark Matter

moves relativistically

Warm Dark Matter

Baryonic DM
Non-baryonic DM
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Baryonic Dark Matter

MACHOSs - Massive Astrophysical Compact Halo Objects

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

Jupiters: with m < 0.001 MG

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

Quark Nuggets (?) with m ~ 0.1 MO (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 < 107{-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

Structure formation

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
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Non baryonic Dark Matter

Explore beyond Standard Model
————— —

} THE DM CAND[DATES Zoo

- B —— B

D matter StatesSplit ]

Sneutrino Champs n Ste ”Ih
1nteract1ng araneworis
Lpi:"nluf[,l[%]{;} Superweakly Chaplygin
i L

uzzy

%eui‘;rallno GI"E;;ltlnﬂ
Teﬁ‘,': Wimpzillas
w2 ﬂKPRMgﬁ;‘ﬁ;’;W

‘ Jt-"n:vr.nm::_A_Xi(:)SUS‘1 Neutrlno

Branons

Photing CryptonssSelf-interacti
lack n,ltlTMEE':&BI"ILEE'iI e .lllt., N

from Gianfranco Bertone
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e

Cross section

(Some) Dark Matter Candidates
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- Neutralino
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« sterile neutrinos
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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

* l H LI ':: . i B 3 T 10" e
Locp = 311'[1-4.,_.,5‘“_: | H%P;:_,_.:“"' F(iy" D, — me” 8 )y

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 ®

1 ) i . a E,f: oo 1
Lqocp = —zTx(FuW F*™) +9(iv" D, - me'” 75 )y + (H B _) e P S0u00"a

for a = © f, 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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Neutral SUSY Particles: LSP Candidates

U(1) | SU2) | Up-type | Down-type
Spin | M, M, I I m: Moy,
2 G
graviton
3/2 G
' 3 = 1
Neutralinos: {1, %as As» La) —_—
1 B Wo
112 v
0 H, H, v
sheutrino
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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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Sterile Neutrinos

Motivation:

We know that neutrinos exits, and that they have a mass
— the only solid lab evidence for beyond SM physics

Maybe this is a sign for existence of a new E scale (GUT?)

Assume
- v masses come from existence of new unseen particles
- complete theory is a renomalizable extension of the SM

Introduce sterile neutrinos or heavy neutral leptons Ni
(=singlet [w. respect to the SM gauge group] Majorana fermions — no weak i/a)

Number of singlet fermions unknown — choose 3 in SM analogy
_ - My
L = Lsm + N1idy*Ni — FarLaNi® — — N Ni + h.c.

/ / = 1—\—._\_--\-\_\_\_\_\_
_ _ _ Majorana mass term:
Kinematics  Couplings (F) to leptons L Niis SU(3)xSU(2)xU(1) inv.

And the Higgs field ¢ . -
19gs T —. consistent with the

vMSM: neutrino minimal SM SM symmetry

Taken from Marc Schumann
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Dark Matter models in simple
extension of SM

Scalar Higgs-portal dark matter
Fermionic dark matter
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>Scalar Singlet Dark Matter
(SM+extra scalar singlet)

The most general form of the potential

: ) ) F- 1 5]
V(H,S) = %HTH + %[ oty + ‘%H'H.ﬁ' + %‘JH 1 s?

Jim? Ky o Ki.a K
+(” )5+§5—*"——'*5-"+—’5"

2 3 |

>Apply Z> symmetry (5 — —5)
ensures stability of DM
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Inert Higgs Doublet Model

~r+ H_..
H = ) $ = .
‘ﬁ (v + hY +1GY) ,j (H° +iA")

H = (0,v) b =-—-9¢ ® = (0,0)

. : ] 0 )\']
Vo = t3[H P4 2|0 + M| H[* + Ao | @ + s | H [*| @)+ Mg | HT D>+ = [(th)%rh.c.}

Mo = —2;:, = 2),0°

M3 = p5 + ()\-:-1-/\1-4'}* Jo* = p; + Apv® Ju::%i}u + As + As)
Ui“ — ,Nj 5(/\3 + Ay — )\5).!.'_ — ,t.r.fj + Agv?, Ag = é (Az+ Ay — As5)
Mps = pa + %““‘3*"2 : Six independent parameters in this model

{;!1.Jrlr|u, ;1!;_;“, ;"1-!_.1“. JIH;- J‘-L- J'-,E}
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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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Two Component Dark Matter
Model with Two Scalar Singlets

