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Basic facts

Pc
Pe= 3Hgmp _ 1 ggp? 102 g/ cm®
8r

- _Hy

100 ks~ Mpc™
Observations = h €[0.4,0.8] h=0.¢510.15
qum e< (4 £ 2) . 10_3 S'f:a.rsi gas, dust, ..
BBN (low D/H) = Q, «<0.02/h"

=  There is plenty of dark baryons!
(neutral gas, molecular clouds, MACHOS...)

If Q,is greater than around 0.1 there
has to exist also
Nonbaryonic Dark Matter

> Q, h"‘=( £m, )
Particle dark matter: : q3eyV,

Hot Dark Matter (HDM) - light (eV) v

Cold Dark Matter (CDM) - heavy (GeV-TeV)y _ wimp
Warm Dark Matter (WDM) -intermediate (keV) G, v,
Cosmological Constant (ADM) - vacuum energy A guintescent

- -3
axion, mq“‘ IOG“IO eV acts as CODM




Theaxion —strong CP & dark matter solver?
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m + Globular cluster stars

s Laboratory experiments
Courtesy of G. Raffelt
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New era:

Since 1995 (. Saqae/z-)(amiokwcfe)
We bnow thal

NON-BARYONIC DARK MATTER
EXISTS!

If m =~Am, =107 -10" eV, as the
Super-K results suggest, then
Q =10"-10"

(i.e. contributes as much as all
stars!)

a‘/owem, WWW.@Z{
darte matler (at mosit 109,):

« Shuctune
PMWMWMM
:;a&mwt
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TheUniverseisflat! (W, = 1)

Boomerang, Maxima,
DASI,.. —and soon MAP

Boomerang

Boomerang
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Cosmological parametersfrom Boomerang data
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Boomerang collaboration
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BOOMERanG

Pictures by Boomerang collaboration
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January 2002: Taking datal

MAP220389

MAP — Microwave
Anisotropy Probe
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Stars and planets

(" Jupiters’) cannot be a
large fraction of Milky
Way halo dark matter!

(Stellar-mass obj ects
excluded from chemical
evolution & detection of

extragalactic TeV gamma-

rays)

TTTIIM T TI000 T T T T T I I::Ilnl| T ETITH 1
| ; [ |

1.2 E §

08 F B
0.6 F

Hale Fractien

Halo Fraction

o ml N A AT IR TTTT ARRRETITY B

108107 10-6 10510+ 108 102 10!
Mass (M.} M. Spi
2 . Spiro

Fig. 3.— Halo fraction upper limit (5% c.l.) versus
lens mass for the five EROS models (top) and the
eight MACHO models {bottom). The line coding is
the same as in Figure 2.
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Determination of cosmological pa-
rameters

HO, Qm, QA . .

g Paannap
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Current data are in agreement with:
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Dark matter needed on all scales!
(P MOND and other attempsto modify gravity very unlikely)

