Life on eart T=3K {1 meV)
Solar system
Dark Matt o

Galaxy formation
Epoch of gravitational collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational insfahility

Overview

Nucleosynthesis
Lightelements created - D, He, Li

Quark-hadron transition
Hadrons form - protons & neutons

Generation

Electroweak phase transition

Electromagnetic & weak nuclear

forces become differentated:
SU(3)xSU(2)xU(1) > SU(3)xU(1)

T=10%GeV

Constraints

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU(3)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic sirings, efc.?

The Planck epoch

The quantum gravity barrier




DARK MATTERS!
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Many probes of Dark Matter

Cosmological to terrestrial







Properties of Dark matter

(1) Optically dark : does not couple to photons prior to
recombination, does not cool radiatively like baryons do,

dissipation-less, tight limits on charged dark matter, but it
also depends on magnetic field (089 0436)

100(g, /€)* < m,, < 10%(g, /e) TeV i g
RN AR
(2) Collision-less : o "
o/m < 1.25cm?g~* Randall, et.al.2007 e, .".“ 4
o/m < 0.5 — bem?g ™' Spergel + Steinhardt2000 - | '. ,. ' e, ", ‘ g ’ :

No discreteness in the DM dlsfrlbu’rlon N\ACHOS in
the galaxy have been ruled out (107 — 10) M,



Properties of Dark matter

(3) Classical: Confined within 1Kpe, with density GeV /cm?,
with velocities 100Km /s

Boson : we can estimate the mass from De Broglie
Waveleng‘l'h Hu, Barkana, Gruzinov, 2000

A~ 2 < 1Kpe = e 10~%%eV

g

Fermion : Pauli exclusion principle set the max

occupation number and sets the phase space density
Gunn-Tremaine bound (1979)

fr~l~& ~ L : == . > 3oeV

/ i 5
Iso-thermal sphere po ~ 1GeVem ™, o ~ 100Kms



Properties of Dark matter

Wavelength A [h~! Mpc]

(3) Cold, Warm, but not Hot: SIS
Free streaming will erase power |
from large scales

Lot ¢
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Largest contribution v(t) ~ 1,up to t ~ tnyRg

(non — relativistic), for radiation domination, t o< a? ( RR08t Wa"v‘grlmmber ik fipe]

]

T2<><1/t — GNR X MM,

since 1" ~ My Uy ~ M,/

Ars ~ 0.4 Mpc(m, /KeV)™ (T} /T)

mass range for Warm DM
#s = 40 Mpc(m,, /30 KeV) ™"

Thermal relic



Properties of Dark matter

Warm DM
created from
the decay of

inflaton/moduli [N oV (395) (o) (o 6ev)

Non-thermal nature of WDM, large initial momentum
due to decay from heavy fields

A(z) = (1.4 x 1072 Mpc)g’l/:‘ll—-zz (1 keV) Io = [fs° fOWdyl/[[fs° v O (y)dy]

my

x =my /T f(y) = 1/exp[y/y? + 2% + 1]

Examples: Sterile Neutrino, Gravitino, etc. can be produced
in the early Universe right from the inflaton decay

0711.0470[astro-ph]



Properties of Dark matter

(4) Stability : Within SM there is no DM candidate

New Particle States New Particle States DM can be

=

absolutely
stable

- or
\ /
/ Standard Model Long lived

Stable Particles

s~ (12 (i) Toce) ¢ LIS Right longevity

5
27 (e M ::
76 1l ( = ) (1016Ge\/) SEC.