We Propose SM with additional 2 SM gauge singlets Sl L 5‘2

Stability ensured by 7.5 X Zio  or Zg X ng

S o x T —S e | 2 :
(5,) o s ( ) S-S and ' -8

K. P. Modak, D. Majumdar, S. Rakshit,
JCAP 1503 (2015) 011
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The Scalar Potential

2
V(H,S,S)=—H'H+ é(mm?

2
51 0o dym ko ks ka5
—H'HS+ —H'HS? + —S?+ =5+ —5*
i 5 F 5 S o S + 5 e 3 i 1 S
di Sk 02 i r?- 51”1 K2 o2 fj r3 fl 14
— H'H = H'H, S+ =5 —
= S + 5 S o) 5 i S + 2 S

Ci-” . IIEL”
+ZntHss+ L g __u,”sss + kb SS'S")

+i{k‘.£ ,S‘,S'JSJ S}' _I_ IL‘_?.SFJS,JST.S]‘I ¥ !Il'_;l: i-(:-}-JS'-.F'Ilg'.'..(;n' }

ZZ XZQ —?'512;53:(5;::{613:;63:&3:0

Zig X Zg — 0y = ki =k} =k§{=0 (in addition)
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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 SU(Z)H
The Lagrangian is also invariant under a global U(1)y

Two fermion generations

v = fi v = f3
1L o Agp
/2 ) Ja

f"iL transforms like a part of a doublet under SU(Q)H

Jir singletunder SU(2)yg
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Both f@'L and Jir are charged under U(l)H
SU(2)n Scalar doublet @ poes not have global [J(1)y charge

The dark sector is connected to the visible sector through the gauge invariant

Interaction term, )\3]—[ HCI) b
— mixing between ® and SM Higgs H

Global U(1)y does not break spontaneously

Local SU(?)H breaks spontaneously when neutral component of ¢ gets a VEV

Three dark gauge bosons A;M (@ =1,2, 3) get mass

P Also possesses a custodial SO(3) symmetry

— A;“ (Z =1,2, 3) become degenerate in mass

No mixing between SU(Q)H gauge bosons and SM gauge bosons
Debasish Majumdar, SINP



Dark Sector fermions f,L-, 1 = 1, 4 are charged under global U(l)H

Invariance of dark sector Lagrangian under U(1)y requires equal and opposite U(1)y
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 A;M (Z = 1, 2, 3)
Heavier fermions decays into the lightest fermion f1

fl gets mass by the VEV of ® when SU(2)y of hidden sector breaks spontaneously

Y1 Vs
ok

Amit Dutta Banik, DM, Anirban Biswas (2015)

g =
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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.

Babu, Mahapatra (PRD 2014), Anirban Biswas, DM, Probir Roy (JHEP 2015)

Observational evidence for DM self-interaction in
Abell and other galaxy clusters.



Self Interacting Dark Matter

Does it interact with itself (collisions)?

alm < (.7 cm“/g mass loss in Bullet Cluster Randall et al 2008

a/m < 0.47 cm*/g 72 cluster collisions Harvey et al 2015
a/m = (1.7+0.7)<10* cm?/g in Abell 3827 (!) Massey et al 2015

Bullet Cluster (Clowe+ 2006)

Liark matter
fownd via gravitational lensing

Non-thermal dark matter?

[=tars in) galaxie:

A. Biswas, DM, P. Roy, Europhys.Lett. 113 (2016) no.2,
29001

Madhurima Pandey, DM (2017) (Two component FIMP DM)
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THE MODEL
(WIMP-FImP model)

Two component DM model mmpa fermion and a scalar.
The Model :- SM+ X +5 +P.
\ Dirac Fermion, 5 scalar, ¢:a pseudo scalar

¥ singlet under SM gauge group, global U(1)py symmetry
(global U(1)pcharge), doesn’t talk to SM.

\ interacts with ®. via Yukawa interaction.

Impose a discrete Z, symmetry on the scalar > (singlet). Z;
Is spontaneously broken & develops a VEV for &

The Lagrangian is CP invariant but CP symmetry breaks
spontaneously when @. acquires a VEV.

Amit Dutta Banik, Madhurima Pandey, DM, Anirban Biswas (2017)



Two Component DM Model

Lagrangian of the model can be written as

L = Lsy+Lpy+Ly+ Ly, 1)

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

Low = X100, —m)x+Lg, - 2)
with 5L 3)
| D Y
The Lagrangian r “or the pseudo scalar boson @,'s given
¢ A\

Y 1 \s
Lo = 5(0,0) —Etbﬂ——iﬁ



Lie = —igxpsx®-—V'(H, ,59)

[
K

V'(H, S, ®) = A\ys HH ® + A\ysH H S% + \psd? S

75 ¢ 2 A
V::@HW+MHWW+§ﬁ+f@+§§+f§

+AH@H1H d? + /"RHSH?H S? + A@S{I)E S2.

