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Dark Matter: 25%

Dark Energy: 70%




Don’t looknow, but ...
... you are surrounded by invisible things!

* A mysterious, invisible particle species is all around us,

- arelic of the first fraction of a second of the Universe,

- and a few hundred million are in this room at any instant

« flying around at about a half mﬂllion miles per hour, and

- about million-millior will pass tHrough you during this talk,
* but you can’t see them, feel them, or smell them, and yet

* they shape the large-scale structure of'the Universe...and

« we may finally be at the threshold of “discovering” them!

A Fantastical Story!

Image: Navarro et al.




Eighty Years of Dark Matter

Astronomers Discover Dark Matter

1932 Local Neighborhood a Little Dim  (M/L)g ~ 2-3

~ Globular Clusters

Image: Amanda Smith




Eighty Years of Dark Matter

Astronomers Discover Dark Matter

1932 Local Neighborhood a Little Dim  (M/L)g ~ 2-3
1937 Galaxy Clusters Really Dark (M/L)g ~ 500
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Eighty Years of Dark Matter

Astronomers Discover Dark Matter
Oort 1932 Local Neighborhood a Little Dim  (M/L)g ~ 2-3
Zwicky 1937 Galaxy Clusters Really Dark (M/L)g ~ 500
Rubin & Ford 1970s Individual Galaxy Halos Also Dark (M/L)g ~ 60

velocity observed

100 km/sec |- T

dark matter

-
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expected from stars

Vera Rubin 1970s

20,000 light years ]
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Eighty Years of Dark Matter

Astronomers Discover Dark Matter
Oort 1932 Local Neighborhood a Little Dim  (
Zwicky 1937 Galaxy Clusters Really Dark (
Rubin & Ford 1970s Individual Galaxy Halos Also Dark (
(

M/L)m

Dwarf Observers 1990s Dwarf Galaxies Really, Really Dark
_ Milky Way and the Twenty Dwarfs

@ 11 classical dwarfs (pre-2005)

14 discovered by SDSS (post-2005)
@ (7 illustrated)

100,000 light years

Image: M. Geha
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Particle Dark Matter Taxonomy

* neutrinos (hot)
_ _ - thermal relics

» sterile neutrinos, gravitinos (warm) | or decay of or
« Lightest supersymmetric particle (cold) oscillation from

, _ , thermal relics
* Lightest Kaluza-Klein particle (cold) _
» Bose-Einstein condensates R

coherent
e axions, axion clusters state of_a | nonthermal
« solitons (Q-balls, B-balls, ...\ Scalar field relics
e supermassive wimpzillas from inflation_
Mass Interaction Strength

10722¢V (107>¢g) Bose-Einstein| | only gravitational: wimpzillas
10° Mg (10 g) axion clusters| | strongly interacting: B balls
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ABSTRACT

The present cosmic mass density of possible stable neutral
heavy leptons is calculated in a standard cosmological model.

In order for this density not to exceed the upper limit of

2xlO_29g/cm3, the lepton mass would have to be greater than

a lower bound of the order of 2 GeV.
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Here n j# the actual number density of heavy \geutrinos at

time tyf/ R is the cosmic scale factor; <ov> is the\average value
of e Lofo annihilation cross-section times the reNgtive velocity
nd ng is the nu Ler density of heavy neutrinos in the¥pal (and

chemical) equilibriume:
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where p is the energy density
o = N aT? = N_n?(xm) 415 (5)
F F
with NF an effective number of degrees of freedom, counting %
and 7/16 respectively for each boson or fermion species and spin
state. For temperatures in the range of 10-100 MeV (which most

: ; - - +
concern us here) we must include just y,ve,v Y ;e , and e ,

.V
e H' U
so NF = 4.5, a value we will adopt for most purposes. However,
if current ideas about the strong interactions are correct, then
NF rises steeply at a temperature of order 500 MeV to a value7
Np ¥ 30.
To estimate <ov>, we note that the heavy neutrinocsmust be

quite non-relativistic at the temperature Tf where they freeze
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Cold Thermal Relics*
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* An object of particular veneration.




The WIMP “Miracle”

Cold thermal relic: weak scale cross section (and mass?)
(1 GeV - 1000 GeV ) WIMP (Weakly Interacting Massive Particle)

WIMPs are BSM, but not far BSM

encyclopedia

. often used to give an
. hpression of great and
nusual value in a trivial
pntext ...

