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Direct and Indirect

Approaches to
Dark Matter

Paolo Gondolo



Part |: Non-baryonic dark matter
neutrinos, axions, neutralinos,
WIMPZILLAS, ....

Part Il: Neutralino searches
direct detection, neutrinos,
gamma-rays, positrons, ....



The “best” matter density

mh? =0 :135": 500
of which
h? < 0:0076 (95%CL)
-h? =0:0224 0:0009

CDM h2 =0 113+00888



The concordance cosmology
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The concordance cosmology
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Non-baryonic dark matter!



Particle dark matter

Type la
Type Ib
Type Il



Particle dark matter

Type la Ccandidates that exist
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Type || Other candidates



Particle dark matter

Candidates that exist
Well-motivated candidates

1. have been proposed to solve genuine
particle physics problems (a priori
unrelated to dark matter);

2. have interactions and masses speci ed
within a well-de ned particle physics
model

Other candidates



Particle dark matter

Candidates that exist

neutrinos ( ¢ ; )

Well-motivated candidates

sterile neutrino, axion, lightest
supersymmetric particle (neutralino,
gravitino, sneutrino)

Other candidates

generic WIMPs, WIMPZILLAs, solitons
(B-balls, Q-balls), self-interacting dark
matter, string-inspired dark matter,
string-perspired dark matter, ....



Particle dark matter

Thermal relics
In thermal equilibrium In early universe

neutrinos, neutralinos, other WIMPs, ....

Non-thermal relics
never in thermal equilibrium in early universe

axions, WIMPZILLAS, solitons, ....



Particle dark matter

Hot dark matter
relativistic at galaxy formation ( T  1keV)

light neutrino

Warm dark matter
semi-relativistic at galaxy formation( T  1lkeV)

sterile neutrino, gravitino

Cold dark matter
non-relativistic at galaxy formation ( T  1keV)

neutralino, axion, WIMPZILLAS, solitons



Particle dark matter

Type |a Candidates that exist
Type b Well-motivated candidates
Type |l Other candidates



NEUTRINOS EXIST!!

3 active neutrinos ( ¢; ;)

INGRID ]‘:UQLA &

THE FLYING NEUTRINOS |

[




Neutrino masses

Neutrino oscillations detected

Atmospheric neutrinos
| ., m2, 3 10 3eV-?

Solar neutrinos
e ! or , m2, 7 10 ®eV?



Neutrino oscillations

Neutrinos produced in weak interactions
( ; )arenot energy eigenstates( 1; »)



Neutrino oscillations

Neutrinos produced in weak interactions

( ; )arenot energy eigenstates( 1; »)

N5 i=cos j4i+sin |,

] 1= sin J 11 +CcOoS | >l



Neutrino oscillations

Neutrinos produced in weak interactions

( ; )arenot energy eigenstates( 1; »)

N5 i=cos j4i+sin |,

] 1= sin J 11 +CcOoS | >l

Att =0, produce .. Evolve intime:
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Neutrino oscillations

Neutrinos produced in weak interactions

( ; )arenot energy eigenstates( 1; »)
N5 liz=cos | 4i+sin | ,i
] 1= sin J 11 +CcOoS | >l

Att =0, produce .. Evolve intime:

1= 1t'

j ,itsin e B2t

i (Di=e Mj si=cos e i oi

Probabillity of attime t: h

ih | (t)ij2=sin?2 sin? (&2 2E1)t




Neutrino oscillations

Neutrinos produced in weak interactions

( ; )arenot energy eigenstates( 1; »)
N5 liz=cos | 4i+sin | ,i
J] 1= sin J 11 +cos | »l

Att =0, produce .. Evolve intime:
IE 1t 1= zt'

i (i=e M si=cos e j 1i+sin e i o

Probabillity of attime t: h

ih | (t)ij2=sin?2 sin? (&2 2E1)t
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Neutrino masses

Neutrino oscillations detected

Atmospheric neutrinos
| ., m2, 3 10 3eV-?

