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I. SUSY AND THE
GAUGE HIERARCHY

Symmetries of Nature:

Exact Broken
Gauge U(1l)em SU(2) x U(1l)y
SU(3)c
Global B, L Le, Ly, Ly
Spacetime P,J SUSY

Supersymmetry is a new class of symmetry:

bosons « fermions



he Gauge Hierarchy Problem

Why are all the known particles so light?

We know 3 fundamental constants:

Special relativity: speed of light ¢
Quantum mechanics: Planck’s constant A
General relativity: Newton’'s constant G

We can form one mass from these:

Why is the weak scale my, my,myz < Mp|?



In the SM with a fundamental scalar Higgs
boson, the weak scale is extremely unstable.

Large corrections to my appear in perturba-
tion theory:

h,
m2 = (m?)y + & &
h:
(m2)g — 1 \2A2
h 1672 ’

where A is some high energy cutoff.
We know my ~ O(100 GeV).

N\ ~ Mp| = fine-tuning.



The supersymmetric solution

Introduce two partner particles: ey, er, both
complex scalar bosons, sO ngp = np.
h! Eh
'l/hé?’é_\\“: )
mj, = (mp)o + & &L
i 'h
h: |
1 2p2 + A2AZ
_ 1672 1672 )
1
(mfdo + g A°(mZ —me) In(A/my,)

€L.R soften the self-energy divergence
logarithm.

to a



We must do this for every SM particle.

Introduce

Squarks :

Sleptons :

Gauginos :

Higgsinos :

e If we add these fields, quadratic divergences

ur, R CL,R LR
dr R SL,rR  bL.R

be Dy br
€L, R MLR TLR

B wx WO g3

cancel order by order.

e Scalar masses and many other (but not all)
dimension 2 and 3 terms can be added with-
out ruining this feature.

persymmetry breaking terms.

e (boson, fermion) — supermultiplets.
SUSY algebra: {Q,Q} = P,

[P, Q] = [P,Q] =0.

These are soft su-



Superpartner properties

e Dimensionless couplings: must be identical
to those of partners. This property defines
superpartners.

Ha Ha Ha
& AN & & N & & A &
For example, a scalar with Q = —1 and I = 0,

but with a non-negligible coupling to a Hig-
gsino, is not ep,.

e Dimensionful couplings (masses): unknown,
but presumably not too large. (See below.)

Superpartners cannot completely decouple.



An analogy

Soap Bubble SM
large length L MgcuT
parameter height H
small A=L—-H M
parameter
symmetry O(3) SUSY
explanation rotational

invariance
symmetry gravity Msysy
breaking
natural if: gravity weak  Mgygy small



Two Higgs doublets

Gauge anomalies must cancel.
In SM, e.g., TrY3 =0.

SUSY adds extra chiral fermions with' Y = —1:

()=o) = (&)

To cancel the anomaly, add an extra Higgs
doublet with Y = 1:

+ 7+
) o
h’U, H’LL

All SUSY models are (at least) two Higgs dou-
blet models.



The General MSSM

Given these new fields, add all possible renor-
malizable, gauge-invariant interactions:

L = y%E{\quUj + yiHyQ:Dj + y§;HyL,E;
+uHyHy
+M1BB + MoyWW + M3gg

2 7 F 2 2 2 2
+ > mififj + m, | Hul® + m | Hyl
frig

+Ajihugit; + Affljhd@;dj + Ajjhqglie;
TAijrLilj By + Xi ik LiQ; Dy + N0 DDy,
‘HLgHuLz'
pijililier + piipli@idy + pyp Uit dy,
+Blhul,
+gauge and other couplings

Here, AB = ¢ 4¢p, ABC = ¢ 4¥ g+ ad o+
YA BOC-

370 new parameters!



II. GUIDING
PRINCIPLES

Proton Decay (dimension 4)

In generic SUSY, protons decay:

A A A AN AN A

L — violation: LLE,LQD
B —violation: UDD

p=u(urdr) = u(BR) = u(are™) = 70T

Forbid this with R-parity: R = (—1)3(B-L)+25
SM particles have R, =1

SUSY particles have R, = -1
Require [[ Rp = 1 at all vertices.

