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The Framework FLRW Cosmoll
Particle Ph

Large Scale Structure - Cosmology

@ Cosmological Principle
o lsotropy, Homogeniety

@ Friedman-Lemaitre-Robertson-Walker (FLRW) metric

o ds? = dt? — 3(t) (i dr + 2d0? + Psin®0dg?

1—kr?

@ k=0 flat; k= —1open; k =+1 closed
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The Framework FLRW Cosmology
Particle P

Large Scale Structure - Cosmology

Cosmological Principle
o lsotropy, Homogeniety
Friedman-Lemaitre-Robertson-Walker (FLRW) metric

o ds? = dt? — 3(t) (i dr + 2d0? + Psin®0dg?

1—kr?

@ k=0 flat; k= —1open; k =+1 closed

@ Einstein's Equation determines a(t) given matter content

A-Dominated Era

a(t)\c‘agzly
@ Equation of State (EOS) : p = wp VaterDomingted e A
(p pressure; p Energy-density) a(t) ~/t’//0
@ Radiation (Photons) : w = 1/3 14 billion years ABB:
@ Matter (Baryonic, Dark, ...) : w =0 “« Nm:f“;::ﬁ:nﬁﬁw P=7NP problem posed
@ Cosmological Constant (Dark Energy) : w = —1 Tuflation i

a() ~c!

[Image: Scott Aaronson]

@ Define Q = £ pe = 8.098 x 10~ H2eV* critical energy-density
e o

Shrihari Gopalakrishna Dark Matter



The Framework FLRW Cosmology
Parti
Th

The expanding universe

30000 [ 1

@ Vesto Slipher : measured Red-shift (Doppler shift) of
galaxies (1917)  z = 2ebs=Xemit - :

emit 20000 b

@ Georges Lemaitre : Universe is expanding (1927)
@ Edwin Hubble 10000k . 1

v = Ho d (Hp : Hubble constant) (1929)
Ho = 67.8 £ 0.9 kms— Mpc 1 [Planck 2015]

Velecity [km/sec;

@ z= l%aa in FLRW cosmology 0 100 200 300 400 500

Distance [Mpc]

[Riess, Press and Kirshner (1996)]

%
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The Framework

[Fermilab Visual Media]

%

Units: Mass & Energy in GeV  (E=mc? setc=1) (1GeV =10%eV)
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The Framework FLRW Cosmology
Dark Matter and Dark Energy Particle Physics Connection
Dark Matter Detection The Observed Universe

Cosmology < (Particle) Physics

HISTORY OF THE UNIVERSE

Dark energy
accelerated
expansion

Cosmic Microwave FS'ruc'u_re
Background radiation ormation
Accelerators is visible

ll ligh-energy

cosmic rays

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)

Key
@ avark
b © neurinoe By ion * star
P oluon 4 d
WEE bosons

© oloctron = o W gcloxy
@ meson

g ::g @ baryon M photon - Plack
The concapt or the shove fgare orignered 1n s 1786 peper by Pichmel Tormar Particle Data Group, LBNL © 2015 Supported by DOE
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The Framework

onnection

The Observed Universe

Big-Bang Neucleosynthesis (BBN)

Fraction of critical density
0.01 0.02 0.05

T

0.25 | E
0.23 | E
0.22 & E

“He Mass fraction

Note: Planck 2015
Qph? = 0.02226 + 0.00023

Number relative to H
-
o
&

10710

! .

1 2
Baryon density (10

—31 g cm—a)

&
[Tytler et al., 2000]
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The Framework FLRW Cosmol
Particle Physics Connection
The Observed Universe

Cosmic Microwave Background (CMB)

e COBE, WMAP, Planck
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[Planck 2015]

&
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The Framework FLRW Cosmology
Particle Physics Connection
The Observed Universe

Structure formation

e 2dF, SDSS, BOSS

D
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The Framework

nnection
The Observed Universe

Galaxy Rotation Curve

VAN ALBADA ET AL.
200

T T T T

L L B L L S B B B L B

NGC 3108 ]

Vyr (km/s)
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The Framework FLRW Cosmolc
Particle Physics Connection

The Observed Universe

Supernova Cosmology Project

Perlmutter, et al. (1998) Perimutter, Physics Today (2003)

6 T L T T T T . = = il r‘
w00 relative 8 8 353
j}/ o 15— brightness S =
241 (2,0
Supemova o
r Cosmology i
L Project < @
22r ] ° T
s [ 20
g [ 20 10
> e
© 20 4 5% y
B0 Calan/Tololo 23
8 (Hamuy et al, ™ £
3 jqf AL 1996) 5 After inflation, G 05
C 4 o 3
F K % the expansion either... B
[ [ g) 05 1
16 - o5 1.5
[ \‘\e 5
[ s |
L X 3
14 L I L ©
0.02 005 0.1 0.2 05 1.0 & [l =
! i ! 008" 1 N R
redshift z -20 -10 0 10

Billions Years from Today
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The Framework FLRW Cosmology
Particle Physics Conn
The Observed Universe

Inference

Union2.1 SN la
Compilation
with SN
Systematics

Fres Hydrogen
and Heliam:
.

