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Outline

Lecture 1: Evidence for dark matter.

Lecture 2: Dark matter production. Indirect detection.

Lecture 3: Indirect detection (cont.), direct detection,

collider signals



WIMP history (in a nutshell)

Main assumptions on dark matter WIMPs:

1) The WIMP is stable in cosmological timescales.

2) WIMPs interact in pairs with the Standard Model particles

DM\ /SM
DM/ \SM

3) The WIMP interaction strength is large enough to keep the DM particles
in thermal equilibrium with the SM plasma at very high temperatures.

4) The WIMP interaction strength 1s small enough to allow DM particles
to chemically decouple from the SM plasma sufficiently early.
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WIMP history (in a nutshell)
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WIMP history (in a nutshell)

DM creation and
destruction at equal rates

DM "o SM
“yield” \ /
DM /| \ SM

Note: after the DM has reached thermal equilibrium,
the subsequent evolution does not remember how
the DM was initially produced.

temgerature time
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WIMP history (in a nutshell)

DM _creation and DM< 7, SM
destruction at equal rates \

DM \—7 SM /
“Yieké’l,\/[ DM / )(\ SM

\./ 7/ \ N
DM SM DM regeneration

kinematically forbidden

SM / \D

DM too diluted
to allow
annihi

The DM population today!!
temgerature time

T>m,, T ~myp,, T ~ mg,,/20




WIMP history (in a nutshell)

Ccyield’Q

production

temgerature time



WIMP history (in a nutshell)

Yeld™ yroduction equilibration

temgerature time



WIMP history (in a nutshell)

“yleld” production equilibration annihilation

temgerature time



WIMP history (in a nutshell)

“yield” production equilibration annihilation freeze-out

temgerature time



WIMP history (in a nutshell)

Ccyield’Q

production equilibration annihilation| freeze-out
“birth”

temgerature time



WIMP history (in a nutshell)

“yield” production equilibration annihilation freeze-out

“birth’’ “reincarnation’’

temgerature time



WIMP history (in a nutshell)

yield production equilibration annihilation freeze-out
“birth” “reincarnation’ “massive
extinction”

temgerature time



WIMP history (in a nutshell)

yield production equilibration annihilation| freeze-out
“birth” “reincarnation’ “massive “survival”
extinction

temgerature time



The basic tool: the Boltzmann equation

Boltzmann equation: equation that describes the time evolution of the

phase space density distribution f(¢, 7, p):

Liouville operator Collision term

(time evolution) (creation/destruction of particles in
phase space due to annihilations or
decays)
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The basic tool: the Boltzmann equation

e Liouville operator 1n classical mechanics

dof df dx*  Of dp*

W=a=% o di T
8f — —
_ 4P ol

e Covariant Liouville operator

df  Of da* ~Of dp*
L= dr — dz* dr + Opt dr

Geodesic equation

d? at dz? dx° dp
: —0 — e pepe
dr? Lo dr dr =0 dr pol P

0 0
v L f] = 6; — I',p"p° aJ;
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The basic tool: the Boltzmann equation

Boltzmann equation for the dark matter number density in an
expanding Universe:

(under some assumptions — see later)

n(t) number density of DM particles
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No 7 dependence (homogeneity)
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The basic tool: the Boltzmann equation

Boltzmann equation for the dark matter number density in an
expanding Universe:

(under some assumptions — see later)

n(t) number density of DM particles ¢ o = annihilation cross-section
DM DM — SM SM
g : :
n(t) = (27 / d’p f(t, E) e v = relative velocity
No 7 dependence (homogeneity) e (...) =thermal average
However {
No ﬁ dependence (isotropy) > /7
a
o H(t) = a — Hubble rate \ =
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LH S Assume that the collision term vanishes (0=0)
= number of particles conserved
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Justification

LH S Assume that the collision term vanishes (0=0)
= number of particles conserved