R, conservation = A\, XN N/ p, 0, 0", B = 0.



Consequences:
e 370 — 107 new parameters.

e All superpartners decay to the lightest su-
persymmetric particle (LSP).

To a large extent, the properties of the LSP
determine the signature of supersymmetry.

e LSP is stable (unless it finds another super-
partner) — dark matter!

In many SUSY models, LSP = WIMP.

Note: Rp is overkill for proton decay, but re-
quired for dark matter.



Unification of gauge couplings

Matter unification: Q,U,D,L,E,N — 16 of
SO(10)

Gauge coupling constants RG evolve:

where t = In(Qqg/Q) (so asymptotic freedom
= b; > 0).

SM: b = (4119 7)

10?

(_3_57 -1, 3)

The introduction of many new superpartners
modifies the RG evolution above the super-
partner mass scale.



2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)
Martin (1997)

No free parameters
Requires o; as measured at % level
Coupling at unification: O‘Jnlifz 1
Scale of unification:
nunif 2 1016 GeV [SuperK proton decay]
punic S 1018 GeV [Quantum gravity]



Flavor Constraints

S d
| — T
S | 9 d
x T
~ | |
d | g 'S
d S
10 Tev]? [Am2 _/m2]°
Amy = 12”9 <1
m(j’g O.l

Requires squark degeneracy (super-GIM mech-
anism) or extremely heavy squarks.

Leptonic version: u — e conversion, u — ev,
etc.



(' P Constraints

- x -
eR// utanp \\Q
/ \
/ \
| '\A/Il \
Er B e

SUSY contribution to EDM.. A photon attached to

any charged internal line is implicit.

2 TeV] 2 [uMl

2 ] tangBsingop < 1
e

EDMe = [

me
Requires heavy selectrons or ¢op <K 1.

Note: flavor-conserving, so cannot be sup-
pressed by degeneracy.

Hadronic version: EDM,,.



III. EWSB

How is electroweak symmetry broken in SUSY
models?

The potential for the neutral Higgs bosons is
V = (lul? + my )HD > + (|ul® + m3 ) HYJ?

1
~(BHRH{ +c.c) + _(6* +g*) (HS? — |Hg*)?

Two requirements for consistent EWSB:

e Potential bounded from below:

(Iu? +mz) + (Jul® + m3 ) > 2B

e Origin is not a stable minimum:

ul? + mz; B

detm? =
B ul® +m3,

<0



Consistent EWSB is found in the shaded re-
gion:

2 2
IW|” +mg,
W\
B__
2 2
| +m
B \\ “'ll Hd
\\
\

We can simply require that the parameters
are in this region: typically (but not always),

requires mlgium%fd < 0.

But unbroken U(1)gm, SU(3) = m?2 > 0 for
other scalars.

Also, in many models, mlg{u — m%{d. This is
unsatisfying.



Radiative EWSB

All parameters RG evolve, however. In de-
tail, this is a complicated system of differen-
tial equations. But schematically, at 1-loop:

g 1 3
dt 1672
dy 1 2 3
at Mm2by_y}
dM 1 >
dt 16727
dA 1 r 5 5
at 16w2ﬁ_g]w'_y1ﬂ
dm? 1 (0.2 2,20 2 2
i " e Moy ATy m?|
where t = In(Qqg/Q), and positive numerical

coefficients have been neglected.

Gauge interactions raise m2, Yukawa interac-

tions lower m?2.



Recall

L D y%ﬁuQin + y%ﬁd@f?j + yfjﬁd

~

ik

Top Yukawa coupling enters RGE for H, but

not for Hy. The heavy top quark drives m%

negative.

2 4 2
" +mg,
W\
B__
| 2 2
A U™ +mg,
\\\




Example RG trajectories:

LI
00

600 | s

g

Mass (GeV)
2

Squarks/sleptons (green), gauginos (blue), Higgses (red)

This does not explain why the top quark is
heavy. However, given this experimental fact,
EWSB is generic.