Diark Enargy:
T
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The Framework FL| C y
Particle Phy Connection
The Observed Universe

Inference

Union2.1 SN la
Compilation
with SN
Systematics

Fres Hydrogen
s Milim:
.

Dark Matier:
5%

Diark Enargy:
T

@ Flat on Iarée scales
@ Expansion is Accelerating
@ 95% is unknown dark matter + dark energy
@ What is it?? “I)’}
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The Framework

article P! onnection

The Observed Universe

Inference

Union2.1 SN la
Compilation
with SN
Systematics

Fres Hydrogen
s Milim:
.

Diark Enargy:
T

Q

@ Flat on large scales

@ Expansion is Accelerating

@ 95% is unknown dark matter + dark energy

@ What is it?? The DARK SIDE rules!
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Dark Matter and Dark Energy
r Candidates

at is the dark sector?

e Dark Matter
@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or . ..
o Particle dark matter? More on this...
@ Hot or Warm or Cold Dark Matter (CDM)
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Dark Matter and Dark Energy

What is the dark sector?

@ Dark Matter

@ Astrophysical objects? (Disfavoured)
@ MAssive Compact Halo Objects (MACHO) or Black Holes or . ..

o Particle dark matter? More on this...
@ Hot or Warm or Cold Dark Matter (CDM)

@ Dark energy
Union2.1 SN la
Equation Of State p = wp Complation

Systematics

(p pressure; p energy-density)

2
92 =—-45(p+3p)

1
a
Acceleration needs w < f%

=
@ Favored : ACDM model

Shrihari Gopalakrishna Dark Matter



Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theos
Particle Dark Matter Candidates

Theory for dark energy

@ Theory calculation

o A~ (10"eV)*

o Experiment B e
o A~ (107%eV)*

This is ABSURD!!!
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Theory for dark energy

@ Theory calculation
o A~ (10"eV)*
o Experiment o
o A~ (107%eV)*

This is ABSURD!!!

DPRK ENERGY
MpY BE ThE MosT
ProfunD PRoBLEM
IN ALL OF S0ENE TAY

[Mike Turner, Neutrino 2006] )ﬁ

Shrihari Gopalakrishna Dark Matter



Dark Energy
Dark Matter and Dark Energy Dark Ma heory
Particle Dark Matter Candidates

Particle DM Requirements

@ Should be around for a long long long time ...

o Absolutely stable : Conserved quantum number

o p charged! So not possible
o Active v : disfavored
o Beyond SM (BSM) particle with Z, symmetry

o Decays, but with very very very long life-time

o Very very very tiny coupling to other SM states
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Dark Energy Theory
Dark Matter and Dark Energy Darl tter Theory
Particle Dark Matter Candidates

Particle Dark Matter

@ Thermal Relic

o In thermal equilibrium in early universe
e Details of its origin do NOT matter

@ So most studied
@ Nonthermal Relic

o Never in thermal equilibrium
o Details of its origin matter
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Dark Energy
Dark Matter and Dark Energy D: tter Theory
Particle Dark Matter Candidates

Computing Thermal DM Relic Density: Boltzmann Eqgn

%n = —3Hn—(ov)g (n2 - ngq) — (V) (Mg — Negny eq) + Cr
Thermal equilibrium if : (ov)g ny, >3H OR  (ov) ng > 3H
(€@3)/m?)gT? T>M
T e (M) e M-m/T Ty

Qoh? = MM ~ 2 x 1010 <Gev_2)
e

; 7777777777777777 : “(ov)

‘ ¢‘ (his Hp in units of 100 Kms~1Mpc—1)

4 i Qo = 0.308 £ 0.012

' ‘)D(:m/T (time :)un o %

[Kolb & Turner, Early Universe]
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Dark Energy Theory
Dark Matter Theory
Particle Dark Matter Candidates

Dark Matter and Dark Energy

Computing (ov)

Self-annihilation

P
SM
(0

O Vrel

(ov)

a+b v+ O(vi)

re

Q

a+(6b—9a)/xr; xf=My/Tr~25

%
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Computing (ov)

Self-annihilation

X3

<3

SM

OV =a-+b vfe, + O(vfe,)
(ov)

Co-annihilation and/or decays into DM may also be important

Q

a+(6b—9a)/xr; xf=My/Tr~25

%
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Some Particle DM Candidates