Solar neutrinos
e ! or , m2, 7 10 ®eV?



Neutrino masses

Neutrino oscillations detected

Atmospheric neutrinos
2 34\ 2
| , ms, 3 10 °eV
Solar neutrinos
e ! or , m2, 7 10 ®eV?

Upper limits

Laboratory: mi < 2:8eV, m, < 190keV,
ms3 < 18:2MeV

Cosmology: m;+ m,+ ms3< 0:7eV



Hot vs cold dark matter
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Cosmic neutrino density

Hot dark matter neutrinos ( m keV )

Wavelength A [h-! Mpe]
0

WMAP + Lyman-

® Cosmic Microwave Background

% Cluster abundance
8 Weak lensing
4 Lyman Alpha Forest

Current power spectrum P(k} [{h-! Mpc)3]

h? < 0:0076

h2 = P - gim;
I 90eV

.gm; < 0:7eV

(gi =1 Majorana,

[ Tegnpark & Zaldarriaga, astro-ph/0207047

Wavenumber k [h/Mpe]

gi = 2 Dirac)



Neutrino masses and density

Sum of neutrino masses

0:05eV <m 1+ mo+ m3< 0:7eV
oscillations WMAP+Lyman-

Cosmic neutrino density

0:0006 < h? < 0:0076



EXisting neutrinos are
Hot Dark Matter

What i1s Cold Dark Matter?



WIMPS

WIMP = weakly interacting massive particle

wimp = a weak, cowardly, or ineffectual
person (Merriam-Webster Dictionary)




WIMPs as dark matter

Weakly Interacting Massive Particles
as non-baryonic dark matter

e
- ]_ [ T TTTTH I T TTTTH I T TTITI
Thermal WIMPs 7 01
Chemical decoupling 5 107
when H = %8_5 increasing
ann -_ h1 - E %8:2 <OovV>
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I = 10-°
ap 10710 I
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The WIMP par excellence:
a heavy neutrino



Neutrinos as dark matter

Hot Dark Matter Cold Dark Matter
2 m 3 10 ?’cm3=s
h h2 I
45 eV NV i
104 |
102 'S'
N 4
< 1 ) —
’
10 2 F 2
10 4 |

meV eV keV MeV GeV TeV
neutrino mass



Neutrinos as dark matter

Hot Dark Matter oo == T il

LEP DM searches
w0 7 25 NN
| 7NN
10° | //,, ////,xf
N "" A’);' ,4115Q§$§

)
RO
10 < 195

I RN <\\‘
XS
KRR
10 4 F %%%
RKK)
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- LA . . A'sf'o?a?a‘bn .
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neutrino mass




The WIMP par default:
the neutralino

(lightest supersymmetric particle)



Supersymmetry

Uni cation of fundamental forces
Stabilization of scalar masses

slepton $ lepton
squark $ quark
gaugino $ gauge boson
higgsino $ Higgs boson




Minimal Supersymmetric
Standard Model (MSSM)

Number of parameters:
18 of Standard Model + 106 !!!!



Minimal Supersymmetric

Standard Model (MSSM)

Number of parameters:
18 of Standard Model + 106 !!!!

WMSSM: simpli ed weak-scale MSSM
18 + 7 parameters (M 5; ; tan ;m Ao;M; A 4, A¢)

CMSSM: constrained MSSM

18+6 parameters ( mg;Ag;m=p;tan ; )

MSUGRA: minimal supergravity
18+5 parameters ( mg; Ag; m-5; tan ; sign of )



(Lightest) Neutralino

Superposition of neutral gauginos and
higgsinos

Lightest Supersymmetry Particle [often]
Stable [R-parity conservation]

Weakly interacting [dictated by
supersymmetry]

Massive [ & 30 GeV ]