Note that logarithmic running of m%[u does
not explain the gauge hierarchy in the way oas
evolution explains Aqcp.



We need EW symmetry to break, but also to
give the correct m,. Let

HO
tan g8 = < %>
(Hy)
Then
1 5 m%{d — m%{u tan?p3 5
Mz = > — |pl
2 tan<g —1
2B = (my, +my,+ 2|ul*)sin28

We lack a quantitative theory for u.
To enforce EWSB:

e Soft terms given at some (high) scale

e \Weak scale values determined by RGEs
e tan g a free parameter

e 1 (and B) determined by relations above

my fixed by hand, but large |u| = fine-tuning.
This is the starting point for all discussions of
naturalness.



Naturalness

How heavy can superpartners be?

Clearly subjective, but there are interesting
qualitative conclusions.

Prescription:

e Choose a model framework, with some fun-
damental parameters a;.

e Define sensitivity coefficients

2
8|an

8Inai

CZ:‘

e Require an upper bound on ¢ = max{c;}.

Ellis, Enqvist, Nanopoulos, Zwirner (1986)
Barbieri, Giudice (1988)



Superheavy SUSY

Drees (1986)
Dimopoulos, Giudice (1995)
Pomarol, Tommasini (1995)

Recall

dm? 1 2.2 2,2 2 2
an M2 — 242 — 2m
dt 1672 7 J y*m?|

For the H,, and H; RGEs, squark/slepton masses
enter proportional to Yukawa couplings.

Suggests the following spectrum:
Heavy: ﬂL’R,JL,R,éL’R,I;e...
Light: 7 g, bz, all gauginos, Higgsinos

Superheavy 1st two generation squarks/sleptons
ease flavor, C'P problems.



Focus Point SUSY

JF, Matchev, Moroi (1999)
In simple models,
my = 1754+5 GeV = RG focus point at M/eak

For example, in “minimal supergravity,” a model
with universal scalar mass mg:

T T T T T T T T T T T T T T
4_ - —]

2
u

My
—_

_1 T T T I
103 106 109 101% 1019
Q (GeV)

RG trajectories in mSUGRA for various mo, tan3 = 10.

EWSB is highly insensitive to mg at high scales.



600

500

200 |

100
0 1000 2000 0 1000 2000 3000

m, (GeV) m, (GeV)

Contours of “fine-tuning” ¢ in MSUGRA.
Heavy: &1, R, br R L Ry dL.R)EL Ry ---
Light: All gauginos, Higgsinos

Again, all flavor, CP problems alleviated.

To date, however, there are no proposals for
naturally heavy gauginos or Higgsinos.



Scalar Higgs bosons

The Higgs sector contains (at least) 8 real
scalar degrees of freedom:

Hy,H; — G*,G° H* h, H, A

Masses:
2 B > 2 2
msg = — M+ = m43 +m
4 sin 3 cos 3 H 4 w
> 17 5 >
Mp g = E[mA'l'mZ

:I:\/(mi + m%)2 — 4m%m% cos? 28

A, HT, HO may become arbitrarily heavy. But

my, < | cos28|myzy
However, there are large radiative corrections:

>_ 3 24 4 2
Amj = 22V Y sin Bln(mglmgz/mt)

Haber, Hempfling (1991)
Okada, Yamaguchi, Yanagida (1991)
Ellis, Ridolfi, Zwirner (1991)

In the end, mj, S 130 GeV for myS 1 TeV.



Recap

Virtues Constraints
EW stability Proton decay
(naturalness) Flavor violation

Coupling unification C P violation
Dark matter
Radiative EWSB

The field of SUSY model building is essen-
tially the attempt to elegantly satisfy these
constraints without sacrificing these virtues.



IV. MODELS AND
SIGNATURES

Previously, we listed the many soft SUSY break-
iIng parameters and noted some generic con-
straints, virtues.

How are they related? Need models for spe-
cific predictions, collider searches.