AN(t)
. . ° i
oot T NO=ROVE) = (el
L d 3 -3 2 -
~ a(na ) =na’ +3na“a =0

= a’(n + 3911) =0
a

n+3Hn=(0wheno =0

Dilution term due to the
expansion of the Universe
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Justification

Remember:

Boltzmann equation: change of n = production - destruction

SM, DM,
production ~ / M 12—>ab|2 f1 f2 d(phase space)

SM, DM, Equal if T conserved

(CP conserved)

DM ¢ SM, Assumption 1
destruction ~ f | Map—12|” fa fo d(phase space)

DM

b SM,

RHS ~ — / (Mapi2|® (fa fo — fi f2) d(phase space)
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f1 fl — _E 1/T (Boltzmann distribution)
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f1 = ffq — e E/T (Boltzmann distribution)
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Justification

Assume SM particles in thermal equilibrium Assumption 2

f1 = ffq — e E/T (Boltzmann distribution)

= i fa= {5t = e TR = o (Bt BT — poa i

~ RHS ~ — f Masinl2 (fu fo— F295) d(phase space)

(t) = L [ s

RHS = —(ov)(n.ny — n‘;qnﬁq)

eq

dn
[Full Boltzmann eq: d—T; + 3Hn = —<m}> (722 — n? )}



Solving the Boltzmann equation
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Number density reduced by the expansion of the Universe.
Hot to tell whether the dark matter production/destruction
1s efficient or not?
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Boltzmann equation:
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Number density reduced by the expansion of the Universe.
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Time evolution of the yield:
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Solving the Boltzmann equation

Boltzmann equation:

yn +3Hn = —(ov)(n* — ngq)

Number density reduced by the expansion of the Universe.

Hot to tell whether the dark matter production/destruction
1s efficient or not?

no number densit
Define “yield”: |Y = — Y

~ entropy density

Time evolution of the yield:

If 0=0, then Y = constant
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What is Y

eq

Equilibrium number density:

g ) ~ T3 it T"> mpwm
o d e tj E —
e (27)3 / p]\cq(r J) {N (mpmT)?2e~moM/Tif T < mpy

—E/T

e
Entropy density: s ~ T°

[~ constant it T'>> mpuy

~ (%)B/Q e—mom/T  if T < MpMm

\

Mpn 1



Some tricks

.. ) mpwm
1) Instead of the cosmic time, use as variable T = -
dY — dY da
dt  da dt
1
Since a ~ T ~ T
dY dY rda dY
= ———=—uauH

At dr a dt  dx

dY  (ov)s
Therefore, Ir 7.

2 2
Vv




Some tricks

2)Take Y;Qq out of the bracket

dY (ov)
— = Y. Y.
dx Hxs s
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2)Take Y;Qq out of the bracket
dYy  (ov)
dx Hy 5 ™
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2)Take Y;Qq out of the bracket
dY (ov) Y \°
- Yo Veq | (—) -1

Teq
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Density of targets X cross section X velocity = rate of annihilation, I'__



Some tricks

2)Take Y;Qq out of the bracket

dYy  (ov) Y\’
- Hxa/iqnq[(]/_m) -1
Teq

— dY__neq(Jv)L‘(i)Q_l]

Yeq dx B H




Some tricks

2)Take Y;Qq out of the bracket

dYy  (ov) Y\’
i foiqnq[(fq) -1
Teq
ﬁde__neq(av)‘ £2_1]
Yeq dx B = | Yeq

Density of targets X cross section X velocity = rate of annihilation, I'__

/H

The temperature evolution of the yield is controlled by I'

anr



Qualitative behavior of the solution

Remember: ['ann = Neq(0V)

n ~ T3 if T > MpMm
eq j—
~ (mDMT)?’/Qe_mDM/T it T' << mpum

H ~ T?

Equilibrium yield:
Y

Mpn! 1



Qualitative behavior of the solution

Remember: ['ann = Neq(0V)

n ~T° it 7' > MpM
eq f—
~ (mpuT)32e~mom/Tif T < mpy
H ~ T°?
: A that at early ti the DM
Equilibrium yield: ssume that at early times the

/ reached thermal equilibrium.