1 : an extraordinary | think you should be more
divine interventiq explicit here in step two




WIMPs Connect to Standard Model

WIMP + WIMP ‘ SMs

Rellc Abundance

WIMP
Qpy 2 =0.112 == @
SM particles
WIMP + SM ==y \WIMP + SM WIMPs =) SMs SMs =y \N|MPs

o =0 3=C

Direct Detection Indirect Detection Collider Production



Direct Detection

(+ EDELWEISS,

DAMA, EURECA,

1 ZEPLIN, DEAP, ArDM,

WARP, LUX, SIMPLE,

1 PICASSO, DMTPC,
DRIFT, KIMS, ...)




Direct Detection

Vogelsberger et al.

* Local WIMP phase-space density

— Assume: p,,, = 0.3 GeV em™
(subclumps, streams, cusps,...?)

— Assume: Maxwellian velocity -
distribution*{¥}v2{w}!/? = 220 km s~!

« Spin dependence (A, T)? e , " ..
- 2 : ' ' =
s .y (axial) = 8 c N 2 L2J(J+ 1) opp et alq;\o
P (m, +m,) Al 7

1 L1LIR

« Same coupling to p and » (scalar)?

2.2
l mcmN

P (m.+ m)

s rk4- T

* Compare different expts. w/ care




DAMA/LIBRA (Nal)

cos w (¢t — t,)
I'=2nx/w=1 year
t, = 152.5¢ (2 June)

June

WIMP Wind
B

December

Amplitude of modulation
surprisingly high

KIMS (CsI) — modulation
not due to WIMP scattering
on lodine
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CoGeNT (Ge)

1208.5737
140
120 + ------- Sum of all backgrounds
Resistor backgrounds

{1

Counts per 0.05 keV bin
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30% surface events, low-mass (10 GeV) WIMP with large cross section (10 pb)



counts / 30 days

CoGeNT (Ge)

146 kg day

In 2011 data: 2.80 annual
modulation signal Aalseth et al.

Including 2012 data results in

.1 smaller significance

Skeptic:

T I T

++++

+

1 [ 1

T+ +T

300

400

days since Dec 3 2009

500

1 Signal was never there in the first

place (it was a fluctuation).
Evidence for light WIMP weaker.

True Believer:
1 Amplitude of modulation was too
1 high anyway. Evidence for light

1 WIMP even stronger!
3.0-4.5 keV,,




WIMP-nucleon cross section [pb]

CRESST (CaWO,)
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WIMP-nucleon cross section [pb]

counts/0.05 keV (0.33 kg, 56 days)

Light WIMPs From Direct Detection?
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Direct Detection

Low-mass reqion:
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~\ \~ ’ + 2 ¢ expected — or

= NPLL(,O” S ... other experiments

- 1 do not understand
CRESST-I1 (2012) OUP? Y low recoil energy

4 calibration, ...
e -"'-.,'_ Z_ L =
oS EDELWEISS (2011) il i o
M N i ... can't compare

different experiments

High-mass reqion:
| Reaching shades of

910 20 30 40 50 100 200 300 400 100 grey of the CMSSM
WIMP Mass [GeV/c'] iceberg, just as heat
from LHC melts it!

-1 |
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[cm?] at 60-100 GeV WIMP Mass
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Indirect Detection

Low-energy photons -
Galactic Center Quarks J\/\/\/\» Posutcr;)ns
Dwarf spheroidals . »
DM clumps, Sun o e

Medium-energy Electrons

gamma rays

"% "V Neutrinos

Leptons




Indirect Detection

PAMELA

Geometric
acceptance
fGE sy ————f——
3 i
N /4
\‘X 4/ cArRD
Y V4
A A car
88 (s2 —=— -
|
Spectrometer 1
Tracking \d Anti-coincidence
system
(6 planes)




Indirect Detection
N, <SV> [j r’(s,y)

ds 5
4p line of 2mWIMP
sight

What to look for * . Where tolook for it

 Charged particles easier to see  Galactic Center
p, high=energy e*e ' largest signal
bent by magnetic field - . largest backgrounds
astronemical backgrounds know where to look

« Continuum photons, neutrinos. _» Nearby subclump
usually not dominant channel signal down 1073
background from*astro. sources clean: no baryons
neutrinos hard to see ; «don’t know where it is

« Photon line * Dwarf spheroidals (M/L)g, > 3000
low background ' signal down another 1073
(probably) low signal clean: few baryons
“golden” detection channel ; know where to look (about 20)




Indirect Signals Have Come (and Gone?)