DM’s mass range:
90 orders of
magnitude

neutrinos  WIMPs :

neutralino
KK photon
branon
(Bulbulon)
3.5 KeV /
( Wen i go I'I) / i SuperWIMPs :
Fermi 135 "
GeV excess
, 1071010710710 10 *10 ™10 10° 10° 10” 10° 10° 10° 10° 10" 10" 10
\GeV Pamela, . mass(GeV)
gamma-ray Fermi, Hess . . .
L “Indirect Detection claims” —
: excess (pamelon
(Hooperon) ( ) all of them

have caveats & question marks

therma'
' . ' : Planck scale
Ultra-light scalars, axion v,  Oarticles 1010 1020 10%0 10%kg

1073 10720 10710 102 103%V
T now weak scale Bhack hoie Solar mass

Primordial




Interactive vs. Non-interactive
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Any SUSY parter of
matter multiplet, e.g.
Neutralino

Right handed neutrinos,
etc.

There is a hope for their
detection

Gravitino, dilaton, modulino,
Mirror Dark Matter,
Hidden baryons/photons,
Massive graviton,
etc.

It will be hard to detect
them, although Cosmological
bounds can be placed



Massive photon as DM
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10 Sun/Globular Clusters, energy loss via v;

(in models with < 10 keV sterile neutrinos)
1014
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Kinetically Mixed Gauge Boson
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Dark Photon Mass M4 (GeV)

Constraints from Jaeckel Ringwald 1002.0329, Redondo 0801.1527,
Bjorken Essig Schuster Toro 0906.0580, Dent Ferrer Krauss 1201.2683, Harnik JK Machado 1202.6073




Dark matter production

Inflaton (1) DM as a thermal relic

(2) DM as a non-thermal relic

ien Sect.

ViSi ble 0. l
\ (3) DM as a scalar condensate

DM
Unlike baryons DM can be over populated very easily

Overclosure bound is the most trivial and often provides the stringent limit



(3) DM as a (pseudo)scalar condensate

g° = ? S’rmng interactions
el a /va pv
Laop 3272 GW & _ conserve P and CP,

9 < 107'Y (neutron electirc dipole moment)

If we assume U(1)pg Symmetry

a g a a |4 —_
Loch — f2 230 GWG MY 4 8 ad*a 0 v fa relaxes to 0.

I L Ge\



Axion condensate as a DM candidate

¥ initial misalignment angle

a(t)

3
pa(tO) — mana(t) (CL()) M i 4 10~ %V

1012 GeV
Ja

Coherent oscillations of the axion can act as a Bose-Einstein
Condensate

fg T
1012 GeV

1. ~ 500 eV(

Sikivie, Yang, PRL (2009), 111301
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Axion projected constraints
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Axion iso-curvature constraints

]

=

m -

P
Axion Isocurvature % )

Fluctuations

-

White Dwarfs Cooling Time 1
10° 10" 10" 10"
H; [GeV]

Visinelli, Gondolo, PRL (2014)




(1) WIMP freeze-out paradigm

(1) Assume a new (heavy)

0.001
0.0001

particle  Is initially in

thermal equilibrium:
xx < ff
(2) Universe cools:
xx & ff

(3) s "freeze out™:

vy & ff

Increasing <o,v>

N

Q
Kolb, Tumer
A A A Al Al A A A AL L

10 100 1000
x=m/T (time =)




CDM as a thermal relic

ff e xx Boltzmann Code:

Thermally averaged

ov) = a4+ blusy - - —9 f
i L cross section XX 7

n;q o T iff 0 = My 1 o (Ml enpltm, () i < m,
T
Select a new variable: Y, = SX, Siex g rl )T -

sa® = const. = s — —3sH



CDM as a thermal relic

eq 2 s
T o oY) By Y e 1 =17t
Y Y dn H Yo

I'(Ty) = ny (Tf){ov)r=1, = H(T})

After freeze —out; when I' < BEY, ~ SE@(] ;)

The relic abundance freezes

M1 M~ So Y/ M~ So Y E4(' T
QX: IZ—X ey ; 0 . Xpo ¢ e & OIOX ( f) Wlth SOZSOOOCm—B

M eq
S

Q. ht = 762K QQf;;f ) E{; geff = gy (boson), (3g,/4) (fermion)

Freeze out of relativistic species: Z7o <1, Y, eq(Zf0.) =

Bhupal DeV, AM, Qutub: 1311.5297[hep-ph]