Supersymmetric dark matter

The lightest
neutralino
IS a good
dark matter
candidate

~ 10°

=10
103
102
10

J. Edsja, P. Gondolo, 1997

T TTTT \\*\*XX)‘( \\\\\H‘ T T
HKAXAXX XXX
= XXX TREK
[ XXX HK KX XX X
XXX XXKXK XXX X
— HKAXAXXXKXK XX XXX ]
X XXX KX KKK XXX XK X
KXKXXKXXXX XX TTROKKKX XX
XXX XKKKK KX XXX KXXXKXX X XXXX
XXX KK KKK KKK XXX XXX KKK XX XXX
KKK XX KK XXX XX XXX XK T XXX KXKXXXX X XX
KHXAX KK AKHKAXK KK XXX HAXAXAXKAKXAKAXKX KKK XX X X
. KEKXXKIXKK KK KKK XX KEXXKRXIKK T KRKK XK XK X _
XXX KKAKK KKK X KKK KK X XXHXKKXKHKKX K KXKKKKX
KKK KKK AR KK KK XX KKK XXX XHXAHKAHKAHKKAKXK KXKXXXX X
HKKXRHKHKRK KKK KK KK KKK XX KK KKK KAHKAKAKAKAKKAKAKAKAKAKK X XX
KKK HKHKARK KKK KR XK KKK XK KKK XXX XX HKHXHKAK KK KKK AKX XX X
KKK KK KA KK KK XX KKK XX KKK HKHK KKK KK KKK KKK AKAHKK XXX X X XX XX -
HHKXXKEKKKHKKHKIKKKI KL KIKIKK T KKIKKIIIIKKAKKK X KHXKK K KKK i
XXKXK KKK KK KKKEK KKK KKK KKK KKK KKK KKKKKK KKK HXK KKK KKK KKK
— KKK XK KKK XK XK KK XK XK KRR XK K HKRK KKK XX HKAHKHKHK KKK XXX KKK XK X ]
RSP P OO O O P00 00 0.0.0.0.9.0.0.9.0.0.0.0.0.0.0.00.0.0 00 NP0 00000000 0
KKK B XK KK HK KK XK KKK XK KKK KKK KK KK XK KKK HKHKHK XK KKK XXX XXX
KERHHRXK KKK KKHKIKK XK KEKLKKE KK KKHKI KK LK KKK KKK IK XK KKK K
XER KK KKK K K KKK KKK XK KKK KKK KKK KKK KHAXK KK KKKK KK KKKKKK X
— DK IR0 054 54 1130 154 354 54 14 B34 DX XXX XX KKK XXX XXX XXX XX KX XXX XXX X XXX XX —
— DK I3 10 354 5% 1R 334 154 354 5% 14 3% DX XXX XX KX XXX XX IR DX XXX X XK KX XK XXX XX XXX XX —
DK 554 54 1 30 154 354 54 14 B350 X X XK XX KX XK XX B X B X XXX B X X XXX X XXX X XXX XX
KRR KR X KRR R X X X XK KKK KRR XK KK XK KKK KKK KK KKK KKK X
XK KR KR KRR RIROX KX K XK RRIRIRIR KRR X ROX IR IR KR KX KK KKK XK KKK KKK KKK X
IR XK XK KX IR X X XK IR IR KR X IR IR XK X RX RIRIRRIR IR X X X KKK X
1050 10 05 X 143500 14 35 5 R4 %41 35 35 R4 03¢ 154 1540 1% 14 344154 334 10 14 34 1 > 11 DX X IR K 154 334 30 D30 B¢ I B IR IR B IR I X I X
= DK R0 354 B4 1R 350 04 354 354 10 3541 554 35 35 1 04155 334 B0 1 41 15 30 B 1 4 1330 XX I IR B4 RO X iy -
- 1050 10 354 54 103540 B¢ 35 3¢ 10 3¢ 0 354 354 IR0 0541 04 3340 10 10 041 04 30 10 11 3541 IR IR B O3 by x by x 1
SRR XX X O 3K IR XK X 3K K I K R X XOOKX SO+++4¢
— RIXR X O XK XX KKK XK KKK K X RO RROX SPPpb 1+ —
prbapipiigcd 105X 14050 1 1 154 100340 154 03¢ 34 100340 154 341 54 10 1% by bebbbE++
KRR SO K 110 5% 1030 10 1 34 14050 154 354 34 14030 8541 341 54 10 1% tbbbbbbbb b
RXIR O 150350 3540 IR0 301 04 354 354 IR0 34104 30 00 %0 341 04 3 1R %1 34 IR dH b s+
XK 3 X XK X X XX X 3K K IXRIX X X O3 SPbbbbbEb+++
RIXK O XX XK X K KKK X R KK XK KRR KK hPbbbbeEbe ++
XXX € b IR 1% 30 1K) 1) IR405%0 <1 1) 14 I 05K4 K3 K1 I 1K1 1) bbb bbb+Eb
- IR O 3R IR0 3% 3% 1K) 13 14050 %1 04 04 IR IR I O 1% by dEbbbbb D + .
I 11 31 3R I3 3% 3K IR 14 14350 31 B4 14 IR IR IR X O3 O IR R bt EbEEED
A T R o R R R R R R o AT T T TT A
RIXK O KRR X KKK KK KKK KK O ORORO S b X
E XK XK BRI XX KR XK X KK XODHESEDE P + =
— I 1) 1) 3R BRI 0 RXRKKRRRKOROBBDBBH +&H+X |
- IR IR R4 1 BRI IR B IR pd bEbb++ .
IR KK SRR O XK IR O3 RREROB bE +
— XXX XX EE B KO ORORO X BX b HE $d =
IR K X SR X IR K XK B b b +
- KXK XK RS EEO OGS S bbd e