2 A 2
= B b+ S+ )+ B+ ) +

A G As

I@(vg + o)t + ,u; (v3 + 8)° + I’b[vg +5) +
A | AHS

=5 (01 R (2 4 6)F + T (01 4+ )P (vs + ) + Aas(v2 4 ) (03 + )




A\ \/
WIMP pair X N X

production : Indirect

at hadron :\[> f H f detection of

colliders radiation
/ \ from pair

annihilation
>

AN v

Direct detection of
WIMP
scattering off a nucleus
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Detection of Dark Matter
Direct Detection

WIMP
e Rotation of galactic disc through

the halo of Dark Matter causes
the earth to experience an
apparent wind of Dark Matter

e Elastic collision of WIMP with
detector nuclei

e The recoil energy of the nucleus
is measured

WIMP
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WIMP Wind
e

December

Z
4 t=12h

Cygnus ——»

v —

/H_p Z ff

t=0h
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Detector
rystal
T X
Al
A
] .
L ¢ & | q =|q|=2pv,cos6
—__ Recoil /
' 2
\\‘-. / E= q
! / R 5
2 |/ Ma
A Non relativistic WIMP scatters elastically
Detector with nuclei. The recoil of the nucleus
SV Ty Undereround deposits a tiny amount of energy in the
ok Earth detector: recoil energies are from few to

100 keV
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Types of Direct Detection

1.Spin Independent (Sl)
ground state spin of detecting nucleus is zero
2.Spin Independent (SD)
ground state spin of detecting nucleus is non-zero
AM2M 3
XN 4502
D = 3| A
7S wu@+ﬂbﬂﬂx| |
AM? M3
XN A ST 2
7SI = T, + My)?
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WiMP-nucleus Interaction
X X X X X Kx X>W<q
N XN p g P ¢ g £ !
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|
: h
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WHEPP XV
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90% C.L. Boundaries of CoOGENT-compatible WIMP model, shown in Fig. 4 (M
— CDMS II (Soudan) Low Threshold Result, Spin Independent Ge (2011)
[ ] CRESST-II 2-sigma Allowed Region part 2, 730kg-days data

DAMA/LIBRA 2008 3sigma, with ion channeling
DAMA/LIBRA 2008 3sigma, no ion channeling
DAMA/LIBRA 2008 5sigma, with ion channeling
DAMA/LIBRA 2008 5sigma, no ion channeling
Xenonl0, S2 only (2011)

CRESST-IT 2-sigma Allowed Region part 1, 730kg-days data
ZEPLIN IIT (Dec 2008) result

CDMS: 2009 Ge

Edelweiss II Final result (March 25 2011)

CDMS: Soudan 2004-2009 Ge

Xenon 100 (2011)

120607053701
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Differential detection rate of Dark Matter
per unit detector mass

dR
— N /
dqP = V" d\ ERAS

NT denotes the number of target nuclei per unit mass of
the detector

ER — ‘q‘2/2mnuc
= mZ v*(1 — cos0)/Mmnuc
T Tnuc
TTyred

Ty, _l_ TMnuc
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dR Py do 00
4T 9Px / d
dER mr, d|q|? Jomin vf(v)dv
mnucER e
Umin —
Qm?ed
NT — 1/mnuc
do Oscalar D)
— F°(FE
d|q|? 4m; qv? (Er)
| 351(qRy) q°s”
F(Er) = [ R ]GXP( >
R, = (r*—5s%)1/?

ro= 1.2AY3 s=m
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27T(t — to)
Vg = Ve + Uorb COS 7Y COS T
dR scalar min
AR Ol pop [erf (” ”@)
dEr dvgmpmi g Vo

- (vmin o ’U@)]
Vo
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Some Ongoing Dark Matter
Direct Detection Experiments
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Underground Laboratories
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Discrimination