Freeze out of CDM

Entropy conserved
['(Ty) ~ H(Ty) ¢

mxs()YXeq(Tf)
pe/h?
. mySo  H(T¥)
pe/h? s(T)(ov)T,

Qxhz =

Increasing <o,v>

-
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. L L s
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T e e e e s e e e e e e

—

o
1 ' U
— — — | [ ) 4 [
~ = S © a ~ o o

10-1

Comoving Number Density
o

o | "ot Mgl ¢ 105°Tem>s— !
:Z E Tf geff <0"U>Tf
. Kolb, Turner mX/Tf ~ 20
x=m/T (time -)
O 3 x 105 em =1 % 10+ U@V 1GeV ! =1.9%x 10 *em
e = (ov) T, o <UU>Tf @V — 6.5 <10 “°Sec

This is the bench wmark number - must remember lpb o 10_36 cm?



WIMP scenario

Unitarity bound => Upper bound on mass :

Gat 8 10=47em3s ¢ % 10 VG

Q. h? ~ ~ ~ (.1
: <OU>Tf <O-U>Tf
A m 2
W 128 TeV /. & . _ ,
Griest + kamionkowski PRL(1990)

Lower bound on mass :

_ 2
o~ Ghym? => Qh? ~ 0155~ ( : 2) N()'l(lorr?e‘/)

X Gelde .\ G e 5



Co-annihilation

Assume there are N states x1, X2, , XN
sharing a quantum number, with m; < mgy--- < my.
The Boltzmann equation can be traced simultaneously

dn;
dtz = —3Hn; — X;j(04vi5)(ning — ”?q”;q) XoXhe® 7 X&,f
74 - f
—Zj;éi<0-’i—>jvi—>j> n; — Ny n;q Xng = Xij
j

eq
L
+205541 (nj — Ny nf.zq)

1
€q
T .
§: I\ (]

i

X < X X!




Co-annihilation

All freeze out almost simultaneously, and decay to y;.
It is easy to trace n = >;n;, rather than n; :

d

_&ztz = —3Hn — {0es50) [n? — (n°9)?]
n?q n?q

with {oespv) = i j(0i50i5) — —

Dominant: Annihilation is large, decrease in DM density



Kinetic Decoupling
Chemical decoupling to Kinetic decoupling

xx < ff = I'=nNnonre 0 Relativistic & Non-relativistic scattering
xf < xf — I'=n -0 rates are very different

Dark matter is pg—
SfOChGS'l'ic process undergoing several

scatterings

6p\° :
N = (_p) ~ |
p Chen,
5p ' Kamionkowski,
Nrel * Oxfoxf (; ~ : : Zhdﬂg
PRD(2001)
Tyxg. ~ (
: 100 GeV Green,Hoffman,
y 1 \? . 20 11 Streaming Schwarz
cutoff ™~ 3 H(de)) pom (Txa) ~ = ( Length PRD(2001)



Freeze-out and Freeze-in Scenarios

10!

(2) Non-thermal

3 TR

~ — Pl

., B o
10 ¥em’s™! 10 2ecm’s ™!

2.05x10 2cm’s~!

32%10 **em’s™!

Equilibrium
abundance

Thermal

O h? = 2.06 x 10° B
- X X X
+g'/*(ov)ympim, ( ) (5 6 x 10"998—ff —~4.1x 10"B: )
~ Bhupal-Dev, AM, Qutub, Front.Physics (1311.5297)




Constraints on Dark matter Cross Section

Tr=10°GeV, B, =107 B =

nsnp
1 — 1 Dark Rad.
— 2 Planck

3BBN e"e*
4 BBN qJ

S LAT Sph. Gal.
Overclosure
6 LAT yy

7 LAT Gal. Halo

8 LAT Gal. Center

9CMB
10 PAMELA
11 IC Virgo Cluste

FIMBY region | — 127-%ay Cascade
el 13HESS

14 Unitarity

15 AMS

010104102 10° 102 10* 10° 10%
m,(GeV)