@ LSP - Lightest Supersymmetric Particle

o %Y Neutralino (SUSY partner of neutral gauge boson)
@ © Sneutrino (SUSY partner of neutrino)

Hidden sector DM

LKP - Lightest Kaluza-Klein Particle - Extra space dimensions
LTP - Lightest T-odd Particle - Little-higgs theory with Z,
SuperWIMP - Gravitino (SUSY partner of graviton)

E-WIMP - Right-handed sneutrino (partner of neutrino)

WIMPzilla - Extremely massive particle
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Some Particle DM Candidates

@ LSP - Lightest Supersymmetric Particle

o %Y Neutralino (SUSY partner of neutral gauge boson)
@ © Sneutrino (SUSY partner of neutrino)

Hidden sector DM

LKP - Lightest Kaluza-Klein Particle - Extra space dimensions
LTP - Lightest T-odd Particle - Little-higgs theory with Z,
SuperWIMP - Gravitino (SUSY partner of graviton)

E-WIMP - Right-handed sneutrino (partner of neutrino)

WIMPzilla - Extremely massive particle

Your candidate here

(]
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Weakly Interacting Massive Particle (WIMP)

WIMP Cold dark matter - New particle

@ Mass: M ~ 100 GeV

Qp = QOCM ~ 4 X 10710 (M)
@ Interaction strength: g ~ ggw

(ov

“WIMP Miracle”
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Weakly Interacting Massive Particle (WIMP)

WIMP Cold dark matter - New particle

@ Mass: M ~ 100 GeV

9y = M x4 x 10710 (7G0V72)
@ Interaction strength: g ~ ggw

= (ov
“WIMP Miracle”

@ Precisely the scale being explored at colliders!

o DM at present colliders? (LHC connection)
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Thermal (Mixed) 7 DM

N/l/ ’(/igslPR)
TN

10~* 100 GeV 100 GeV \12) 71
2 = e ()~ (5 )] )
sy My, M

.. 51 = 0.2 results in observed relic density
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Nonthermal 75 DM

[de Gouvea, SG, Porod 2006]

If thermalization conditions not met = Nonthermal 7y J

Happens when :
e Yy <1076 ie., i is almost pure right-handed
@ Low Reheat temp Try< 100 GeV ; Reheat into 7y + SM

No Relic-from-decay of heavier SUSY particles
No 7 thermalization from co-interaction with SUSY or Top
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Nonthermal 75 DM

[de Gouvea, SG, Porod 2006]

If thermalization conditions not met = Nonthermal 7y J

Happens when :
e Yy <1076 ie., i is almost pure right-handed
@ Low Reheat temp Try< 100 GeV ; Reheat into 7y + SM

No Relic-from-decay of heavier SUSY particles
No 7 thermalization from co-interaction with SUSY or Top

N Relic density depends on Inflaton coupling to SM and N
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Hidden sector DM )

[SG, Lee, Wells 2009]

SM x U(1)x : U(1)x sector: Xy, Py,
LD —o |[®sy 2Pyl + £ Xuw BHY — kbt

%
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory

Particle Dark Matter Candidates

Hidden sector DM )

[SG, Lee, Wells 2009]

SM x U(1)x : U(1)x sector: Xy, Py,
LD —o |[®sy 2Pyl + £ Xuw BHY — kbt

Self-annihilation

X bsur
on

7%

/ % 251
o4

Channels 93 — bb, WT W~ | ZZ , hh, tt
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Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Direct Detection of Hidden sector

O DirDet X 10* cm?

10.0

2.0

j< 1.0

0.5

o 02
N

N ! o1

R T m

150 200 250 300 350

My, =125 GeV, k11 = 1.5,5, = 0.25

Effective hNN coupling & 2 X 1073 [Shifman, Vainshtein, Zakharov (1973)]
pling [

1- Nucleon c.s.

2 22,2 2 2

rystci Ay (Ipy, |€ + myy)

o (PN — pN) ~y —L°h"hZN v 22’V
8T Vpep (t—mh)

%
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Dark Matter and Dark Energy

307,
0.7 ]
2.5}
0.6 ]
20(} L2 : H 05 ]
~ -
< '
15l 04 3 ]
03 Y ]
e . g IS i
02 ]
i
050, ., , , I \ R ] 1L . ; ! . ) 3
100 200 300 400 500 600 700 50 100 150 200 250 300 350
M, (GeV) mp (GeV)

[SG, S.Lee, J.Wells 2009]
M,‘/, = 25()GEV7 my = 12066\/, K11 = 2.0, Sp = 0.25, R3p = 1, my = 1TeV
Shaded:
opir 2107 cm? (dark); > 107* cm? (medium); > 107* cm? (light)
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Higgs decay to DM

o Higgs decay and BR
o If my>2My : h— ) Invisible Decay!
o Decay channels: h — ¢, bb, WW , ZZ | tt