WHEPP XV

Current direct detection

experimental detalils

Name

CUORICINO
GENIUS-TF

HDMS
IGEX

DAMA

LIBRA

NalAD
ZEPLIN-I
XENON
ZEPLIN 1l
CDMS-|
CDMS-I

CRESST-I
CRESST-I
EDELWEISS-I
EDELWEISS-II
PICASSO
ROSEBUD

Location

Gran Sasso
Gran Sasso

Gran Sasso

Canfranc

Gran Sasso
Gran Sasso
Boulby mine
Boulby mine
Surface to GS
Boulby mine
Stanford

Soudan mine

Gran Sasso
Gran Sasso

Modane
Modane
SNO

Canfranc

Technique

Heat
lonization

lonization

lonization

+ lonization
+ lonization
Heat + lonization

Heat + lonization

Heat +

Heat +
Heat + lonization
Heat + lonization
Bubble chamber

Heat +

Debasish Majumdar, SINP

Material

41 kg TeO,
10 to 40 kg Ge in N,

0.2 kg Ge diodes
2 kg Ge Diodes

100 kg Nal
250 kg Nal
46 kg Nal
4 kg Liquid Xe
3 to 10 kg Liquid Xe
6 kg Liquid Xe
1 Kg Ge + 0.2 Kg Si

2to7 kg Ge + 0.4 to 1.4 Kg
Si

0.262 kg Al,O,
0.6 to 9.9 kg Cawo,
1 kg Ge
10 to 30 kg Ge
20 g Freon

50 g ALO; + 67 g Ge + 54 g
CaWo,

Status

running
running ?77?

stopped

stopped

stopped
running
stopped
stopped
running
running
stopped

running

stopped
running

stopped

running

running



Classification of Direct detection experiments based on detection

CRESST I COUPP
PICASSO / PICO
CDMS / ROSEBUD

SuperCDM TOKYO (LiF) CRESST-II
S . . & I
EDELWEISS : ROSEBUD
CoGeNT

TrsS)

_F F—F ¥ T

“Nuctear Recoil........

-t i o I'i (~ 10 d“?”:"i i
200 keV)

M33 rotatiog

LUX /
ZEPLIN-II &
[l XENON

XMASS

WARP

CLEAN




Liquid Xenon

Xe (A = 131.3) gives a high signal cross section o « A2

100 kg-year exposure can probe 10“cm?

Attractive liquid Xe properties

WHEPP XV

High density: 3 g/cm® - Compact detector
Boiling point: 165 K is warmer than liquid N, (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 y rays and neutrons cannot reach the fiducial volume

Debasish Majumdar, SINP



LUX Detector

LUX is a two-phase liquid xenon WIMP detector

Located at Sanford Lab at

Davis Z position from 51 —S2 timing x
X-Y positions from S2 light pattern |

4850 feet (1478 m)
underground

Particle =

Reject gammas by charge (S2) to light
(S1) ratio. Expect > 99.5% rejection.

———p jonization electrons
VS UV scintillation photons (=175 nm)
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XENON100

B Reuse techniques and technologies developed for the
XENON10 prototype to build a detector with a x 10 increase in
fiducial mass and a x 100 reduction in background.

B Reduce the background from internal components
¢ Pulse tube refrigerator and motor valve outside the shield,
¢ All signal and HV feedthroughs also outside the shield,
¢ Extensive material screening program to choose materials,
¢ Krdistillation column to reduce Kr contamination in Xe.

B Reduce the background contribution from external sources

¢ New 5 cm layer of copper to the XENON10 shield to reduce
the contribution from the the polyethylene,

¢ LXe Active veto surrounding the target.
B 170 kg LXe total mass consisting of a 65 kg target surrounded

by a 105 kg active veto. 15 cm radius, 30 cm drift length active
volume.
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CDMS (Cryogenic Dark Matter Search) at
SOUDAN mines

The CDMS Il 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
iInformation 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
iInformation about interactions with incident particles.
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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 film¢
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 Detectors

DRIFT Detector

Located at Boulby mines (1100 metre deep) at Great scttered |
Britain. 5, WV
: ."J-flf. \\k
Uses low pressure elctronegative CS2 gas as detector cs,
material Recoi j . .
Atom ) & /
Drifts CS2 ions instead of free electrons T electron
Drift Direction S TR
Enables discrimination of directional events Electric Field
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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 Nal

SIMPLE at France uses C2CIF5 droplets (Superheated droplet)

PANDAX at China uses Xe TPC
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DATA listed top to bottom on plot

DAMA region, 99% C.L., Hooper PRD 2010

CoGeNT Annual Modulation Search, PRL 107 (2011), Region of Interest
CoGeNT region, 99% C.L., Hooper PRD 2010