Let's consider three model frameworks with
drastically different experimental consequences:

e Gravity-mediated SUSY breaking
e Gauge-mediated SUSY breaking

e Anomaly-mediated SUSY breaking



General features

EWSB in the Standard Model:

EWSB

Sector
h — (v)

Mediating
Interactions
h, q, |

Observable

Sector
q, |

EWSB parametrized by (v).
Mediating interactions (Yukawa couplings) =

signatures.

“Hidden Sector” SUSY breaking:

SUSY Break-

ing Sector
Z — (F)

Mediating

Interactions
Z, Q, L

Observable

Sector
Q, L

SUSY breaking parametrized by (F) ([m]?).
Mediation mechanism = signhatures.




Gravity mediation

Minimal option: supergravity (string theory)
Non-renormalizable terms suppressed by Mp| —

soft terms when Z — (F)):

AN/
C”MQ qﬁqu] — scalar masses

AaXa — gaugino masses

qbqujqbk — A terms

e Gravitino G properties from (complicated!)
LSUGRA:



All soft terms are ~ F/Mpy:

F ~ MyyeakMp ~ (107 GeV)?

“High-scale supersymmetry breaking”

If we can generate this intermediate scale in
the hidden sector, then we have (finally!) ex-
plained the gauge hierarchy.

Example: gaugino condensation, with F ~
A3/Mp, and A ~ 1013 GeV.

What's the LSP?

me ~ F/Mp| ~ Myeak
Gravitino LSP = NLSP decays after BBN.

So typically assume LSP is a SM superpartner.



Minimal Supergravity (MSUGRA)

Arnowitt, Chamseddine, Nath (1981)
Barbieri, Ferrara, Savoy (1982)
Hall, Lykken, Weinberg (1983)

Defined by

mqo - Universal scalar mass
My /o @ Gaugino mass unification (GUT)
Ap : Universal A term
tan B . Input parameter
sign(u) : |u| determined by EWSB

SUSY flavor problem “solved” by mg.

Gauginos: %(Mi/giz) — 0 at one-loop, so
My :My:M3z~g?:95:9g5~1:2:7

Higgsinos: mass |ul.
LSP candidates:
e [r (more precisely, 7g)

e B, AY, HY (more precisely, x, the lightest
neutralino, a mixture of these)



600

500

200 -

100
0 1000 2000 0 1000 2000 3000

m, (GeV) m, (GeV)

Bino fraction of x LSP in mSUGRA with Ag =0, u > 0.
Left shaded region has 7 LSP. Remaining shaded region
excluded by LEP chargino search.

JF, Matchev, Wilczek (2000)
7 LSP: Disfavored by rare isotope searches.
x LSP: Neutral, weakly interacting:

o J(r) signature at colliders

(and excellent dark matter candidate!)



A (somewhat) random assortment of possible
signals:
Tevatron:

pp — wtwo - WxZx — lz/ll_xx

LHC:

~ ~ ~ ~ ~ ~

pp — 49,399,449

Linear Collider:

etTe™ — W+W_, Il



L HC Reach

|]\|||||||||||||||7 Emmmas ||||||||||||||7
S _ASo o a) tanf=2 TIN c) tanf=35

B -
800 ==

~< ~. ;
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: RIA
600 = e~ =< 600 R s

400 B
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400 B2

(o
r () i
L < _

200 200 &=

:- —~. d) tang=45 ]

800 800

600 24 600

m; , (GeV)

400 5 400 B

200 & 200 [

Eramacamaranarae: St O o L R S O O L e
0 500 1000 1500 2000 0 500 1000 1500 2000
m, (GeV) m, (GeV)

Baer, Chen, Drees, Paige, Tata (1999)

LHC reach is well beyond the 1 TeV scale in
MSUGRA.