90° longitude

NS

a LAT position
-- allowed et
— forbidden e

Positron Fraction
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Fermi LAT: PRL 12
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Fermi/GLAST Line

Regd (SOURCE), E, =129:4 GsV

50 |- Slgnal counts 68.7 (4. 590) 80 5 208 5 GeV =
p-value=0.51, x2,=20.1/21 (3.30w/ look elsewhere)

00 — L

Weniger 1204.2797



Fermi/GLAST Line(s)

No results yet from dwarf

stacking Geringger-Saneth, Spectrum of unassociated 2FGL sources
& Koushiappas 1206.0796 oo AL ARS ¥ MR

10 ‘ | Eselect: 10-500 GeV

B Weniger
[ @ Tempel et. al.

111.GeV.
e 129.GeV

129 GeV
X+X—=7rV+Y
111 GeV

60

N
o

E dN/dInE (arb. units)

20

oL v v v vy

1.2 14 1.6 1.8 2.0 2.2 24
log(E/GeV)
R=5 ;
-7 L | 1 | 2 2
Ay 50 70 100 150 200 El = m, EZ = m, (1' m, /4mz)

Six stacked galaxy clusters: 3.2o signal
Hektor, Raidal, Tempel 1207.4466 About 30: Finkbeiner & Su 1207.7060



Fermi/GLAST Line(s)

« Wimp-charged particle coupling — decaystoyy + yZ+ZZ + ...).

) 0 0 . 0 0
Y : Y %1 Y L1 4 %1 Y
K1 f J_IJ X f J-:_ V\I" J_‘r—‘rJ ' X % J_"—“—
Z° H} W
F = f XY e W X w* 1
wW ‘i X
%0 f Ty 10 f Wy v L
1 1 /3 LL /O > X(] Y
lc 1d 3a : 3b ! 3c
4] ]
s ' ey
o LA o Bergstrom
« o= X .
X <} & Ullio 97
1 ey
2¢ 2d

« But also decays at tree-level to ete”, quarks, ..., producing “continuum?” y -ray
background. Tree larger than loop by {¥]}(«a %/4x).




from Seigel-Gaskins

000010 . . . ...

0.001 0.010 0.100 1.000
X=E/mx

Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]



Fermi/GLAST Line(s)

« Wimp-charged particle coupling — decaystoyy + yZ+ZZ + ...).

& /. Bergstrom
Ty & Ullio 97

But also decays at tree-level to ete™, quarks, ..., producing “continuum?” y -ray
background. Tree larger than loop by {¥]}(«a %/4x).

Continuum constrained by observations, BR(y y) must be {¥}(1).

Inner bremsstrahlung also produces y’s, only suppressed ¥](a).

Models with no tree-level annihilation: e.g., Jackson et al. 0912.0004

Could take effective field theory approach (in progress w/ Liantao Wang and

Jingyuan Chen; also Tait et al.), X y
&9 AT Xy, yx B DT D, @ X
X v, 4, H



Fermi/GLAST Line(s)

HESS-Il 600 m?

mmmmmmmmmmmmmm

NEWS & ANA ) " 4‘\.\
[SCIENCE, May 20,2011 | .

SPACE SCIENCE

Chinese Academy Takes 4

Space Under Its Wing

e

. The Chinese initiative: The
B Dark Matter Satellite
R (DAMPE)

TANSUO

= - W - o g

g e =

Cherenkov Telescope Array







WIMPs: Socialists or Mavericks

A PROVEN

MAVERICK

LEARN MORE

Socialist WIMPs: Maverick WIMPs:

Socialist WIMPs are part of a social network. Maverick WIMPs don't relate to others.
Pal around with new un-WIMPYy particles. Not friended by any new particles.

Part of a larger framework. Have no discernible core positions.

Find the WIMP through its friends. Find the WIMP through what is not seen.
Example: SUSY Example: Neutrinos before late 1960s.