A

Main Uncertainties: DM annihilation/decay (branching fraction) + Astrophysics (propagation)
Bhupal-Dev, AM, Qutub, Front.Physics (1311.5297)




Constraints on Dark matter Cross Section

Iz =10° GeV, B, =
ﬁWim

1 Dark Rad.

2 Planck
3BBN e e*
4 BBN qq

S LAT Sph. Gal
6 LAT yy
7 LAT Gal. Halo

Overclosure

| — 8 LAT Gal. Center
9 CMB
10 PAMELA

i ] 11 IC Virgo Cluster
o FlMpg ] 12 y—ray Cascade
: 1 13HESS

:— — 14 Unitarity

107 10" 10~* 10~% 10° 10° 10* 10° 108
m, (GeV)

Main Uncertainties: DM annihilation/decay (branching fraction) + Astrophysics (propagation)

Bhupal-Dev, AM, Qutub, Front.Physics (1311.5297)

15 AMS




SUSY WIMP

is protected by R-parl’ry, or very light Gravitino < 1 GeV could be DM

ms,

G
graviton

| G
Neutralinos: {x=x,, %2 X3» Ya} gravitino

wo

Running Mass (GeV)

Y VAY

.

\Y%

sneutrino

0 —Mzsng* Mzsgslt; \
M- Mzcgcg —Mzcgsg

—MzSgCB MngCB 0 —H
\ Mzsgsﬁ —MzC985 —H 0

%) = N B° + Nio Wy + Nis H) + Ny H)
N — |\ ——

Gaugino content Higgsino content




Neutralino LSP in CMSSM LI TPay ey aereem

Mostly Bino, helicity suppressed
annihilations, neutralino: 100-150 GeV

Scalar mass

Funnel : Bino type,

Resonant AO in s-channel,
large 31 3 and neutralino mass:700 GeV

Focus point :

Gaugino mass

The [L parameter is close to the
gaugino mass, neutralino is mostly
Higgsino type, sfermions are heavy

Co-annihilation :

Bino type neutralino is degenearte
with stau, latter set the abundance,
neutralino mass: 300-400 GeV




Neutralino interactions

Jungman, Kamionkowski, Griest (1995)

Annihilation rates are suppressed : large (), o h?



Constrained MSSM  1202.4038ihep-phi

mSUGRA: u <0, m, = 125 =2 GeV, m, =173.3 GeV mSUGRA: u >0, m, = 125 +2 GeV, m, =173.3 GeV

’ 3- o = .W.’.Q."\:".»

* e
.
of

o . . \ .~' "'l'
N DR EY .r’.".‘!""o"
2’ Yisy :.j;lo & . 4-

3 o ds & BB 25 AL

: 0 —» 5 TeV (blue points); mg: 5 — 20 TeV (orange points)
:0— 2 TeV,

—dmg — +dmy,
: 5 — 5b.

One has to look beyond CMSSM
One has to look beyond WIMP paradigm




Direct, Indirect Detection of DM
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Direct detection of Dark Matter

Direct production of DM
missing energy, (mono/multi) jets at LHC

Missing Energy:
» from LSP

Multi-Jet:
 from cascade decay (gaugino)

Multi-Leptons:
 from decay of charginos/neutralios




DM nucleon scattering

Elastic nuclear scattering

Ge, Si

‘ 10% energy

Iomzatlon —

Liquid Xe Heat — ALO,, LiF

100% energy
slowest

cryogenics

oo CaWo,, BGO

fastest
no surface effects




Direct detection of Dark Matter

Generic (fermionic) WIMP interaction with a nucleon can be understood in
EFT language

VAt (i Sk
LD oy (XY X))@V 759) ]

SPIN-DEPENDENT  (\yq). angular mom)

LD <flf'§>2><<7<‘1 A’

SPIN-INDEPENDENT (Nucleon #)