In gravity mediation, non-renormalizable M;ll
interactions — soft terms:

e Efficient — these terms are therel
e NO predictive power

Three options:

e Extract phenomenological predictions from
string theory

e Consider viable/attractive possibilities

MSUGRA
Superheavy SUSY
Focus point SUSY

e Suppress these gravity contributions, find
other sources for soft terms

Gauge mediation
Anomaly mediation



Gauge mediation

Dine, Nelson, Shirman (1993)
Dimopoulos, Dine, Raby, Thomas (1996)

Add N "messenger fields’ with mass Mmess
and SUSY breaking vev F' that couple to SM
gauge fields:

Choose Mmess < Mpy:

F F
® Mress > 7= 9ravity mediated contributions

neglgible. (Kssume one F.)

e Scalar masses determined by gauge quan-
tum numbers: solves SUSY flavor problem!



“Low-scale supersymmetry breaking”

If F'~ Ml’QT]eSS' then \/_ ~ Mmess ~ 104 GeV.
But 104 GeV S Mmess S 1014 GeV possible.

What's the LSP?

What's the NLSP?

M; < g?= My :Mp:Mz=1:2:7— same
as MSUGRA for a completely different reason.

But now MA,qubochz—ifoch.

NLSP is unstable, so both 7 and x are possi-
ble.

VE 1*T7100 Gev]®
107 GeV

L~ 10 km x (B8v) [ NP



10 _IIIIIW| IIIIIW| IIIIIH]] IIIIIW| IIIII|ﬂ| IIIIIH]] [T ||||rm] IIIIIW| [T

g [ hon-pertubative

1 [ IIIII|J]| IIIIIHJ] IIIII|J]| IIIIIl|J| IIIIIHJ] IIIII|J]| IIII[[lI] IIIIIl|l| IIIIMJI
10* 10° 10° 10" 10° 10° 10"°10" 10%*10" 10"
M (GeV)
NLSP in GMSB for various tang.

JF, Moroi (1997)

Signatures
Decay X T
Length
: - dE
Macroscopic £ High =

Microscopic Photons Leptons



Anomaly mediation

Randall, Sundrum (1998)
Giudice, Luty, Murayama, Rattazzi (1998)

Gravity-mediated scalar masses, C”MQ qb*qb],
cannot be forbidden by 4D symmetnes

/ /

Suppress them by « R

. . 106 Gev)1

geometrical separation 7 (1o7CeV) y
in extra dimensions:

/ /

Assume observable @ fields are on one brane,
“sequestered sector’ Z fields are on another,
and gravity propagates in the bulk.

However, the conformal anomaly generates
loop-suppressed soft SUSY breaking. These
contributions are always present, but usually
sub-dominant.



The anomaly-mediated contributions:

Maux
M, = —bg 316

m)] = L [Maw®

b; = (-22,-1,3)

—3Tr (YY) + 343 + 397
—YuTYu YdTYd + 8 393 + 3 292 + 3091

YH,,
7Q

Almost flavor-blind!

m? ~ —yy+gg ~ Y baga (y ~ 0)
a

Unfortunately, I, Ip are tachyonic.

Many models fix this — a phenomenologically
interesting feature is the gaugino mass rela-
tion, however.



Wino LSPs

Without mixing, gaugino/Higgsino masses are

M B
Mo: WO Wt
pl o H+ AR, H*

In MSUGRA, Mq{: My :M3z=1:2:7

In MAMSB, M1 : My : M3z3=3:1:-8

MSUGRA AMSB
M1 <My M, < M
W — B —

ij, v

W — SOft TT

ool

In MAMSB, the (N)LSPs are a triplet of Winos.
(Not specific to AMSB.)



-400

Contours of AM = my. — my and decay length cr.

Winos are highly degenerate
o AM = MWi — MVT/O ~ 150 MeV — 1 GeV
o W* = 7*WO has decay length ¢r ~ O(cm).

Chen, Drees, Gunion (1996)
Thomas, Wells (1998)

Mesoscopic decay length! Charged Winos de-
cay

e before muon chambers

e tO soft decay products

WEWF, WEW0O events escape all conventional
triggers.



Try pp — WEWF05 at Tevatron. Jet provides
trigger, W= is seen as a disappearing track.

250

-1300 - - -400

Allowed parameter range.

5 event contour for Tevatron with £ =2 fb 1.