Initial condition for the Boltzmann equation

Mo/ 1



Qualitative behavior of the solution

1) Solution at very early times (z<1, or T>>my,,)
v dY  Taum(2) [ Y \° 1]
Yoqdz — H(x) Y

€q
|

The yield follows the equilibrium distribution




Qualitative behavior of the solution

1) Solution at very late times (z>>1, or T<<myy,,)
v dY  Taum(2) [ Y \? 1] )
}/eq dx B H(Q&‘) qu B
<1

The yield 1s constant
]

Mo/ 1



Qualitative behavior of the solution

1) Solution at very late times (z>>1, or T<<myy,,)

o= L(5m) -
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Qualitative behavior of the solution

1) Solution at very late times (z>>1, or T<<myy,,)

o= L(5m) -

€q

Extrapolation between both solutions

“Freeze-out”

Mo/ 1

ann

-

Lo _

> 1

<1



Freeze-out temperature

Defined from the condition:

Then,

Implicit equation, with a mild dependence on my,,;. The solution 1s

MpM

— 20 — 30
15,




Number density of WIMPs at freeze-out

Small {ov)

Large (ov)
Mpn! 1



DM density today

PDM  MDMNo  MpPMSoYo

Qpvm =— = —
Pe Pec Pe

Crucial point: the yield today is the same as the yield at freeze-out




DM density today

PDM  MDMNo  MpPMSoYo

Pe Pe Pe
__Mpwms 0¥t

— o

QDI\/I —




Relic density

PDM mMpmMno Mpwm SOYO

QDI\/I —— — —
Pec Pec Pe
- mpMSoYte  MDMS0 Neg(Tfo)
Pe Pe S(Tfo)
__MpmSo H(Tfo)
Pe 5(Ti,){ow)
fo
Use: ;
2T s
§ = heﬂ’(T)ET
So = 3000 Cm_3
T2
H =1.66 geﬁ'M—Pl
2
Pe = gfg = 1.05h% x 107 °GeVem ™
T, ~ mpwm

25
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Main results from this part

WIMP dark matter

Relic abundance of DM particles

production
-
A
DM SM
s
DM QM § Correct DM abundance QAh%=0.12 if
annihilation ) (ov) >~ 3 X 107 cem’s ™ =1pb-c

Interaction

4

SM
DM o ~ — = 1pb
DM
mpyv ~ 10GeV — 1 TeV
DM IM

(provided g ~ gweak ~ 0.1)
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scattering

XENON

Matter Project




Jaroduction




SM

SM
>
annthilation /g
@5 ermi
¢ Gamma-ray

Spece Telescope

a 420 4

ICECUBE

‘ ‘1"
\VER'TAS/ a SOUTH POLE NEUTRINO OBSERVATORY
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WIMP history (in a nutshell)

Ccyield’Q

temgerature time



The universe at T~1 GeV












Density distribution of dark matter particles:

e Assume spherical symmetry (in a first approximation).

e Radial distribution:

NFW, Isothermal, Moore
(r) = 20
ST L+ ()]

Halo model a 3 re (kpc)
Navarro, Frenk, White 3 20
2
3

[sothermal 3.5

Einasto :
Moore 28

10}

Isothermal Einasto

2 r A\
oemen [ 2((2) )

a = 0.17, ry = 20 kpc

0.1

0.01 0.1 1T 10 100

e Normalized such that the local DM density 1s
p(r=8.5 kpc) = 0.38 GeV/cm?
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Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.

J

M
M /
J

D

27N

D



Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.

2) These particles propagate through the galaxy and through the
Solar System. Some of them will reach the Earth.




Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.

2) These particles propagate through the galaxy and through the
Solar System. Some of them will reach the Earth.

3) The products of the dark matter annihilations or decays are detected
together with other particles produced in astrophysical processes

(for example, cosmic ray collisions with nuclei in the interstellar medium).
The existence of dark matter can then be inferred if there 1s a significant
excess 1n the fluxes compared to the expected astrophysical backgrounds.