Galaxy rotation curves X-ray emitting clusters

v (km/s)
cbserved L ’,{

B i__,L—JI-——i-“T‘
100 - .
_,fi{ . -
- II i
E

expected
from
~~~___ luminous disk

R (kpc)

M33 rotation curve

NED/STScl; E. Corbelli & P. Salucci (1999) Cluster 3C295 (Chandra)
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Mass estimates from X-ray & gravitational lensing agree

Abell 2390

MS2137.3-2353

Chandra
WIN2002 Lars Bergstrom, |be@physto.se



2dF SGP Data

ln [k .
- T, <A

L arge-scale structure in
2dF Galaxy Redshift Survey: May 2000 S[I’I kl ng mreernent Wlth the
24.542 Galaxies (3¢ wide slice in dec ) ” :
ACDM Mock Catalogue Standard CosrnOI Ogy J L CDM

(W, = 0.3, W =0.7)

P. Norberg & S. Cole, 2000
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2dF Collaboration Qn=0+3, b= 1

200
1

0.2 .04 0.8

; 0.8
Q.6 w

g ;3 = ‘Q-H bi bin..s
b

Figure 4 Likelihood contours for 4 and the fingers-of-God smearing param-
eter o, based on the data in Fig. 3 (considering 84~ Mpc < r < 25 h~1 Mpe).
These are plotted at the usual positions for one-parameter confidence of 88
(shaded region), and two-parameter confidence of 68%, 95% and 99% (ie. Ax? =
1,2.3,6.0,9.2). The maximum-likelihood solution is # = 0.43 and ap = 385kms™!
The value for the h:ge—sca]cﬂgmrwm dispersion is in reasonable agreement with
previously suggested values®®; however, for the present analysis o, is an unin-
teresting parameter. If we marginalize over 7, (i.e. integrate over g,, treating
the likelihood as a probability distribution), tﬂe
uncertainty is § = 0.43 £ 0.07.
We believe that this result is robust, in the sense that systematic errors
in the modelling are smaller than the random errors. We have tried assuming
that the power spectrum for k < 0.1hMpc~! has the shape of a 2 = 0.3 ACDM
model, rather than the APM measurement; this has a very small effect. A more
serious issue is whether the pairwise velocity dispersion of galaxies may depend
strongly on separation, as is found for mass particles in numerical simulations®®.
Assuming that the pairwise velocity dispersion oy rises to twice its large-scale
value below 1h~! Mpc reduces the best-ft 3 by 0.04. This correction is small
because our analysis excludes the nonlinear data at r < 8 4~/ Mpec.

(

factor®

iy
S fgar

final estimate of 3 and its rms b (%_g)




The 2-degree Field Galaxy Redshift Survey (cf. SDDYS)

Wion Mol B Astron. Soo. T (K- OO0 {9 Prired & Decombor 2001 s BTN smiyle Ml v1 43

The 2dF Galaxy Redshift Survey: The bias of galaxies and the
density of the Universe

Licia Verde!=, Alan F. Heavens', Will J. Percival”, Sabino Matarrese®, Carlton
M. H;mgh": Joss Bland-Hawthorn", Terry Bridges”, Russell Cannon”, Shaun Cole’,
g Colling®, Warrick Couch”, Gavin Dalton', Roberto De
! George Efstathion™, Richard S. Ellis™, Carlos S. Frenk®,
e Jackson’, Ofer Lahav'®, lan Lewis', Swart Lumsden®™,
Madgwick'*, Peder Norberg”, John A, Peacock®, Bruce A,
wd®, Keith Taylor

Result:

$p = 027 £ 0.06.

WIN2002 Lars Bergstrom, |be@physto.se



fnews for Dark Matter
searches!

299

7 Sppm@) & Qy

S

] : :
~ 036//em N.body simulations

wn solar
Ha:qhhuurhand

QDI\*[W ]-/(O-.a n nv)

Crossing symmetry

= Oann ~ Oscatt
So, low QDM (if enough to make up

galaxy halos) means higher
annihilation & scattering rates

= good news for
detection!




Cold Dark M atter

e Part of the “ Concordance M odédl”

e Givesexcellent description of large scale