WIMP: Social or Maverick Species

Social WIMP Maverick® WIMP

* WIMP part of a social network * WIMP is a loner

* Motivated model framework, » Use effective field theory,
e.g., low-energy SUSY, UED, ... e.g.. 4-Fermi interaction

* Many new particles/parameters  « WIMP only new species

» Unclear relationships between * Clearer relationship between
o, , Og, and o, o, , Oy, and o,

* Beltran, Hooper, Kolb, Krusberg PRD 2009
Beltran, Hooper, Kolb, Krusberg, Tait JHEP 2010



SUSY WIMPs at the LHC

Favorite cold thermal re

Neutralino:

= aBe pie+y 8 + 518

M4 and interactions:
100 + parameters of SUSY

cMSSM

mgy , my, , tanfs , A, , sign u

Ic: the neutralino
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SUSY WIMPs at the LHC

 Typical SUSY models consistent w/ collider and other HEP data have too
small annihilation cross section — too large Q2

* Need chicanery to increase annihilation cross section

— s-channel resonance through light # and Z poles

_ co-annihilation with Por ¥/

—large tang (s-channel annihilation via broad 4 resonance)

— high values of m,: Higgsino- like neutralino annihilates into W & Z pairs
(focus point region)

« Higgs mass limit constrains SUSY models
» Squark/gluino ssearchs constrain SUSY models

* Or, unconstrained, nonminimal



SUSY WIMPs at the LHC

gluinos, squarks, charginos will be discovered before neutralinos

Squark-gluino-neutralino model, m(i?) =0 GeV
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E i | e Expected limit 16 i _
s 1600 | | []-ATLAS EPS 2011 —1° AnaIyS|S model dependent
ol I \ | L dt = 4.7116", ¥s=7 TeV
o I | A th
1400 | » Can swiggle out
N
L N oy .
1200 |- O ~ |+ But it is getting harder
1000 = « Don’t throw in towelino
800 [ e <1007
_I ] G 1 l|11f = I I | ] GRS | | I [l | | ]| l_

600
600 800 1000 1200 1400 1600 1800 2000
gluino mass [GeV]

LHC chewing away at allowed region



Collider Searches for WIMPs

SUSY Trickle Down

q
o /. . §-pair production
4.7 W ad [" " with subsequent
" Y1 Vi cascade decays

b
/~ ~N s escape

: % I undetected:
Y]

P o~ Missing E;
(66566 b @

ol

Complicated decay chain
First see squarks, gluinos, efc.
Very model dependent




Maybe, just maybe, SUSY won'’t be seen at the LHC,
and dark matter is not a neutralino (or sneutrino, or
gravitino, or any ino).




Maverick WIMPs

Dirac fermion Maverick WIMP, ¢

£ A \/— EG Q°

G, = {l,g 9".g"g>,s™}

Complex scalar Maverick WIMP, ¢

£_

G, = {1,6’"}

Expect terms that break

SU(2), via SM Yukawa
couplings — operators
that flip quark chirality

should be « m_, (S,P)

Some terms vanish for
Majorana y

Can write G ~ M.
(S,P) G ~ qu*‘3
FNM*_l
(S,P) F~ qu*_z

Fierz identities relate
various combinations



Maverick WIMPs

Operator

Spin
() & daq
(‘..f"')]t by
ot oqvq
o1 o71°q

O 3, 0q7Hq

Coupling Label
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Dirac fermions

Could also couple
WIMP to gluons

Could imagine “light”
mediators (not a true
Maverick)

Range where effective
field theory valid

 Could also include

couplings to leptons



Maverick WIMPs

Values of G to give correct dark matter density
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Maverick WIMPs

spin-dependent

ax—nucleon (pb)

109 g

10-1
10-2 |
10-3 |
104 |
10-5
10-6
10-7
10-8

10! 102 103
m, (GeV)

o can be as large as 10 3 pbto 10 © pb




Maverick WIMPs

spin-independent

10!

100
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10-2
103
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10-8
1079
10-10 [
10-1

Ux—nucleon (p b)
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10! 102 103 104

Form =10 GeV orso o< 1077 pb
Around a few GeV o~ 10 pb




Maverick WIMPs

Ux—nucleon (pb )

10! g~

100
10~
10—
10~

10-* §

105
104
10"
10-8

10-° |
10-10 |

10-—11

104

* Coupling o m_ is very
important effect

« Could have smaller
coupling producing
larger abundance &
subsequent entropy
dilutes WIMPs

* Perhaps WIMPs not
thermal relics, but
asymmetric relics

« Usual Super-WIMP
trick not in Maverick
spirit



Direct Detection & Collider Production

CoGeNT

- %
ik F

Model Dependent £/

nonrelativistic relativistic
x+N—=x+N q+9 = xX+X
104 pb — 100 pb 777
Probably described by Assume described by
effective field theory effective field theory

(several operators?) “Maverick” WIMPs



Collider Searches for WIMPs

Maverick Monojets

Jet

Beltran, Hooper, Kolb, Krusberg, Tait 2009
Goodman, Ibe, Rajaraman, Shepard, Tait, Yu 2010
Rajaraman, Shepherd, Tait, Wijangco