Indirect dark watter searches

Production )  Antimatter

Propagation > of < Gamma-rays

Detection (Neutrinos



Antimatter



Production

The production 1s described by the source function: number of particles
produced at a given position per unit volume, unit time and unit energy.

DM\ / | |

/‘: QE,T) = a0 (Jv)@
’ \> | 2 mZDM dE

DM/:nihilaN

J rate « p?

>—» /»

\» Q(E. ) — p(r) 1 dN
Decay ; : —

/]

mMpmM TDOM d E
rate ocp



Production

The production 1s described by the source function: number of particles
produced at a given position per unit volume, unit time and unit energy.

J

DM\ / |
/_' (Q(E,-F):lﬁ_(‘ri< )iil
\> | 2 mp\) IE

DM nnihilation

J rate o p?

DM /

’ <::: o P e AN
Decay 2( 3?’?) —

/]

mplt Tom CE
rate ocp



Production

The production 1s described by the source function: number of particles
produced at a given position per unit volume, unit time and unit energy.

N

DM Annihilam&
J rate o p?

'y /}»
' N—

Decay
rate ocp

/]

(ov) ~ 3 x 107*° cm?s™

A well motivated choice:

3 1

p(r) _1_dN

mplt Tom (L
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Propagation

A h=100 pc



i




Propagation

1-15 kpc



Propagation

L=1-15 kpc

0=~ KAV ]+ elo(T7) 1]~V [Vi(F) f] — 2h6() o f + QT )

f : number density of antiparticles per unit kinetic energy

interstellar antimatter flux:

dN v

IS _ _
PHT) = dtdS dT dQ) 4 (T)




Propagation

L=1-15kpc

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7
1 p2(7) dN o
5 - (ov) -7 dark matter annihilation
Source term  Q(T,7) = < o
() dark matter decay
\ '"'DM TDM dE




Propagation

| L=1-15 kpc

0= 2L — V(K (T.AVS) + BT ]~ V- V() ]~ 20

L p*(7)
2 My

dN

(ov) - dark matter annihilation

p(r) 1 dN
mpw TDM dE

dark matter decay



Propagation

| L=1-15 kpc

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7
1 p*(7) dN o
5 - (ov) T dark matter annihilation

Source term  Q(7,7) =
p(r) 1 dN

‘ — dark matter decay




Propagation

0= — [KTAV {4 (T 7] —vmm@(m .

Negligible for positrons.

Annihilation term :
For antiprotons,

Cann = (nu + 4%/ EHHE]D';;HUﬁ .

661 (1 +0.0115 T7%7 — 0.948 T*"51) mbarn , T < 15.5 GeV |

o (T) = { 36 T—°5 mbarn , T>155GeV. Tan Ne



Propagation

0= VKTV TR 1 V-V 1] | 205 P + QT

Convection term  ® Due to the Milky Way galactic wind.
e [t drifts particles away from the Galactic disk.
e Difficult to model. Assume:

V.(7) = Ve sign(2) k



Propagation

0=~ KTAVI | (TR 1] T Vi) 1]~ 256() o f + QT )

* Due to inverse Compton scattering on the interstellar
radiation field (starlight, thermal radiation of dust, CMB)
and synchrotron radiation.

* Negligible for antiprotons and antideuterons
e Can be modelled

Energy loss term



e Energy loss due to Inverse Compton scattering: ey — ey

00 Elﬂa-x :[C

Y do™~ (E,, €
bics(Ee, T) —/ dE/ dE.,(E, — ¢€) d(E )fISRF(Gs’F)
0 € i

T

Number density
of photons in ISRF
do'®(Ee,€) 3 o7 [ , 1 (qI')?
* L = T x |2qlng+14qg—2¢° + = (l—q)] : :
dE, e 2144l £ Dust radiation
E CMB _ Slﬂrliﬁhl
v.= E./m_, — Lorentz factor. 2 \ ISRF .ﬁ
' =4y, e/m, E | |
01=0.67 barn — Compton scattering cross section energy [eV]
' Porter et al.