V- =,
L Doy XTuXq7"q

» Only for non-Majorana WIMPs SPIN-INDEPENDENT

Spin independent constraints are better for
Current DD experiments



Annual modulation of scattering rates

Freese, Friemann, Gould, (1988)

I = (IER—'@'— / 'vf(v)( A (v, ER) dv

JEr N My . " dER

i .
meen

; Jun
Low recoil energy, heavy DM, pek In summer — Y.
High recoil energy, light DM, peak in winter

December

Residuals (cpd/kg/keV)

3250 3500 37350 4000 4250 4500 47350 5000 5250

Time (day)
DAMA collaboration, Bernabei et al. 1002.1028




Direct Dark Matter Search Experiments

SupaerCDMS Soudan Low Threshold
XENON 10 82 (2013

COMS-Il Ge Low Threshold (2011)

CoGeNT
(2012)
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(Green ovals) Asymmetric DM \ S
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions \

WIMP-nucleon cross section [pb]
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(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

& MSSM: A funnel

& MSSM: Bino-stop coannihilation
® MSSM: Bino-squark coannihilation

1 10
WIMP Mass [GeV/c?]




Direct detection for low mass WIMP
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How Light
Neutralino

1074
1076

1078

[pb]
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Indirect detection: Cosmic ray experiments

et PAMELA, Fermi, HESS, AMS, Balloons

D AMS, PAMELA, Fermi 4 GAPS ~ Fermi, ICT, Radiotelescope
positron fraction antiprotons electrons + positrons

0.03

30%

FERMI
AMS 2013
PAMELA 2009

E(e” +¢*)GeV?/em®sec

Positron fraction

102 10°
Energy in GeV

10° 10°
Positron energy in GeV

Few TeV leptophilic DM; (ov) ~ 10~*° cm®/sec

* s (=) (=)
[)*\[ ” ‘I—- Z'. b-T_q‘t,h' AR .ge:F’ p . D
primary = final
channels 8 products

\\ ..d
~ - i (_) (_)
m[/ Swr Zb T k. e P D



Propagation of charged particles

Galactic Bulge Norma Araf

Scutum Arm
Crux_ Arm-

Carina Arm

Perseus Arm

Sagittarius Arm

equipartition B (energy in B ~ kinetic energy)

2
Flux o&mw % Oannihilation

constant B

»
%
=2
b
O
8
X




Beware of Astrophysical:uncertainties

DM halo re [kpc]  ps [GeV/cm? |

NFW :

NFW 24.42 0.184

. Einasto 28.44 0.033
Einasto : ‘ B EinastoB 35.24 0.021
& Isothermal 4.38 1.387

Isothermal : Burkert 12.67 0.712
o Moore 30.28 0.105

L+7/r)(1+ (r/rs)? :
RO Siall't : () 1/
Moore : S) (l - 'r_> . .

Angle from the GC [degrees] | full box - 78 & "("_. _

Zooming in on ‘ o
dark matter halos v Ji

107 30"1'  5'10' 30'1°2° 5°1020%5° " reveals a huge L N

b T T =N - abundance of
: Moore . dark matter
\ - substructure
N DARK MATTER
. 3 DISTRIBUTION IN A

MILKY WAY SIZED

p : - HALO AT DIFFERENT
Einasto + RESOLUTION

Burkert :

™m

T T

ppm [GeV/em’]

rTrrmmTTmme

r

| 1

10




DM interpretation vs. pulsars

Astrophysical objects Dark Matter
Cholis arXiv: astro-ph/1304.1840 Kopp hep-ph/1304.1184

All Milky Way pulsars

e " fraction

| —§—~ AMS-02 data

— WU m, =610 GV, {(ov)=4x10 Fem?/
L ==== W W " m,=1TeV, (av) =1 x10"Pem’ /5 .
—— Background

510 l 10! 102
E (GeV) E |[GeV]
Different energy behavior of the positron fraction:
 Pulsars predictions:  Dark Matter prediction:
- slow fall at high energies - steeper fall at high energies

- anisotropic positron flux - isotropic positron flux




Gamma ray line vs. background

DM signal is hiding under diffused gamma ray background

Regd (ULTRACLEAN), £, =129.6 GeV

Reg3
Einasto

C. Weniger
1204.2797

Large cross
80 -60 -40 -20 O 60 g7 ;
. DR section !