1.0f
0.8 0.1l
o 06 x 001
m o
0.4
0.001
0.2
0.0bdz= 107
100 200 300 400 500
mp (GeV) m;, (GeV)
My, ~ 59GeV, s, = 0.25, k11 = 2.0,k34 = 1.0, my = 1TeV f#

NB: Relic density not enforced
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Dark Matter and Dark Energy

Dark tter The
Particle Dark Ma

tter Candidates

Hidden sector DM @ 14 TeV LHC

[O. J. P. Eboli and D. Zeppenfeld, 2000]

FJT > 40, |nj| <5.0, Inj; — 71j2\ > 44, my o, <0,
pT > 100 GeV , MJJ > 1200 GeV , ¢JJ <1.

Forsp = 0.25, BRyyy = 0.25:

[ mp GeV) | osBRp, () | op(f) | L5, (A1) |
120 22.7 167 8
200 8 167 128
300 13.2 167 3.7

%
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

@ Strong interactions - Quantum Chromo Dynamics (QCD)
Charge-Parity (CP) symmetry conserved - Why??7?
@ Axion [Peccei—Quinn] Qm :(%)7/6 ma :eev(wﬁf%)
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Dark Energy Theor
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

@ Strong interactions - Quantum Chromo Dynamics (QCD)
Charge-Parity (CP) symmetry conserved - Why??7?
@ Axion [Peccei—Quinn] Qm:(%ﬂ/ﬁ ma:(ieV(wﬁf%)

o CERN Axion Solar Telescope (CAST)

Liquid helium

360 | Amplifer, refrigerator
centimeters

Tuner

L Tuning rods

) B rS"-;pae"v:lnmucnnq %
o Axion Dark Matter Expt. (ADMX) -




Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Neutrinos

@ Neutrinos interact weakly
Billions (from Sun) passing through you w/o interacting
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Neutrinos

@ Neutrinos interact weakly
Billions (from Sun) passing through you w/o interacting

@ Hot dark matter - freestreaming destroys structure
Cannot be all of dark-matter 2 = 0.02 =

leV
3
=
:
£
sl vl
e (b Mpe~t ) [Dodelson]
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Dark Energy Theory
Dark Matter and Dark Energy Dark Matter Theory
Particle Dark Matter Candidates

Neutrinos

@ Neutrinos interact weakly
Billions (from Sun) passing through you w/o interacting

@ Hot dark matter - freestreaming destroys structure
Cannot be all of dark-matter Q = 0.02 7%,

P(k) (h-¢ Mpc?)

bor o1 1
k (h Mpe™!) [Dodelson]

o Right-handed Neutrino (Sterile Neutrino) can be DM
Warm Dark Matter
Solves many puzzles : LSND, Small scale structure, etc. =
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Dark Matter Detection

Dark Matter Detection

@ Direct Detection

o DM directly intereacts with a detector
@ Indirect Detection

o Look for indirect emmissions from DM
o Collider Detection

o DM escapes as missing momentum at colliders
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Direct detection

Dark Matter Detection

o DAMA, Gran Sasso, Italy. Detection claimed!!
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Direct detection
|

Dark Matter Detection

@ Cryogenic Dark Matter Search (CDMS), Soudan Mine, USA

Ge detector
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Direct detection

Dark Matter Detection

XENON 100 Detecto

Cosmic radiation bombards our
planet constantly. Rock shields
the experiment from many of

K{hese particles.

Weakly Interacting Massive Particles’ Sh
@) (WIMPS) can pass through the Earth i
reach the Xenon100 detector. B itness of Tiatwo
1 flashes reveals the type of
particle thatiaused the

o il

An electric field draws the.
free electrons to the

anode at the top of the
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Direct detection

Dark Matter Detection

Direct Detection Experimental Limits

-30
10 hitp//dmtools.brown.edu
Gaitskell, Mandic,Filippin(i
—
=}
=}
=
S
= -35
o 10 7 - DATA listed top to bottom on plot
8
=l
2
= COUPP, 2008, using 1.5kg CF=31 detector, SD~proton
S ZEPLIN 1, 2009, frst science run, Bonn-A nuclear potenti-
é al, SD-neutron
g 1oL | XENONI00 905 U L. on the WIMP S cros section on eutrons
- — IeeCube, 2009, assuming annihiltion to Wsup>-+</sup>W<sup>
o ~<lsup, indirect SD-proton
a
= — CoGeNT, 2008, 8.dkg-days, ST
S DAMA, 2000, Nal-0 to 4 combincd. 58,000kg-days, 3sigma, SI
g — CR 11(2011), 730kg~d, 2-sig. allowed region, ST pt. |
S s SuperCDMS Soudan LT, 905 C.L.
0 10 - T — CDMS I (Soudan), 2008, 121 3kg~days. Ge detector, ST
it — XENONI00, 2012, 225 live days (7650 ke—days), S1
Z TEREEE XENONI00, projection 2009, 6000 kg~ 5-30 keV., 45°% eff. S1
5 — LUX (2013) $54 118k (51, 95% CL)
XENONIT, projection 2009, 3 ton-yr, 2-30 eV, 45% ef. ST
- LUXZEPLIN, projection 2008, 20 tonne, 10 event scnsitivity—
100 1311000days, S1
0 1 2 3 4 Fermi Telescope, 2011, WIMP —> t+1-, 95% Mass Exclusion Lim—
10 10 10 10 10 it Sl