in the Thomson limit.

e Energy loss due to synchrotron radiation:

4 B?
B = 6pGexp(—|z|/bkpe — r/20kpc)

2
bsync(Ee: F) - gO'T"]/e 7




e Energy loss due to Inverse Compton scattering: ey — e'y

0O Elﬂa-x :[C

; d
bics(Ee, 7) —/ de/ dE.(E, — €)= d(
0 €

Number density
of photons in ISRF
do'®(Ee,€) 3 o7 [ . 1
— = ——— X [2glng+1+4+qg—2¢" + = ; -
dEy 4 e 2 Dust radiation
CMB _ b[ﬂfll].’,h[
Y= E/m, — Lorent} N ot (l k ~, ISRF
e e/tle (0] VeVy we nowmn, -.
' =4y, e/m,
q=E/T'(E.-E,) 04 0001 001 0. 1 10
61=0.67 barn — Co energy [eV]

in the Thomson limit. Porter et al.



df ad
0=% AV [K(T,)V 1] 5 BT, f] ~ V- [Vo(7) 1]~ 26()Caanf +QUT, 7).

Diffusion term * Due to the tangled magnetic field of the Galaxy.
e Difficult to model. Assume

B 5 B = velocity
KT =Ho AR [7{ - rigidity}



L [kpc]

K, 0,V (as well as L) must be determined with measurements

of other cosmic ray species (mainly B/C ratio).

o = MW B

o

- MW B o~ DD

3 p 15E E 145_
= 14 E = E
= 13 E -
E_ 8=046 12 E 1?5—
= o :
= 10 & :
= 9E 10f
? 0.6 7 H g §=05
= 6E ! °F
i_ 0. 4 E_ 5_
= IE J 5=046
£0.85 05 5 E : ||II :
= E 50- x contours for B/IC (x° {40)
:— ]_|_|_|_|_|_|_ 1—0—IIIIIIII|IIIIIIIII|I|L F,. T T T Ly
0.002 0.004 0.008 0.008 0.002 0.003 0.004 0.005 400 4?0 440 460 480 500 520 540
K, /L [kpe Myr] f(8) X K, /L [kpe Myr™| Vol 571/ K,
Model | 6 K, (kpc?/Myr) L (kpc) V., (km/s)
MIN | 0.85 0.0016 1 13.5
MED | 0.70 0.0112 4 12
MAX | 0.46 0.0765 15 5]

Iser-x2 contours for B/C ( ng. 40)

d=

0.85

.’:el.'} 580
[@rﬂp%ﬂ

Maurin, Donato, Taillet, Salati '01






Propagation inside the Solar System

In the “force field approximation”,the flux
at the top of the atmosphere (TOA)
is related to the interstellar flux (IS) by

E2
OO (Eroa) = ETDA L (Fig)
IS

Eis = Evoa + OF

,

solar modulation parameter
$=500 MV — 1.3 GV




=

Cosmic ray proton spectrum as measured
by BESS, AMS-01 and PAMELA

Galprop unmodulzted local interstellar spectrum
Galprop modulated BES5S 93
Galprop modulated BESS 97
Galprop modulated AM5-01:
Galprop modulated EES5 98:
Galprop modulated BESS 99
Galprop modulated BESS 0
Galprop modulated BESS 02
Galprop modulated BESS 04:

m 3T MY
rm EEL MY
D= 5L MY
m LET MY
= 571 MY
D= 1 2EE WY
1T WY
B GES MY

Galprop modulated PAMELS 0E0F: o= 320 MY

power bew it -2 T4 4 003

p BESS 93
p BESS 97
p AMS01 98
p BESS G8
p BESS 09
p BESS 00
p BESS 02
p BESS-pola

w O % 4 ¢ BO W8 <

r 2004

p PAMELA 08/07
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Gast, Schael '09
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