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fills the Universe
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Ordinary Matter or new particles

Dark Energy



The Evidence:

e Observation:
— Galactic Rotation Curves
— Hot X-ray Gas
— Gravitational Lensing
— The CMB

 Theory

— Growth of Galaxies
— Nucleosynthesis

— Inflation



Galactic Rotation Curves

Doppler measurements in spiral galaxies |

Observe: U(?")
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- Line of
sight

-
CLUSTER OF
o GALAXIES -
GRAVITATIONAL
LENSING:

A Distant Source
L'gm leaves a young,

star-forming blue galaxy nea
the edge of the wisible universe

2 A Lens
Of ‘Dark Matter’
Some of the light
passes through a large
uster of galaxies and sur- n
S e R Lights
roung ¥ fozi‘ maller, kjlr" "' the \““"'nomal

line of sight between Earth and th -, path
distant galaxy. The dark matter's gravity v 3
acts like a lens, bending the incoming light

3 Focal Point:

Earth
Mast of this light is
scattered, but some 1S
focused and dirscted toward
Ea nh Observars see multipie
distorted images ¢f the background
ga *u,f.

Toary Tyson, Greg Kochaiski and
isn Dell’Antonio

Frank O'Comnell and Jam McManus!

The New York Times
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Abell 781 Wittman et al.



The Bullet Cluster
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How Much Dark Matter

WMAP 5 Dunkley etal

Precise bounds on matter content

Q,h?% =0.1326 £0.0063  Qph?2 =0.0227 + 0.0006

Q.dmh? = 0.1099 + 0.0062
or
Qcdm h? =0.0975 - 0.1223 (2 0)
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Cosmological Parameters:

(0 =1.011+0.012




Growth of Density Fluctuations

)
Density perturbation 0p
Jean’s criteria
Growth for k > Kkj
Growth for M > My Jean’s Mass
op/p

Depends on Equation of State




® Dark Matter must be:
® Stable (or very long-lived)

® Necutral



Candidates

Baryons
— Cluster, produce heavy elements, ...QBh2 =0.0224

Neutrinos ,
— We know too much (0.0005 < th < 0.0076)

AXx1i0ns
— Solve the strong CP problem, scale 1s not well motivated

LSP

— Natural stable dark matter candidate with good relic density



Neutrinos

Light v’s (mv <1 MeV): Left over with n, = nY

Heavy v’s (mv > 1 MeV): Left over from annihilations




Neutrinos

® Relic Density limit on light v masses:

y = ——M, N,
» 11 2

Q,h* ~ 0.01m,(eV)=—
® WMAP +2df + limit

Myor < 0.7eV —> Qh2 < 0.0076

® Heavy neutrinos (m > GeV) excluded as dark
matter



Beyond the Standard Model

(add new symmetries, particles and/or interactions)

® Solutions to the strong CP problem
- Axions
® Supersymmetry

= Neutralinos



Guage Hierarchy Problem
Mp = 1019 GeV
Mx = 1016 GeV
MW ~ 102 GeV

Why are these scales different?
Do they stay different?
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What 1s the MSSM

1) Add minimal number of new particles:

Partners for all SM particles + 1 extra Higgs
EW doublet.

2) Add minimal number of new interactions:
Impose R-parity to eliminate many
UNWANTED interactions.

R — (_1)3B+L+ZS



The MSSM

u;, = uj c 7

d; = dj, ST, b

=), (), (%)
€/L H/r T/L

6? — 62, M%a Tl(i
W = e;;[yeH L' e + ygH Q'd" + vy, HiQ'u] + W,

W,Lb = EZ]/LH{Hg



R-Parity:

1 .. . | :
Wy = QAZJ’“LiLjeZ + N*LQ ds + iA”Wku,fdjdz + ' L;H,

Contains B and L violating operators

Proton decay




All New particles have R = -1

E.g.:

v: S=1/2; B=L=0; R=(-1)l =-1

e: S=0; B=0;:L=-1; R=(-1)"1=-1

u: S=0; B=1/3; L=0; R=(—1)1 =-1

R-Parity Conservation =

The Lightest Supersymmetric Particle (LSP) is stable

C )

.