structure, Ly-a forest, gravitational lensing

e |f consisting of particles, may berelated to
electroweak mass scale: weak cross section,
non-dissipative “WIMPSs’ (Weakly Interacting
Massive Particles)

o Potentially detectable directly or indirectly

« May or may not describe small-scale structure
In galaxies. Controversial issue, but

alter natives (salf-interacting DM, warm DM,
self-annihilating DM) seem wor se

WIN2002 Lars Bergstrom, |be@physto.se



Supersymmetry

* |nvented inthe1970's

e Necessary in most string theories

» Restoresunification of couplings

e Solves hierarchy problem

o Givesright scalefor neutrino masses
 Predictslight Higgs (< 130 GeV)

« May bedetected at Fermilab/LHC

e Givesan excellent dark matter candidate (If R-parity is
conserved)

o Useful asatemplatefor generic*WIMP” (Weakly
|nteracting M assive Particle)

WIN2002 Lars Bergstrom, |be@physto.se



Wor k done in collaboration with
e P. Gondolo (Munich/Case Western)
 J. Edg 0 (Stockholm)
 P. Ullio (Caltech/SI SSA)

and also
- E. Baltz (UC Berkeley/Columbia)

o T. Damour (Paris)

o L. Krauss (Case Western)

For areview, see L. Bergstrom, Rep. Prog. Phys.
63 (2000) 793 [hep-ph/0002126].

WIN2002 Lars Bergstrom, |be@physto.se



1

MSSM

t is the simplest supersymmetric extension to the SM:

one supersymmetry generator = one superpartner to
each SM particle

* 2 Higgs doublets = 5 physical Higgs bosons
« most general soft SUSY-breaking terms

The most general R-parity conserving MSSM
is defined by 124 free parameters

“phenomenological” MSSM

We reduce to_7 real parameters:

* n - Higgsino mass parameter

* M, -Gaugino mass parameter (M, =0.5M, =0.15M,)
» tan £ - ratio of Higgs vacuum expectation values

. mH;, - mass of CP-odd Higgs boson

*m, -scalar mass parameter

* A, , A, - 2 soft trilinear parameters

No CP violation - No FCNCs

Assume lightest susy Particle is X,

R=- parity conservatdidn — fieable




3

gmt ~ 0,3 GGV/(.M-: V/ie~ 10

I' l-t'l'" "'I ?
M ~ 100 GeV =7 Flux ~ 10 cwm $'sr b
p




Will only consider MSSM c, thermally produced in the
early Universe

There are other possibilities for Dark Matter related to
supersymmetry:

* N, sneutrinos (Hall & Murayama)
e 3, axinos (Kim & Roszkowski)

o Wimpzillas (Kolb & al)
 Cryptons (J. Ellis& al)

e Q-balls (Kusenko & al)

o Self-interacting DM (Farrar & al)

¢ DM useful template for generic Weakly Interacting Massive
Particle (WIMP) — aso non-supersymmetric ones
WIN2002 Lars Bergstrom, |be@physto.se



Paolo Gondolo, Joakim Edg0, Lars Bergstrom,
Piero Ullio and Edward A. Baltz

WIN2002 Lars Bergstrom, |be@physto.se



Release / download

Major code reorganization to make it user-friendly.
Tested on RedHat Linux 7.2, LinuxPPC and Alphas.
Released now as a fully working beta-version.

~ull release later 2002 with manual and long paper.

Download at
http://www.physto.se/~edsjo/darksusy/

If you use it, please sign up on the DarkSUSY mailing
list on that page!

WIN2002 Lars Bergstrom, |be@physto.se



Supersymmetric Dark Matter

If the Lightest Supersymmetric Particle (LSP)
is Dark Matter, there are several ways to find Dut:

« Discovery of SUSY at accelerators ‘}T’E
(LEP II, Tevatron, LHC,...) {+ constramts}

oo g
» Direct detection of halo particles
(Si, Nal, Ge, Sapphire, Mica, ...)
* Indirect detection of:

neutrinos gammas antiprotons positrons

Super-Kam GLAST BESS HEAT
AMANDA Air Cher. Caprice e
Antares ... Pamela