WIMP Mass [GeV/CZ] Fermi Teecope. 2011, WIMP —>b-bbar 5% Mass Exclusion Li=
@ DAMA vs. CDMS/XENON/LUX puzzle ’z}

@ Confusing situation!

Shrihari Gopalakrishna Dark Matter



Indirect detection
C .

ider d

Dark Matter Detection

04722
0.3 " ! ~+----- Donato 2001 (D, ¢=500MV)
I O PAMELA 03sF ----- Simon 1998 (LBM, ¢=500MV)
i 4 foml : Ptuskin 2006 (PD, p=550MV)
o R )
c i Ly 0.3fF ® PAMELA
o CAPRICES4
B 02
g §
F p b + {
§ | t
2 Rl s N
g 01 ]| oo
o
| L | I |
100 200 300 400 500
Energy [GeV] 1 10 2
kinetic energy (GeV)
+ -
AMSO02 et [PRL113, 2014] PAMELA B (Nature 0]
Dark matter annihilations? .... or astro sources (pulsars) ? ... or other bkgnd?

%
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Direct detection

Indirect detection
Dark Matter Detection Collide

r detecti

Fermi LAT ~

Counts /2.25 °2

e Typical WIMP

~ —28 cm®
o (ov) ~0.45pb~ 1.4 x 10~ < &
o Getting close!

Dark Matter



D ion
Indirect detection
Dark Matter Detection Collider de

10-2f — HM, SS-REF PS (Min>max), SS-REF 10-22f — HM, SSREF PS (Min—max), 55-REF
...... HM, SS-MIN PS (min-max), SS-MIN <eemee HM, SS-MIN PS (min-max), SS-MIN
107 102
_ Segue 1, MAGIC > _ Segue 1, MAGIC e
Tk N e w1078
P b o
s
S 107% S 1072 ==
z S
T 10 ~ 102
acked dSph, LAT {OV)freeze-out acked dSph, LAT {OV)freeze-out
1072 10°%
bb WHw-
107 10-27
10t 10? 10° 10 10t 102 10° 10
my [GeV] m, [GeV]
10-22f — HM/SSTREF PS (Min-max), SS-REF 10-22f — HM/SSTREF PS (Min-max), SS-REF
...... HM, SS-MIN PS (min-max), SS-MIN <eemee HM, SS-MIN PS (min-max), SS-MIN
10-2 =1 102
—_ 2| Segue 1, MAGIC — 2 Segue 1, MAGIC
o 10 o 10
7, 10 710 -
mE — mE
S 102 S 10243
2 2
T 10 ~ 1025
Stacked dSph, LAT {0V freeze-out Stacked dSph, LAT {OV)freeze-out
10°%) 10°%
T s
10727 10727 KK
10t 10? 10° 10 10t 102 10° 10 ‘2}
m, [GeV] m, [GeV]

2015 limits: “Conservative procedure” (shaded) [1501.05464 [astro-ph]]; dwarf-spheroidal [1503.02641 [astro-ph]]
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Fermi LAT ~ spectral line search

Dark Matter Detection

rect detection
Indirect detection
Collider de

1077

<ov>,, 95% CL Limit (cm’s™)

[ Expected 68% Containment
(3 Expected 95% Containment
—— Obs Limit P7REP (3.7 yr, stat-only)

<ov>,, 95% CL Limit (cm’s?)

N
<,

=
o

T

10%

T

[ Expected 68% Containment
[0 Expected 95% Containment
—— Obs Limit P7REP (3.7 yr, stat-only)
—— Obs Limit P7REP (5.2 yr, stat+syst),

26

3 T T T 7 107 T T

F NFwey=13)Rs q E  EinastoR16 3
—— Obs Limit P8 (5.8 yr stat+syst) E [ —— Obs Limit P (5.8 yr stat+sysf) ]
..~ Expected Limit o7k - Expected Limit

5

10°

107 L

<ov>,, 95% CL Limit (cm’s™)

NFW R41
—— Obs Limit P8 (5.8 yr stat+syst)

---- Expected Limit

[ Expected 68% Containment

[0 Expected 95% Containment

—— Obs Limit P7REP (3.7 yr, stat-only)
—— Obs Limit P7REP (5.2 yr, stat+syst)

<ov>,, 95% CL Limit (cm’s?)