KRR DD DS B ERE D DD DED D

EL

[Updated by P.G.
T

, 2003]
I

* Gaugino-like
Mixed
+ Higgsino-like

10°

10"

Neutralino Mass (GeV



Cosmology and mSUGRA

Masses from GUT parameters: 50%
Cosmological data on h?: 7%
Neutralino relic density: 1%

www.physto.se/ edsjo/darksusy



Relic Density

Density equation

n+3Hn = h vi(n® nZ)

“Stiff' equation: requires special numerical method

Relativistic thermal average ( v = ¢=3)

R B
1 dpp2w (p) K 5(" 5=T)

W= T K (m=T )2

W (p) = annihilation rate per unit volume and unit time



What not to do...

V = a+ bvl+
. 3T
hv il = a+ Ebﬁ+

Problems near resonances and thresholds
(negative hv i1, e.qg.)

resonances

thermal

threshold ~ ~dIStr.
mOmentum




Coannihilations

Depletion through chain of reactions

0
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(Co)annihilation processes

Several thousands!

Diagrams
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WMAP and mSUGRA

2500

2000

1500

1000

500

0

100 150 200 250 300 350 400 450 500 550 600

b Excluded

[WMAP added by P.G., 2003]
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Neutralino dark matter
IS
“fashionable”



AXIONS



AXIONS

iIntfroduced to solve the
“strong CP problem"

INvisible axion

production: alignment, strings



[GeV]
1015

1012

103

nev

ueV

meV

eV

keV

AXIONS

Inflation  String
scenario scenario
J
o] Too much
dark matter

4
o U.S. Axion Search
o / 4 (Livermore)
37

CARRACK
(Kyoto Search)

[ D ar k

scope

DA

SN 1987A:
Too much 1 eV .

energy loss

] Tele —

Too many
events in

detectors
4
T

1+ Globular cluster stars

Laboratory experiments

m

i f}f}f};} bark Good CDM
7 candidate for

1meV



AXIONS

Experimental
searches



Axion dark matter
IS about to be detected
or about to be ruled out



Particle dark matter

Type |a candidates that exist
Type b Well-motivated candidates
Type || Other candidates



Type |l dark matter
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Type |l dark matter

“A new particle is envisioned which Is
cooked up just to make everything OK and
..... doesn't prevent a paper being written by
Spergel ....”