Bai, Fox, Harnik; Fox, Harnik, Kopp, Tsai

CDF, CMS, Atlas

Missing
Ly

!

coupling from Q
or direct/indirect

Backgrounds (neutrinos, QCD, ...)
Only signal (other than mono-y )
Largely model independent



Collider Searches for WIMPs

Maverick Monojets
Jet

Missing
/ .
coupling from Q
or direct/indirect

Backgrounds (neutrinos, QCD, ...)
Only signal (other than mono-y )
Largely model independent

 MadGraph/MadEvent:
Feynman diagrams,
Cross sections,
parton-level events

 Pythia:
Hadron-level events
via Monte Carlo showering

e PGS:
Reconstructed events
at collider



Missing Momentum = Missing Mass?

3 CMS Experiment at LHC, CERN

C S #| Data recorded: Tue Oct 4 02:50:32 2011 CEST
5| Run/Event: 177783 / 442962676

§[ Lumi section: 273

S

ak5PFJet 0, pt: 574.2 GeV

=

pfMet O, pt: 598.3 GeV

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012



Neutrino Background for Mavericks

Once thought that v v background Renormalizible

g+q—=>7Z—> v+v

1%
! \,\/ ‘ o x s~ (parton level)
q / v
Swamps WIMP signal Nonrenormalizible
q+q—=x+x
9 ~__ %
o « s (parton level)

Judicious cuts on MET can pull out signal



Predicted LHC Sensitivity

Rajaraman et al (incl. Tait) PRD 2011
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Predicted LHC Sensitivity

Rajaraman et al (incl. Tait) PRD 2011
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CMS Results JHEP 2012
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Events / 50 GeV Events / 50 GeV

Events / 100 GeV
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Events / 25 GeV

CMS Results JHEP 2012
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Atlas Results

ATLAS Preliminary \s=7TeV, 4.7 tb"
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Atlas Results
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WIMP Questions

* Why only one WIMP??

The 4% of matter we see is pretty complex and varied.

If social network of several WIMPs, stronger interacting ones:
— Easier to detect
— Smaller Q

* Thermal Production of WIMPS?
- Super-WIMPs
— Asymmetric freeze out
— Dilution after freeze out via entropy production

» Maverick WIMPs?
— Suppose LHC only sees SM Higgs”?
- Wither SNOOZY?

* Leptophilic, Leptophobic, Flavorful, Self-Interacting, Dynamical, Inelastic, ...
« Annual modulation: do we really understand DM phase space?

» Indirect detection gives indirect information



The Decade of the WIMP

« WIMP coincidence or causation (it ain’t a miracle)?
« Situation now is muddled

 Ten years from now the WIMP hypothesis will have either:
convincing evidence or near-death experience

* Direct detectors, indirect detectors, & colliders race for discovery
» Suppose by 2020 have credible signals from all three ?7??
* Do we need three WIMP miracles for WIMP sainthood ?

 How will we know they are all seeing the same phenomenon?

« When can we say we have made darkness visible?



Will Darkness Be Visible

Paradise Lost John Milton (1667)

No light, but rather darkness visible
Served only to discover sights of woe...

.........

John Baptist de Medina (1688)



WIMPs

Goal: Discover dark matter and its role in shaping the universe

Particle Physics:
Discover dark matter and learn how it is ...
... grounded in physical law
... embedded in an overarching physics model/theory

Astro Physics:
Understand the role of dark matterin ...
... formation of structure
... evolution of structure




WIMPs
(Dark is the New Black)

Dark matter is a complex physical phenomenon.

WIMPs are a simple, elegant, compelling explanation for a
complex physical phenomenon.

“For every complex natural phenomenon there is a simple,
elegant, compelling, wrong explanation.”

— Tommy Gold



The Decade of the WIMP

« WIMP coincidence or causation (it ain’t a miracle)?
« Situation now is muddled

 Ten years from now the WIMP hypothesis will have either:
convincing evidence or near-death experience

Direct detectors, indirect detectors, & colliders race for discovery
Suppose by 2020 have credible signals from all three ?7??
Do we need three WIMP miracles for WIMP sainthood ?

How will we know they are all seeing the same phenomenon?

* When do we stop?



'T he_. Decade of the WIMP

Rocky Kolb " s MPIK:Heidelberg
Unlver3|ty of. Chlcago : e e e November 2012