T

N
<,

Isothermal R90

—=— Obs Limit P8 (5.8 yr stat+syst)

----- Expected Limit

[ Expected 68% Containment

[0 Expected 95% Containment

—— Obs Limit P7REP (3.7 yr, stat-only)
—— Obs Limit P7REP (5.2 yr, stat+syst)

T

] 10%
107 3 F E
E E 10% E =
10—30 1 1 1 E 1 1
10° 10 ? 10° 10° 10* ¢ 10°
m, (MeV) m, (MeV)

%
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Dark Matter Detection

DM at Colliders |

e CERN Large Hadron Collider (LHC): ATLAS, CMS
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n
Dark Matter Detection Collider detection

DM at Colliders |

e CERN Large Hadron Collider (LHC): ATLAS, CMS

@ The Future: Linear Collider:
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Dark Matter Detection Collider detection

DM at Colliders 11

%

o LSP leads to "missing momentum”
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Dark Matter Detection Collider detection

Effective Operators

[Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu 1008.1783]

Name Operator Coefficient
D1 xxqq mq/Mf _
D2 X xaq img/ M3 Name Operator Coefficient
D3 X@’q img /M3 c1 x'xaq mq/ M
D4 X’ xd’q mg/M? C2 x'x@°q img/ /\273
D5 Y XGVnaq /M2 a3 | x'ouxar'q 1/M:
D6 | Xv**XxaV.q 1/Mz C4 | X'ouxay"v°q | 1/MZ
D7 | xv*x@v.7’q 1/M: 5 | x'xGuwG"™ | as/am?
D8 | XV’ xqwy’q | /M 6 | x'xGuwG"™ | ias/aM?
D9 | Xo"XGouuq 1/Mz R1 X’aq mq/2M;
D10 | X0w°XGoasq i/ M2 , R2 X’37v°q img/2M?
D11 XX G G ozs/4l\/l*3 R3 X2 Gy GH as/8M?
D12 X’YSXG/WNGW ias [AM; R4 X2 G G* iovs /8 M2
D13 XxGuv G s /4M3
-5 ~uv 3 Y)’}
D14 X7V X Guw G* as[4M;
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Dark Matter Detection Collider detection

ATLAS : 8 TeV, 20.3 b1 (Z/ W)hadr + ET [1309.4017]
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Dark Matter Detection Collider detection

ATLAS : 8 TeV, 20.3 b1 (Z/ W)hadr + ET [1309.4017]

L e e o e e e e L EALM e ma
& D5(u=-d):obs 90% CL | —# D9:0bs

[ —+ D5(u=d):obs A D9: ATLAS 7TeV () 1

- D5:ATLAS 7TeV j(X) T —

_.

o
&
D

10

%-N cross-section [cm?]
S
8
-
\ g

10742

ATLAS 203" Vs=8TeV]
+ — SIMPLE 2011
| — COUPP 2012 IceCube W'W'_|
r — PICASSO 2012 IFeCube bb

1 0—44;

— CDMS low-energy

|
1 10 10? 101 10 10° 10° <4
m, [GeV] m, [GeV]
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Dark Matter Detection Collider detection

CMS : 8 TeV, 19.7 T O Jet + ET [1408.3583]
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Dark Matter Detection Collider detection

CMS : 8 TeV, 19.7 b1 jet =4 E [1408.3583]

e — g 100
S,10%
. c 1038
CMS, 90% CL, 7 TeV, 5.0 fb* e o
e - i@ =
Q 1%
CMS, 90% CL, 8 TeV, 19.7 fb* %
_ N{zas Ry, 0@"q 10%
= ToGe N & *
GuipLE 2012 Vector O 10% CMS, 90% CL, 8 TeV, 19.7 fo |
o . (Y, 0@y, 0)
c 10 tor operator —
S A
R} 10
s
10
z
lar <10
Spin Independent Spin Dependent
L Ll o 1076 Ll ol Ll
10 10° 10° 1 10 10° 10°
M, [GeV] My [GeV]
&
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Dark Matter Detection Collider detection

Final Thoughts

@ Large scale structure of the Universe

o FLRW works well
o Particle physics interplay
o Remarkable observations in past few decades. More underway ...

@ Strong evidence for Dark Matter

o But what is it?
e Many Candidates, Mass range 10~2eV - 1012GeV

o Vigorous search underway - Direct, Indirect, Collider

o Exciting times! We might discover DM particle soon
o Can we study DM at the LHC?