Nestor AMS

Baksan o

Baikal

MACRO

The basic process for indirect detection is
annihilation:

19
e
L+ —>Y%Vv.e,p, .. ‘x—%(——'x
r
E:

(x are Majorana particles)

~ = h d for clump halo £ near gq-<c. &
Irﬂ'f. n Gk 7 i Sun £ Earth




Laboratorio Nazionale

. del Gran Sasso

- 4 Dama
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e ! i
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~0.05 2
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CDM S Collaboration

10
o
=
2
I
3107}
I
2
e
o
.
g0}
~ = Ge Diode
E — Nal DAMA
— CDMS
= 4| expected CDMS sensifivity
10 ;
10° 10° 10°

WIMP Mass [GeV]
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"

Spin independent crass section (ph)

L. Bergstram, 2001

[
=
|

DAMA signal seems
somewhat too high.

However, halo phase
space distribution
uncertain (and to
some extent also
nuclear physics part)

Sa = 0;3 GEV/CM‘B Meutralino mass (GeV)
1
0,08 < S)_ZL. < 0.as%



New generation of detectors (both nuclear recoll
and ionization detection) —CDM S, Edelwelss,
ZEPLIN, GENIUS, ...

LY CEN 2001-3%
December 11, 20601

First Results of the EDELWEISS
WIMP Search using a 320 g

Heat-and-lIonization Ge Detector

The EDELWEISS Collaboration:
A, Benmt!, L, Benge®, A, Bromsatowski?, B. Chambon®, M. I.'|.|||-"|||-"".
[ l.'|..||-:|i||-'. B l.'||.-||".'||'-"'-. M, De Jesns P, Ih E'EI-:'I'::ll-.u-'. I¥, |.Ir.:|i||"
L. Dumoulin?, J. Gascan®, G, Gerbier®, O, Goldbach®, M. Govot
o, Gros®, 1P ”:u|i||'.|":, A Juillrd®®, AL de Lesguen®, M. Loidl®
J. Ma E:-"-'_ S, Marnieros?, (O _".|.-||'Ii||1-.:|||.. ] _".|i|;|||.|5".-|l|||:_ Tae "-.'l-.u-u':l-'.

L. Miramanti®, X.-F, Navick®, G. Nollex™, P, Parit, M. Stern®, L. Vagneron?

Note sensitivity aquired
with a 320 g detector — cf.
DAMA 100 kg

10

WIMP-Nucleon Cross-Section (pb)

=2
L Edelweiss 97
3 4 DAMA Nal
4 -+ CDMS

\\\E Edelweiss 2000
-4 -
-5
-6

1 10 10° 10° 10
WIMP Mass (GeV/c?)

Spin-independent exclusion limi
i 10]. Dasherd] curve:

[PreV s EDELWEISS resnlts

comhbined Ge diode limit [4]. Dash-dotted curve: DAMA Nal limit using

i |se-shape «

subtraction

at 3o CL

pe discrimination 53], Dotted curve: CDMS limit with statistical

£ mn on backgronnd : iow allowed resion

of the neutron I n allo
for & WIMP r.ms. velocity of 270 km/s from the DAMA annual
m dista [
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Spin-dependent limits:

M. Altmann et a., astro-ph/0106314

. Spin Dependent Interaction
10’ :
o
oY e
W'y (e
g
5
g2
g ' F
k-
W'E
1°.| 1
1 10 100 1000
WINP mass [Gevic’]

seition limits (05 C'L) for spiti-abepeenidet

from 151 kg days oxposare of s I
he EDELWEISS dark matier search
b Nal detect
ch with Nal detec

F. Mayet et adl (MACHe3)

0.025<0h%<1 (E e =25 GeV)

1
MACHe3 Rate (day™)

Future projects:

COMS-Stanford

DAMA E
CDMS-Soudan projection
e MSSM » CRESST projection
e 2 M:\Uﬁ'ﬁi’ . i
400 600 800 1000
WIMP mass [GeVic]

MACHe3 vs CDM S|
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New approach: use small number of "well-motivated” points
In SUSY parameter space

FProspects for Detecting Supersymmetric Dark Matter at
Post-LEP Benchmark Points

John Ellis', Jonathan L. Feng®”, Andrew Ferstl',

Konstantin T. Matchev' and Keith A. Olive’

CRESST & CDMSII

projected limits GENIUS
Direct detection /
B I EI ] I Ll I I F I | I | Il | B I BI . I LI * I/ IF I I 1 | oot |
W F %% % = X i WoFw %8 % = x i
2C RC
& A I " A I
) b ) ¥ =
Hi10-10 | H M- Fi10-10 | H M -