JF, Moroi, Randall, Strassler, Su (1999)



Recap

SUSY breaking models and the SUSY flavor
and CP problems motivate a wide variety of
signals:

LSP CTNLSP Signal
B, A, Microscopic By
G Macroscopic  Ery, %2
Microscopic Y, T
%% Mesoscopic Disappearing
tracks

Colliders test SUSY, and SUSY tests colliders.



V. LOW ENERGY
PROBES

High precision probes

e Indirect, more ambiguous

e Many probes
Rare u, K, B decays
Electric dipole moments
Magnetic dipole moments

Often proportional to down-type Yukawas:

mp

Yb

YpUd

gmy, v 9™ yang

V2my cosB A 2my

They become especially effective at “large tan 5.”



Examples:

Contributions to ay, from supersymmetry:

s

\
\

v




VI. DARK MAT TER

“The standard model is a very successful the-
oretical framework that describes all confirmed
observations to date.”

No! Evidence on “small” scales: spiral galax-
ies

150

0 10 2
Radius (kpc)

Begeman, Broeils, Sanders (1991)

Mv?  GM Mot

ro 2

~1/2

=v~r



LLarge scale:

e SN Ia luminosities
e CMB anisotropy

e Clusters of galaxies = €2,,, = 0.19 £+ 0.06
Carlberg, Yee, Ellingson (1997)

B -8
08 + Basmerera—se
0.4
0.2
0.0 .
] 0.2 0.4 .6 0.8 1.0
nITI

Boomerang, Maxima, SN Collabs, astro-ph/0007333

The dawn of precision cosmology:

0.1 S Qmh?<0.3 [h ~ 0.65]

[and Q/\ > 07]



DM Requirements

e Stable

Lifetime 2 10 Gyr
e Non-baryonic

BBN = Qph2~~0.02 [Qum ~ 0.005]
e Neutral
e Cold

Non-relativistic for structure formation
e Yield correct density
No plausible candidates in the SM.

[my ~ 1071 eV = Q, ~ 0.001]



Neutralino Dark Matter

In supergravity, as we've seen, the LSP is of-
ten the lightest neutralino

x € {B,W° a9 A%}
This LSP is

e Stable (given Rp conservation)

e Non-baryonic

e Neutral

e Cold



e y annihilates to correct thermal relic density

ol o voed v vvwed vvd vowed voued vl

WAL BRI IRELL mail a Rl el SR L L R e e Rl L SR L IRl B L

Covomd voownd voond vvoned ool

1 10 100 1000
x=m/T (time -)

10710 Gev—2
(o 4V)

QmN

For supersymmetric DM,

o2

(o4v) ~ —50.1 ~ 1079 Gev 2 = @ ~ 107 1#!
myy

Particle physics considerations alone guaran-
tee an excellent cold dark matter candidate.



DM properties depend on several parameters.

The lightest neutralino is

X = Q,BB —I— CLWWO —|— aﬁuﬁg + aﬁdﬁg

Neutralino mass matrix:

My 0 —mycBsy mzsBsy
0 Mo> mycBeywy —mygsBew
—mycBsy mzgcBew O — 1
myzsBsyy —mzgsBew — U 0

Without mixing, gaugino/Higgsino masses are

M B
Mo> WO

: 70 70
|:UJ|- uj:Hd

Lightest depends on relative ordering.



Interactions with matter rely on the full array
of SUSY parameters:

e Gaugino masses: My, Mo, M3

e Scalar masses: m%,m%,m%,m%,m%

e SUSY Higgs mass: u
e Ratio of Higgs vevs: tan g

Two approaches:

e Conduct model-independent scans.

Jungman, Kamionkowski, Griest (1995)
Bergstrom, Ullio, Buckley (1997)
Baltz, Gondolo (2001)

e Consider simple models.