SUSY Dark Matter

MSSM and R-Parity

=== Stable DM candidate
1) Neutralinos

Xi — Oﬂié + /Bzﬁ// + ’Yz‘I/‘\I/l —+ 5iﬁ2

2) Sneutrino
Excluded (unless add L-violating terms)

3) Other:

Axinos, Gravitinos, etc



Neutralinos

Mass matrix

—giv1 giv2 -
/Ml ]\3 9\2/31 —}]/25’02 / "'Bg\
(B7 W37 I:I£7I:I§) —2’01 92’012 \(/)5 V2 WO
Vi 2 —H | H

1
e =gy o | \AY)

e Dependson M, ,, u, tan 3
o Assume M, =M, =M, @ GUT scale

o Relic density also depends on m, and m



Parameters

Higgs mixing mass: u
Ratio of Higgs vevs: tan [3

Gaugino masses: M;

Soft scalar masses: m

Bi1 and Trilinear Terms: B and A;

Phases: O, 0 A



Unification Conditions

* Gaugino masses: Mj = mi/>
» Scalar masses: m; = my predict u, B

e Trilinear terms: A; = Ay

mSugra Conditions

* (Gravitino masses: m3/2» = mo

e Bilinear term: By = Ag-my predict w, tan 3
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The Relic Density

At high temperatures T >>my ;
¥’s in equilibrium I'>H ny~ny
[ ~nov~Tov; HM ~ Vp ~ T2
As T < my ; annihilations drop ny
ny ~ e™/T ny
Until freeze-out, I' < H Ny/Ny ~ constant




Annihilation Cross sections:
BB — ff

2
g

(1= T2y 9 {(waéﬂm

m 1287

«
N | N

)



The Relic Density:

n —SEn — {ov)(n* — ng)

dt ~  °R

Y (rwen) (12—

dr 90
f=n/T3
3
T GeV
Qh?~1.9x 1071 (X ) N} —



What 1s (T,/Ty) ?
xp~1/20 Ny¢ =~ N(m,/20)
e.g., formy, =100 GeV, Ty ~5GeV Ny~ 345/4

(TX/TW)S — (43/4Nf) X (4/11)



Typical Regions
No EWSB

Focus point

™ Funnel

stau co-ann.

Bulk

my,, My, = 04 mjy/n



Coannihilations

Important when stau mass close to neutralino mass

200 77T LARBRARARAN RASRAREES RaR SRS
I W= 3 wn310u>0 -

) i
= 100

100 200 300 400 500 600
172



Coannihilations

total number density

N —= E mn; ,
1

and the effective annihilation cross section as

n(),"rl()"
<O-effvrel> = E 22 4 <O-ijvrel> .
» UnR
iJ

proportional to:

Jeff = Zz gi(mi/ml)?’/Qe—(mi—ml)/T

Griest & Seckel



Funnel Regions

Important when heavy Higgs mass 1s close to double

the neutralino mass

1500 s - t?“} B .=.5.0|, u>0

=114 GeV

my ((;ff‘])

100 1000 2000 3000

m1/2 (GeV)



FOCUSs POINT
REGION

As m, gets very large, RGE’s

force u to 0, allowing neutralino
to become Higgsino like with an
acceptable relic density.

tan =10, u>0

my, =114 GeV

200 300 400 500 600 700 800 900 1000

my (GeV)

Feng, Matchev, Moroi



05, u>0

tan 3

1000
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my, (GCV)
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m, (GeV)

Effect of WMAP Densities

tan =10, u>0
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m, (GeV)

Effect of WMAP Densities

tanB 50, u>0

0 e e T S T S P . T e S S A T S T T T T A
=114 GeV
1000
S —— ————
100 1000 2000 3000
1111/2 ((;ff‘])
=0.1-0.3

my ((;ff‘])

tanB 50, u>0

1500

1000

=114 GeV

=0.09-0.13




m, (GeV)

Effect of WMAP Densities
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Foliation in tan [3