Y & 5 8 B
a ; i,
" D
b )
10-12 L R : - 0-12 L % f _
o
(a) o (b)
“}—14 wn ol CUECS TR | AP CheUIe S BPCS | Aot (P [ PR (PP =14 Lol AP (LR PUA NG S L B lota Mot Ao A LTE [ s
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Silk, Oliwve, Srednickd

: [ R

X | 85

| Krauss, Freese, Press,
Sreroel 'HS

Gould 87

New Pa?mlafi an

Damour & Krawss "9
Low - veloat ¥ V
radial orbits /

(high energy)

m
= tnhanced Eﬂ.f-‘hﬁ't
In Earth |
‘-'B-éﬁf._j o /

M

W

Earth

Fresse 'BR
Krauss, Sredmicki, Wilczek "86
Galsser, Steigmen, Tilav ' 87




Depth -m
—r— surface Q

—— Sim . B b-u_u——.w -
60 m
-
—+— B10'm
1 WM 1
120 m
200 m ety
I - TR,
—— 13m0 s = e
: 1]
—— 14920 m { !
{ l
18
i1
L
I ; !
41 4 |
11 4 !
E i
{— 2000 m i
2350 m Al
AMANDA as of 1998 zoomed in on
Eiffel Tower as comparison AMANDA-A (tap) zoomed in on one

{true scaling) AMANDA-B10 (bottom) optical module (OM)




First AMANDA (B-10) limitson WIMPs
(X. Bai et al. IDM 2000, York, England, 18-22 Sep 2000,

astr o-ph/0012285)

AMANDA-B10
135 d lifetime

Preliminary: no systematic uncertainties included

102 1[!3 1l]4

MNeutralino mass (GeV)

Figure 2. 90% confidence level upper limits
on the WIMFP annihilation rate in the center
of the Earth, as a function of the WIMF
mass and for the two extreme annihilation
channels considered in the analysis.
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Neutrinos from
the Sun more
difficult to
detect with
|ceCube at low
MAasSES.
(Antares may
have better
sensitivity.)

WINZ2002
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Fig. 3. Super-K 90% c.l. exclusion region in WIMP cross section
vs., WIMP mass parameter space (above solid line), compared to
the DAMA 3¢ allowed region (inside crosses) and the CDMS 90%
c.l. excluded region (above dashed line).

Super-K limits on WIMP
cross section (A. Habig et
al., hep-ex/0106024)

Simplified analysis based
on correlation between
capture rate in Earth and
scattering rate in Nal
through spin-independent
Interaction.
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Non-Baryonie Dark Matter: Observational Evidence and Detection Methods h3

- 104 ~ 188 - L. Bergstrom, 2000
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Figure 11. The predicted muon rates from neutralino annihilations in the Sun
(left-hand figure) and in the Earth (right-hand figure} versus the neutralino-proton
scattering cross section, A muon detection threshold of 1 GeV has been assumed, The
requirements m,x > 95 GeV, mp, > 100 GeV, 0.1 < ﬂxhz < (.2 have been imposed.
For details on the computational procedure, see [134, 196]. The filled circles denote
higgsino-like models with gaugino fraction 7, < 0.01, squares are mixed models with
0.01 < Z; < (.99 and triangles are gaugino models with Z, > (.99,
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EGRET discovery of gamma-ray halo of Milky Way (D. Dixon et a., 1997)
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Spectral Gamma-ray Signatures of Cosmological Dark Matter Annihilations

Lars Bergstrom, Joakim Edsjo
Department of Physics, Stockholm University, SCFAB, SE-106 81 Stockholm, Sweden

Piero Ullio
SISSA, via Beirut 4, 34014 Trieste, Italy PRL, Dec. 2001

|dea: Redshifted gamma-ray line gives
peculiar energy feature— may be observable
for CDM-type cuspy halosand substructure  Redshift factor
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FI1G. 1. The predicted diffuse v-ray flux, from cosmic anni-