Drees, Nojiri (1993)

Nath, Arnowitt (1994)

Baer, Brhlik (1996)

Bottino, Donato, Fornengo, Scopel (2000)

Battaglia, De Roeck, Ellis, Gianotti, Matchev, Olive, Pape,
Wilson (2001)



Relic density

Annihilation occurs through many channels:

f X i

If x ~ B, 2nd diagram vanishes. Then

Upper bound on Q,h?
= Lower bound on annihilation rate
= Upper bound on mg

Neutralino LSP = upper bound on gaugino
masses also, and so cosmology = upper bounds
on all superpartners.

However, if x has some Higgsino component,
this argument fails.



An illustration: mMSUGRA

“m2 = —0.04m3+ 8.8M7 — |u|?

Large mqg = |u| ~ M1, x is a gaugino-Higgsino
mixture.

600

500

200 -

100
0 1000 2000 0 1000 2000 3000

m, (GeV) m, (GeV)

Contours of gaugino-ness R, = |ag|?+ |ay|? in percent.



600

500

0 1000 2000 0 1000 2000 3000
m, (GeV) m, (GeV)

Contours of Q,h2.

JF, Matchev, Wilczek (2000)

Note: Even R, ~ 90% radically alters previous
conclusions.

No stringent upper bounds from cosmology
(especially for large tan ).



Direct detection

Searches for dark matter are often searches
for SUSY.

e DM may be detected by looking for rare re-
coils from DM scattering off nucleons in de-

tectors.



1079 3 EANAEAEA EMEMEMA IMAMA B BN T EMRMRA EMEMEMA IMRLLEAE IR IMRME
F (a) tan=10 1% (b) tanB=50
1076 | + -
1.5 TeV<m,
Qo A—
B 1077 + -
5 L3 ¥ ) Sr g AT SN
1078 et et Lt e E3 E
1079 + E
P PP PP P PRI IR O PP UM IR B B

50 75 100 125 150 50 75 100 125 150
m, (GeV) m, (GeV)
DAMA signal: 107° pbSop 10~ pb and
30 GeV Smy S 200 GeV (30 CL).

For large tan 8, DAMA and CDMS are already
approaching the necessary sensitivities. EXx-
periments are very promising.



Indirect detection

Indirect detection looks for DM annihilation
products from the center of the Sun, Earth,
galaxy.

For example: neutrinos from neutralino anni-
hilation in the center of the Sun reach Earth’s
surface, convert to muons.

Possible signals in underground/underwater/
under-ice experiments.

o(vy = p) ~ Ey

2
Muon range ~ E,, = Rate ~ Fy

Requires energetic annihilation products.



For x ~ B, annihilation products are soft: for
example,

BB — bb — cez?Ee—I'l/

Hopelessly small rates for indirect detection.

However, for gaugino-Higgsino DM, xyx — WW
followed by W — Zv is an excellent source of
energetic neutrinos.



T he Future

A compilation of all pre-LHC SUSY searches

600

500

0 500 1000 1500 2000 2500
m, (GeV)

JF, Matchev, Wilczek (2000)

Dark matter searches are complementary to
traditional collider and precision searches.

When combined, the entire cosmologically at-
tractive parameter space will be explored be-
fore the LHC begins operation (~ 2006).



Large tan g3:
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Sensitivities assumed and experiments likely to reach

these sensitivities before 2006.

Observable Bound Experiment(s)
e m;; > 103 GeV LEP: ADLO

%0 See Ref. Tevatron: CDF, DO
B — X,y |AB(B — Xsy)| < 1.2-10~* BaBar, BELLE

a [a3Y5Y| < 8-1071° BNL E821

op See Ref. CDMS, CRESST

v from Sun P9 < 100 km~2 yr-1 AMANDA

v (gal. center) &!<15.10710 cm—2 st GLAST

~ (gal. center) CD%O <7-10712 cm—2 5! MAGIC

et cosmic rays ®.+: (S/B)max < 0.01 AMS-02



CONCLUSIONS

e Weak-scale SUSY is an elegant mechanism
for stabilizing the gauge hierarchy.

e Many models with a wide variety of impli-
cations.

e Nevertheless, SUSY looks unlikely to escape
the LHC, and before that there are plenty of
opportunities:

High energy colliders

High precision experiments

Dark matter searches