NAIAD 2005 final result

DAMA/T 90% C.L. favored by DAMA, from Fig.5 in Xenon 100 Results (2011)
KIMS 2007 - 3409 kg-days CsI

ZEPLIN I (2005)

WARP 2.3L. 96.5 kg-days 53 keV threshold

CRESST 2007 60 kg-day CaW04

CRESST-IT upper limit [2[]0%} on coherent WIMP-nucleon cross section
CDMS (Soudan) 2004 + 2005 Ge (7 keV threshold)

Edelweiss II first result, 144 kg-days interleaved Ge

ZEPLINIII lgDec: 2008) result

CDMS: 2009 Ge

CDMS Soudan 2004-2008 Ge

Edelweiss II Final result (March 25 2011)

XENONI10 2007 (Net 136 kg-d)

CDMS I (Soudan) Low Threshold Result, Spin Independent Ge (2011)
CDMS: Soudan 2004-2009 Ge

Xenon 100 (2011)



Indirect Detection of DM

= Neutrinos from annihilations in the
core of the Sun

= Gamma Rays from annihilations in
the galactic halo, near the galactic

center, in dwarf galaxies, etc.

" Positrons/Antiprotons from
annihilations throughout the galactic
halo

= Synchrotron Radiation from

electron/positron interactions with
the magnetic fields of the inner
galaxy
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Indirect Detection of DM

X
X
Annihilation g

*Fragmentation ~

*Synchrotron Radiation ,,. Tq
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Targets for Indirect Detection of Dark Matter

Galactic ) e
Centre Strongest signal expected, most difficult background
Hard sources, not well understood diffuse emission
Dwar_f Dwarfs: weak signal, but relatively well controlled Dark Matter
galaxies Distribution and essentially no background (if at high latitude).
and Galaxy
Clusters Clusters: DM density not well constrained, but provides boost
factor (extended emission), so good for discovery (if lucky)
Galactic Fermi-LAT: spatial and spectral discrimination, good
Halo statititstics, extreme freedom in galactic diffuse emission.
IACT: best potential, small systematics due to diffuse emission,
~100 hour observation time (GC halo)
Extra
Galactic Very model dependent, good as target for spatial analysis.
Lines

Smoking gun¥*, got to get lucky.
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http://arxiv.org/abs/arXiv:1205.6474

Galactic Centre : a suitable target
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High Energy Stereoscopic System (H.E.S.S.)

Gamma-
ray

Particle

* 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 Ii]%ht
WHEPP XV Debasish Majumdar, SINP



AMS (Alpha Magnetic Spectrometer)
at International Space Station

N COS

WHEPP XV




« AMS searches for Antimatter
*  The Primordial Antimatter content of the Universe is unknown.

 ~100 MeV y 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

WHEPP XV Debasish Majumdar, SINP
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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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Astronony with a Neutrino Telescope
and Abyss environmental RESearch
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
I 145 m \
40 km to
shore
Junction
Box
nterlink cables

/ l//
Anchor/line socket et



Neutrino detection principle

- o 3D PMT
> array
0
| Cherenkov

~_ | light from p yé




Tests for DM Particles

p— —

}) Is it neutral? 4) Is BBN ok? 5) Stars OK?

6) Collisionless? 7) Couplings OK? 8) y-rays OK?

Taken from Gianfranco Bertone, arXiv:0711.4996
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Likely Candidates for Dark Matter

Tau Meutrino
Mass 10 - 30 &V

L
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Indian Endeavour in DM
Search
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Dark Matter @ INO (DINO)

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

WHEPP XV Debasish Majumdar, SINP



Dark matter search at INO (DINO): A

proposed dark matter search experiment in

India

Proposed in 2 phases: miniDINO and DINO

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 Il: Cryogenic expt.

DINO: Approx 10 kg to Ton Scale experiment at INO cavern
Collaboration (MiniDINO): SINP, UCIL, BARC, NISER, ...