@ Dark Energy - theoretical embarassment!
&



@

Backup Slides

Backup Slides
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Special Relativity, General Relativity, Cosmology
Relic from D

Special Relativity

@ Speed of light is the same in different inertial frames
@ c = const : Work in “Natural Units”" ¢ =1
o 4-dimensional coordinates x* ~ (t, X)
@ Invariance under Rotations + Boosts (Lorentz Invariance)
o Transformation constant in space-time (Rigid)
@ Invariant line element
o ds® = dt? —dx® = Nuw dxt dx”
® nuy = diag(l,-1,-1,-1)
@ Two neighboring points are

o Light-like if ds? =0
o Time-like if ds? > 0
@ Space-like if ds? < 0 (space-like points are NOT in causal contact)
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Special Relativity, General Relativity, Cosmology

General Relativity (GR)

@ General Coordinate (x* dependent) transformations
@ Equivalence principle

@ Inertial mass = Gravitational mass
@ Weak Gravity limit — Newtons (Keplers) laws

@ Invariant line element

o ds® = g,.(x) dx"dx”

@ 4-dim space-time dynamical

[Image: ThinkQuest ]

Tyw = diag(p, —p, —p, —p)
® Gu =Ruv — 2R =81G Ty, .

o LHS:Geometry <> RHS:Matter ° ’;:ri?;:“g@zgsgy in Ty ‘z}
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Special Relativity, General Relativity, Cosmology
Relic from Decays
When is g Thermal?

Gravitational Lensing

Galaxy Cluster Abell 2218
Hubble Space Telescope * WFPC2

HASA, A Fruchtor and the ERO Toam (5T5cl, ST-ECF) » STSc PRO00-03
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Special Relativity, General Relativity, Cosmology
Relic from Decays
nis g Thermal?

ndard Model (SM) of Particle Physics

matter constituents

FERMIONS spin = 172, 372, 572, ... BOSONS ™reecarriers

spin=0,1,2, ...

MO SN des b
Leptons spin =1/2 ” Quarks  spin =1/2 nified Electroweak spin = 1 Strong (color)  spin =
Approx.

Flavor | Mass
GeV/c?
(0-0.13)x10-0 ), g 0 .

gluon

Mass
GeV/c?

Electric Mass Electric Mass Electric
charge Name Name

Flavor o L
GeV/c? | charge GeV/c? | charge

lightest
neutrino*

0.000511 photon

_ i in=0
By 1o . 1(0.009-013x10¢| 0 w £ Higgs Boson _spin
i ERS Electric
W) muon 0.106 -1 w 80.39 Name | Gevic2 | charge
— W bosons
% L (0.04-014)x109| 0
Y neatrino* | ( )x z0 91.188 H 126

T )i 1777 -1 Zboson

Weak Electromagnetic
Interaction ., , ., Interaction

Electrc Charge ol Charge
- Quars. Loptons | Electically Gharged__|Quarks, Guons

o wrow- 20 4 Gluons
= 08 0 3
104 104 1 &

[particleadventure.org]

Units: Mass & Energy in GeV  (E=mc? setc=1) (1GeV =10%eV)
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Special Relativity, General Relativity, Cosmology

Composites

Symbol| Name | Quark [ Electric | Mass |Spin Symbol| Name | Quark | Electric [ Mass |Spin
content| charge | GeV/c2 content | charge | GeV/c?
P proton | uud 1 0.938 | 12 Tt pion ud +1 0.140 | 0
p |antiproton| wud -1 0.938 | 12 K~ kaon su -1 0494 | 0
n neutron | udd 0 0.940 | 1/2 p* rtho ud +1 0.776 | 1
A lambda uds 0 1.116 | 172 B B-zero db 0 5279 0
Q~ | omega §ss -1 1.672 | 32 e eta-c cC 0 2.980 0

[particleadventure.org]

Thermal history of the Universe
Big Bang — Inflation — DM freeze-out— BBN —~ decouples — Today

Hubble rate:
a.
' 3
T2
H = 1.66\/g.—— (Rad Dom)
Mp, o
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Special Relativity, General Relativity, Cosmology
R s

mal?

WMAP result (2003) @,h* =0.135 5% . K ~ 0.5 J

%
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Special Relativity, General Relativity, Cosmology

SUSY WIMP

Extend the Standard Model (SM) - Supersymmetry (SUSY)
@ To stabilize the Higgs sector
o SM Higgs has a quadratic divergence instability
o Extension of space-time symmetry to Superspace

o Boson <= Fermion symmetry.

o Every known particle has a Superpartner
o If conserved R,, Lightest Supersymmetric Particle (LSP) stable
o LSP (Eg: Neutralino) can be WIMP DM
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Special Relativity, General Relativity, Cosmology

XENON 100 (2011) Limit

10% = T — T T — T

<\ DAMANa 3

XENON1G0 (2012)
Buchmueller et al

WIMP-Nucleon Cross Section [cm?]