Type |l dark matter

“A new particle is envisioned which Is
cooked up just to make everything OK and
..... doesn't prevent a paper being written by
Spergel ....”

Example:

Self-interacting dark matter
by Spergel and Steinhardt (2000)



Self-interacting dark matter

by Spergel and Steinhardt

The idea: solve cusp and satellite
problems with collisional dark matter.

Set mean free path 10kpc:

Notice that = ni 1

m . — .
T80 — = =

Use 0:3GeV =cm®and nd —  60cm?=g:
Suggest — = 1 -100cm*=g:



Self-interacting dark matter

by Spergel and Steinhardt

The idea: solve cusp and satellite
problems with collisional dark matter.

Set mean free path 10kpc:

Notice that = ni 1

m . — .
T80 — = =

Use 0:3GeV =cm®and nd —  60cm?=g:
Suggest — = 1 -100cm*=g:

Geometric cross section of proton:
—  1fm°=GeV  0:006cm?=g:



Self-interacting dark matter

by Spergel and Steinhardt
CONSTRAINTS

evaporation of halos inside clusters
— < 0:3-1cm?=g (Gnedin-Ostriker 2001)

shape of cluster cores
— < 10cm<=g (Yoshida et al. 2000)

— < 0:02cm*“=g (Miralda-Escudé 2002)

gas — dark matter separation
— < 1lcm#“=g (Markevitch et al. 2003)



Self-interacting dark matter

| Gas bullet lagging
| behind dark matter




WIMPZILLAS

Very massive relics from the Big Bang
“Size does matter” (Rocky Kolb)



WIMPZILLAS

supermassive: 10°-10%° GeV
( 10%% GeV ?)

produced at end of in ation
(gravitationally, reheating, preheating,
bubble collisions)

abundance may depend only on mass, not
on interactions

unstable (lifetime > age of the universe)?
decay: ultra high energy cosmic rays



WIMPZILLAS

Gravitational production
Scalar eld X of mass M .



WIMPZILLAS

Gravitational production
Scalar eld X of mass M .
Fourier modes [ af( )ﬁexpansion scale factor]

R 3 . .
X (X1 ): (2 )g,:;(a() akhk( )elkx-l- aﬁhk( )e K%




WIMPZILLAS

Gravitational production
Scalar eld X of mass M .
Fourier modes[ a( )= expansmn scale factor]

3 .
X(X; )_ 2 )C?I,=2a() a hk( )elkx+ath( )e K%

Mode equation ( =conformal time)
h{ )+[ k*+ M Za*+ (6 1)a%*alh,( ) =0
harmonic oscillator with time varying frequency




WIMPZILLAS

Gravitational production
Scalar eld X of mass M .

Fourier modes[ a( )= expansmn scale factor]

3 .
X(X; )_ 2 )C?I,=2a() a hk( )elkx+ath( )e K%

Mode equation ( =conformal time)

N )+ kP+ M Za®+ (6 1)a%*alh,( ) =0
narmonic oscillator with time varying frequency
Particle creation (! 1 asymptotics)

+

(1 ) e "« | h@.) ke“k + ke”k

1 .
" 2a) dkj «j°
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WIMPZILLAS

supermassive: 10°-10%° GeV
( 10%% GeV ?)

produced at end of in ation
(gravitationally, reheating, preheating,
bubble collisions)

abundance may depend only on mass, not
on interactions

unstable (lifetime > age of the universe)?
decay: ultra high energy cosmic rays



Non-baryonic dark matter

“a simple, elegant, compelling explanation
for a complex physical phenomenon”



Non-baryonic dark matter

“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