hilations into continuum gamma-rays, and a gamma-ray line.
The redshifted line gives the conspicuous feature at the high-
est energies. Shown are cosmic annihilation of 86 GeV {solid
line) and 166 GeV {dotted line) neutralinos. A Moore den-
sity profile for the halo substructure has been assumed. The
EGRET data [26] on the extragalactic flux are the data points
with error bars shown.
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USA-France-Italy-Sweden-Japan
collaboration, launch 2006
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Positrons from neutralino annihilations

E. Baltz, J. Edg0, K. Freese and P. Gondolo, 2001 (cf Kane, Wang & Wells, 2001)
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1G5, 1. Positron fraction data and fits, We illustrate positron data from HEAT 94495 and HEAT 2000, a background only
fit, and a SUSY+background fit from two interesting models from the M5SSM database. Two additional curves separately
display the SUSY and background components of the combined SUSY +background fit. These models are gaugino dominated
and have contributions to a, in line with the experimental diserepancy. The model in Fig, la has positrons primarily from
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hadronization, while the model in Fig. 1b has hard positrons from direct gange boson decays,
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1 L. Bergstrdm, J. Edsjé and P. Ullio, 1999
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Antiprotons from neutralino annihilation
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Fia. 11.— {a) Antiproton spectra for all T models appearing in Table 3. (b) Example of a composite spectrum consisting
of our reference background p flux (Fig. 1) reduced by 24 % with the addition of the predicted flux from annihilating dark
matter neutralinos of MS5M model number 5 in Table 3.

WIN2002 Lars Bergstrom, |be@physto.se



CAPRICE

eV))

M. Boezio et dl., 2001

SrF 5 he

Gas RICH

=== TOF

. TRACKING
"~ SYSTEM

This work
s Orito 2000
v * Basini 1999
v Boezio 1997
Mitchell 1996
ik Buffington 19381

| ;!..: W | TOF ey { 19

Kinetic Energy (GeV)

Antiproton flux (particle / (m?

y _— y
X7 CALORIMETER
:H'J I ro— | Fig, 9. — The antiproton flux ab the top of the atmosphers obtained in this work and com

== — praave] b other experiments that have published results on the antiproton flux (Buffington,
Schindler, & Perimy ||.-1|'k|'1 19871: Mitchell et al, 1996: Boezic et al. 1997 Basind et al. 1999
Orite et al, 2000}, T'he two selid hnes shows the apper and lower limat of & caleulated
flux of imterstellar secondary antiprotons by Simon, Moluar, & Roester (19987, The dashed
Ii'|'|l' 'il'll:l'u".':\- r.|'||' -|||11"|"ﬂ11"”i!'|' FI":'I:'“III:F'I' ﬂr|r:||||1|1-:|r| 11“\ I'il|1 |||i'|11'1| IF.\' I Iil'l'ﬂ._'it'llg:l!"ll |I'w. I.. I. ”iIF
I: | e, pri-.'.aﬂ-:* |1|||||||l||:'|l:':||i|r|||-. | he ||4|1||'|| |i||+' shaws ||‘II' |r|'ir||.'|rll.' .-1I||i|||-:1r|:-l| ||||h |:-|'.'|'|| |:-_'\.'

annihilation of nestralino feom MSSM with a mass of 964 GeV (UTHao 1949,

WIN2002 Lars Bergstrom, |be@physto.se



Conclusions

e Existence of dark matter more certan
than ever

e CDM seemsfavoured

 Maybe only gravitational interactions—
horror scenario

o |f related to electroweak scale (WIM Ps)
then prospectsfor detection are good!
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