——
2000 2500




Observable Observable
A&gd(mz) mw [GeV/c?]
my [GeV/c?] askP — aEM
[z [GeV/c’] mp [GeV/c?]
0
Ohad [1D] BRE’E’)S7 /BRb_m
R
l my [GeV/c?]
ALU) Qopmh2
AK(PT) CDM -
Ry BR(Bs — p"p™)
Rc BR%X—F))TI//BR’B%TV
A (b) BRZE/BRE —.;
A (c) BR?EX M/BRB—>X o0
Ab BR?&M,V/BRK—UJJ/
AC BR?EM'UV/BRK—MTW/
Ag(SLD) Amgxp/AmgM
sin” 0, (@) (Am®P /Am>M)
(AmZXp/AmLSiM)

exp SM
Amz [Amy

Long list of observables to
constrain CMSSM parameter space

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer,
Isidori, Olive, Paradisi, Ronga, Weiglein

obs fit )2

N
SM; SM
Z U + Z fSM

See also: Balz and Gondolo;
Allanach, Lester, and Weber;
deAustri, Trotta, and Roszkowski



RESULT FOR CM

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer,
Isidori, Olive, Paradisi, Ronga, Weiglein




LHC REACH

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer,
Isidori, Olive, Paradisi, Ronga, Weiglein

10, A;=0,u>0
/fb @ 14 TeV
00/pb @ 14 TeV

0/pb @ 10 TeV

full CMSSM
parameter space

[] 68%C.L.
95% C.L.
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Recall

foliation 1n tan

g

m,, [GeV]

IMPACT OF CDM
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Sensitivity to uncertainties
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THE CMSSM WITH AND WITH
g-2

With g-2 Without g-2
2500 1 2500
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Buchmueller et al.



Effective Four Fermion Lagrangian

L =% y*v5 % Qi Y* (a1 + 025 ¥%) Qi
+ o3 x X di di + i X Y x i ¥ i

+ o5 XX DAY Ddi + %iX Y° X i i

The terms involving-oy;,-0y4j,"055,-and-o;
lead to velocity dependent
elastic cross sections.

Remaining terms are:

the spin dependent coefficient
Olr;

and-scalar-coefficient-
O3

-
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DIRECT DETECTION IN THE
CMSSM

WMAP coannihilation strip
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SPIN AND SCALAR CROSS
SECTIONS ATTAN s =10

102

103 ;pin gpass all)

104 &' spin (fail Higgs)
scalar (fail Higgs)

scalar (pass all)

———————————————
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Ellis, Olive, Sandick



DIRECT DETECTION IN THE
CMSSM

10-3_§ _§
10-4-; scalar (fail Higgs) _
10-5_: >s<cala;< (pass all) .

0 100 200 300 400 500 600 700 800
m, (GeV)

Ellis, Olive, Sandick
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Uncertainties from hadronic matrix elements

The scalar cross section

4m
7 = L (2, + (A= 2)f]
where
fp - ¥ fT p) Y3q 2#19)2%
mp q=u,d,s tm 27 c,b,t g
and
my [ = (plmyGalp) = m, B,
determined by

1
ON = 2 = §(mu + mg)(By + Byg)



The strangeness contribution to the proton mass

2B,  (m,+ ma)(p|ss|p)

Yy

—1—- G Oo=36 £ 7 MeV

For 2 =45MeV,y=0.2
fr,=0020  fr,=0026  fr,=0.117

For 2 =64 MeV,y =044
fr,=0.027  f7,=0.039  fr =0.363
For 2 =36 MeV,y =0

fr,=0.016  fr,=0.020  f;=0.



In addition,

Direct Detection signals are proportional to Qo
GxN

The local density 1s Qo typically assumed to be 0.3
GeV/cm>,but 0.2 - 0.4 GeV/cm3 is reasonable.

Models of galaxy formation may allow values as
low as 0.04 GeV/cm-3.
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WMAP coannihilation strip
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BENCHMARKS AS A
FUNCTION OF 2N
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Summary

eDark Matter component is large (€2h? =0.11)
eCMSSM - 4+ parameter theory testable at LHC
emSUGRA - 3+ parameter subset of the CMSSM
- often predicts GDM
eCMSSM has several ‘regions’ in which the correct relic
density 1s obtained
ey 2 analysis (frequentist) shows strong preference for low

(testable) values of mi2, mo, and tan [3