XENONIT (2017)
Ll L Lo L L L
6 78910 20 30 40 50 60 100 200 300 400

WIMP Mass [GeV/c’]

%

rishna Dark Matter

Shrihari Gop:



eral Relativity, C

Relic from Decays

Contribution from Cr ~ n, [ (x — 7 X)
(] /:Iu — 170/_

Qo (ap) 1 ~ 107 Y HLER £

o iy — gUp h, exchange
A2 Mg, M,
o) = 10%(cE — )2 y2 Moy 0t
Does not overclose ifYN SJ 10713 ) AN S 10 eV ) S1 S 10712 J

(Decays just before BBN!)

Dirac case [Asaka et al. '05]
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When is 7y Thermal?

Self-interaction processes
(as) Dobly — vLvL W3 ; B exchange

(ds) Doig — vivL ; ecer  HJf ; H® exchange

Shrihari Gopalakrishna Dark Matter



General Relativity, Cos
m D
When is ©g Thermal?

When is %) Thermal? (ov)n>3H

Self-interaction processes
(as) Dobly — vLvL W3 ; B exchange

(ds) Doig — vivL ; ecer  HJf ; H® exchange

’ Process \ Cross-section \ Limit ‘

72

4 2 2
s -3
(a) | o (—,\f,w + fgﬂé) amYy > 10
2

Y44 e B
@ | ()| oo
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When is 7y Thermal?

Co-interaction processes with other SUSY particles
Boltzmann suppressed by

5(;5 = ¢ (AMy/T) ; AM¢ = (M¢ — MLSP)

Co-interaction with SUSY

(b.) 3 — &5  W* exchange
(ec) PPy — cC; tt h, exchange

| Process | Cross-section \ Limit |
T2 >
(bc) S MhiE- fas Bsatmfps Yy > 10702
2_s2)2y2 2
(ec) %ﬁ (@72') f3s | YuBoyamfes Yy > 1077

%
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When is 1/0 Thermal?

When is 7y Thermal?

Co-interaction with SM
(am) Potrr — Drtig  hy exchange

(bum) iot, — vtk H, exchange

| Process | Cross-section | Limit ‘
(am) AlG: M fs | Beamfps Yn > 1077
(bu) Yl/\tlﬁw M fps Befps Yy > 1077
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PAMELA e*

%
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Do
=
4
% Hﬁ{ { o0
5 o | 4 s
g . } k } s
5 o N
-4 & eatoo H

Oy cuma Eveson 207 g

« paven @
. | . o );
0 ,
o m pe

100
Energy (GeV)
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PAMELA et ATIC e

[Nature 09] [PRL 08]

%
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from S

R
When is ©g Thermal?

Fermi LAT ~ from e

[ o aus (z‘uuz) ! 7]

[ m ATIC-1,2 (2008) x Tong ef ol (1984) 1

L x PPB-BETS (2008) A Kobayashi (1999) 1

v HESS (2008) 7 HEAT (2001)

L e FERMI (z008) & BETS (2001) + 571
=~ AE/EZ Joe
:

;
o ﬁ% it % { ]
Eonaplal
s b [ i
3 = ‘I = || ¥
= N 7
~100F N f
L r o ]
= r ]
L L B
[ ____ conventional diffusive model |
10 100 1000
E (GeV)
[PRL 09]
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Spe y, General Relativity, C
R
When is Thermal?

Fermi LAT ~ from e

F T T ]
O AMS (2002)

[ m ATIC-1,2 (2008) % Tong ef ol (1984)
L x PPB-BETS (2008) A Kobayashi (1999) 1
v HESS (2008) 7 HEAT (2001)
[ e FERMI (2008) 5 BETS (2001) + 5%
0

prethi

o
(=]

E*J(E) (GeVm™s™'sr™)

- — — - conventional diffusive model

L L L
10 100 1000
E (GeV)

[PRL 09]

e Similarly we have v from W, b, u, 7, ... P
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When is ©g Thermal?

Fermi LAT ~ 2012

102 . . i > L DM DM— e*e, NFW profile
o 'Y ‘ ‘ ‘
E $$,$5$,¥¥¥ 10-2f
£ 10-27L T {7
§ml ””$¥§¥ %?%*; w1072
1i¥eey Sz
Ew%, T¥ 1 =102
= g . NFW £ vl 4
E %% v Einasto 107%F I E
< = Isothermal I
107 - - : - 107% o o) " 4
0 50 100 150 200 10 10 10 10
WIMP mass (GeV) DM mass (GeV)
Spectral ~ line Diffuse ~

[May 2012 : 1205.2739v1 [astro-ph.HE]]
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