Ruled out by Fermi collab. (0U)yy—s~y = 1. 3 X 10 27(:mg/s

DM PI\P,‘) DM\ ‘¢'

primary =jA
channels 1 o X 4 X

>
E:

Typically suppressed



Gamma ray excess from galactic centre
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Hooper, Slatyer,
1302.6589

|Ib|=10-20 deg.

Huang, Urbano, Xue,
1307.6862

Excess goes away at
5.0 10.0 50.0100.0 higher alfifUdeS:
i oo 30-40 deg.

Dylan, Finkbeiner,
Hooper, Linden, |
Portillo,Rodd,Slatyer, |§
1402.6703

dn/dE_ (GeVem -

bb
‘ 3525 Gev
LONFW, y=12 215x102¢om/s

SO
re)
—

. Lacroix, Boehm,
=00 b Silk, 1403.1987

35 GeV, quark, thermal cross section 10 GeV, Leptonic, thermal cross section



X-ray line

MM - MOS
Persous
(with core)

Bulbul et. al. 1402.2301
3.95 —3.57 + 0.03KeV
73 clusters, z = 0.01 — 0.35

P (onts s oV )

Roscuals P (ons s "oV Y

e 0

d

g

& 4
0

roa fom )
e )

EN A
EN. Aroa fon'

14 15
Energy (keV)

Boyarsky, Ruchayskiy, 1402.4119

3.5 KeV Andromeda
+Perseus cluster, z =0, 0.0179

I kaV)

Sterile neutrino

m, = 7.1 KeV, 7 ~ 10*° sec, sin®20 ~ 10~

axion (1402.7335), axino (1403.1536, 1403.1782, 1403.6621), modulus (1403.1733), ALP (1403.2370)
gravitino (1403.6503), excited DM (1404.4795), the good the bad and the unlikely (1403.1570),
sgoldstino (1404.1339), magnetic DM (1404.5446), majoron (1404.1400), annihilating effective DM

(1404.1927), 7KeV scalar DM (1404.2220)...




Various ways of constraining DM
Over Closure

Unitarity Indirect
Bound - &
direct

structure __, Dark Matter p.icction
formation

Ll-l. BBN/Dark Planck/CMB

constraints Radiation Constraints

DM need not be a WIMP/FIMP

There need not be a single DM candidate, could be
many...
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Removing
collider limits
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Neutrino noise
region
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What to expected for SUSY? ma@
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—x 1 -~ 1 ~ 10—14
Rough estimate : \/xe ™ =

my Mpo 102101810—°
— 2
o~ G%m F~107°GeV




Production Mechanisms 1311.5297[hep-ph]

Non-Relativistic Ur = |V1 — V2|

Relativistic -
v=T/(1—-vy1-Va) = \/(pl - p2)? —mim3/(p1 - p2)

V= \/(Vl — V2)2 — (Vl X V2)2

Y = nx/s  px(xo) = mysoYx(zo)

sa® =const. = Y ~ na3, Yo =Y,

pe = 1.05375(13) x 10~°h? GeVem ™3
so = 2889.2 cm3(Tp/2.725 K)3

~9.92x107%° cm’s™! =z, (T'y/H)«
B (ov) g 1+ au(Ty/H).
(1)1/2 (1+1dlng) (ov) =a+b<v3>+(’)(<’vf>) =a+ b; +0 (;—2)

. « 3dInT
I L f.o > 3

(2) Semi Relativistic:
o (3) Relativistic: bl ol Y, . (zs,) = X,€q

s
Qo ht= T 6205 10_29(g;jf )% geff = gy (boson), (3g,/4) (fermion)