”Reducing Cosmogenic Background : shielding of cosmic ray particles

by rock
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Second underground
laboratory for
Astroparticle Physics in
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JADUGUDA MINE ELEVATION DRAWING

Bypass tc
bin

ore

Uranium mining
on

TRANSVERSE SECTION

URANIUM CORPORATION OF INDIA LTD
JADUGUDA MINES

GENERAL ARRANGEMENT

3rd, STAGE AUXILIARY SHAFT
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LAY-OUT OF -555 M LEVEL AT JADUGUDA AND LOCATION OF LAB

COURTESY: UCIL,
Jaduguda



miniDINO & DINO Experiment: Challenges ahead

“* Detector material and fabrication: surface lab based prototyping
Scintillators:  Csl(TIl) / Csl 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



Various Shielding

Surround detectors with
active muon veto

Use passive shielding to
reduce y/Neutrons

eLead and Copper for photon

*Polyethylene for low-
energy neutron

Neutron background
negligible in Soudan,
for recent runs

UCIL may be decent

WHEPP XV

Ancient lead

41 cm

Low Activity Lead
Debasish Majumdar, SINP

H -metal (with copper inside)

Polyethylene
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Radon monitoring at -555 m level
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Preliminary measurements:

Average radon level within the laboratory = 56.7 +/- 22.0 Bg/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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Underground Neutron Flux (Mei & Hime)
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Dark-matter@INO (DINO) Ton-scale 2020

H“anmuﬁ BAY
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ERN-4
10M X 10M

NO ACCESS TUNNEL

VEHICLE REVERSE

ACCESS TUNMEL 7.5m, 'D' SHAPED :1966.0m
ADDITIONALLY DRIVEN INT. TUNNEL 5.5m 'D' SHAPED: 175.4m
AUXILARY TUNNEL 7.5m 'D* SHAPED 1 224.6m
INTERCONNECTING TUNNEL 3.5m 'D' SHAPED : 72.5m
ADDITIONAL TUNNEL 7.5m 'D' SHAPED (future expn) : 50.0m

CAVERM -1: 132m X 26M X 32.5m
* INO Lab Depth 1.3kmgavern z:somxizsmxaom
CAVERN -4 : 10m x 10m x 10m




THANK YOU
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Why Xenon?

B Large mass number A (~131),
expect high rate for Sl interactions
(o ~ A?) if energy threshold for
nuclear recoils is low

B ~50% odd isotopes (1*”Xe,**! Xe)
for SD interactions

B No long-lived radioisotopes, Kr can
be reduced to ppt levels

M High stopping power (Z = 54,
p = 3gcm—?), active volume is
self shielding

B Efficient scintillator (~80% light
yield of Nal), fast response

B Nuclear recoil discrimination with
simultaneous measurement of scin-
tillation and ionization

WHEPP XV

Total Rate |evt/kg/day]|

1[‘}—:1

104

10-°

e
L

— —44 .2
g = 1 x 10 1

T

— Si(A=28)
Ar (A = 40)
Ge (A=T73)
(A=131)

— Xe

10

20

30

40

Eyp - Nuclear Recoil Energy [keV]

Debasish Majumdar, SINP



10000 . . . . .

1 T ]
. NFW |
Isothermal with core -
A ogre llllllll
: Einasto e ]
1000 [ |
100 £ .

p, [GeV.em™ ]

#W&‘i‘aw‘.

'h-,.-
el

0.1

0 2 4 6

r lkpcl

Variation of Dark Matter Halo densities for
various Halo Profiles

WHEPP XV Debasish Majumdar, SINP



Mass-Sl Scattering cross section g7 _ 1/

<
=t A L
S 10
E
tE
= -6
= 10
o \ ’
§ 107 - P
O —
3 XX X
.;:q I
wn - E m
0 2 4
10 10 10
WIMP Mass [GeV/c?]
WHEPP XV Debasish Majumdar, SINP

DATA listed top to bottom on plot

DAMA region, 99% C.L., Hooper PRD 2010

CoGeNT Annual Modulation Search, PRL 107 (2011), Region of Interest
CoGeNT region, 99% C.L., Hooper PRD 2010

NAIAD 2005 final result

DAMA/T 90% C.L. favored by DAMA, from Fig.5 in Xenon 100 Results (2011)
KIMS 2007 - 3409 kg-days CsI

ZEPLIN I (2005)

WARP 2.3L. 96.5 kg-days 53 keV threshold

CRESST 2007 60 kg-day CaW04

CRESST-IT upper limit [2[]0%} on coherent WIMP-nucleon cross section
CDMS (Soudan) 2004 + 2005 Ge (7 keV threshold)

Edelweiss II first result, 144 kg-days interleaved Ge

ZEPLINIII lgDec: 2008) result

CDMS: 2009 Ge

CDMS Soudan 2004-2008 Ge

Edelweiss II Final result (March 25 2011)

XENONI10 2007 (Net 136 kg-d)

CDMS I (Soudan) Low Threshold Result, Spin Independent Ge (2011)
CDMS: Soudan 2004-2009 Ge

Xenon 100 (2011)
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