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What is dark matter
made of?



What is dark matter

matter distribution in Abell 1680 LA Dark matter distribution in Abell 168




What is dark matter
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The dark particle zoo
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The dark particle zoo
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WIMP history (in a nutshell)

Main assumptions on dark matter WIMPs:

1) The WIMP 1s stable in cosmological timescales.

2) WIMPs interact in pairs with the Standard Model particles

DM\ /SM
DM/ \SM

3) The WIMP interaction strength 1s 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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“yield” =number density of DM particles per comoving volume

v _ number density

s entropy density
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WIMP history (in a nutshell)

“yield” =number density of DM particles per comoving volume

vo"_ number density

s entropy density

temperature time

Early Universe today



WIMP history (in a nutshell)
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reheating was much larger than the DM mass.
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WIMP history (in a nutshell)

DM creation and
destruction at equal rates

DMo ", SM
“yield” \ /
DM /l \ SM

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

temperature

T > mpwm
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WIMP history (in a nutshell)

DM creation and DM< 7, SM
destruction at equal rates \
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DM SM regeneration
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DM too diluted
to allow
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The DM population today!!

temperature
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WIMP history (in a nutshell)

“yield” production equilibration annihilation  freeze-out

temperature time




A heuristic view of the freeze-out

The probability of interaction is controlled
by the cross-section

O Small annihilation rate

Large annthilation rate

At very high temperatures, dark matter particles are annihilated and
regenerated at the same rate.

However, at low temperatures, the Standard Model particles do not
have enough kinetic energy to regenerate DM particles.



A heuristic view of the freeze-out

Dark matter population in a static Universe
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A heuristic view of the freeze-out

Dark matter population in a static Universe

No DM particles at the end!



A heuristic view of the freeze-out

Dark matter population in an expanding Universe













Dark matter particles can no longer annihilate.
The number of dark matter particles “freezes-out”




The relic abundance of dark matter particles depends
on their annihilation cross section and on their velocity




The relic abundance of dark matter particles depends
on their annihilation cross section...

Large annihilation cross section — Small relic abundance
Small annihilation cross section — Large relic abundance




The relic abundance of dark matter particles depends
on their annihilation cross section...
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... and on their velocity
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... and on their velocity

Large velocity — Small relic abundance
Small velocity — Large relic abundance




A heuristic view of the freeze-out
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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)



The basic tool: the Boltzmann equation

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

(under some assumptions — see later)

e n(t) number density of DM particles ¢ ¢ = annihilation cross-section
DM DM — SM SM
) : :
n(t) = (27)3 / &p f(t, E) o v=relative velocity

e (...) =thermal average

— Hubble rate G ‘
-

o H(1)

]
SHESE



Justification

Assume that the collision term vanishes (6=0)

= number of particles conserved

IN(H)
. . 0 i

cc L N = V) = na()

s ~ i(1r'z,a:3) =na’ + 3na*a = 0

= a3(n+3%n) =0
a

n+3Hn=0wheno =0



Justification

Remember:

Boltzmann equation: change of n = production - destruction

SMj

\ /DMEL
production ~ / M iasa|® fi fo d(phase space)

v/ Now,
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destruction ~ / (M ap—s12|? fa fo d(phase space)

DMb/ \ SMa
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Justification

Remember:

Boltzmann equation: change of n = production - destruction

SM DM,
production ~ / M iasa|® fi fo d(phase space)
SM2 DM Equal if T conserved
(CP conserved)
DM SMi Assumption 1
destruction ~ / |Mab—>12|2 fa fo d(phase space)
DMp SM>

RHS ~ — / (Mavi2|? (fa fo — fi f2) d(phase space)



Justification

Assume SM particles in thermal equilibrium AssuW\ption 2

f1 fl — _E 1/T (Boltzmann distribution)
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Assume SM particles in thermal equilibrium Assumption 2

f1 = ffq — ¢ E1/T (Boltzmann distribution)

= fifo=fify = (B E)/T — o= (EatB)/T fa
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Justification

Assume SM particles in thermal equilibrium Assumption 2

f1 = ffq — ¢ E1/T (Boltzmann distribution)

= 1 fo = flequ __ o~ (Fa+E2)/T _ e_(Ea+Eb)/T — quf:q

= RHS5 ~ — / |Mab—>12|2 (fa Jo — f31,,") d(phase space)

g 3
n(t) = o [ @sEn

o= / | M |*dLIPS
flux

RHS = —(ov)(nany — nging )

eq

dn
{Full Boltzmann eq: d—:: + 3Hn = —<(7f2,3> (772 — n? )]



Solving the Boltzmann equation

Boltzmann equation:

dn

— 4+ 3Hn = —(ov)(n* — ngq)

dt ——

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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Number density reduced by the expansion of the Universe.

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

n  number densit
Define “yield”: |Y = — = Y

s entropy density

If no entropy production, % = 0= %(ags) = ag(é + 3Hs)

~5+3Hs=10
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Solving the Boltzmann equation

Boltzmann equation:

dn
— 4+ 3Hn = —(ov)(n* — ngq)
dt ——
Number density reduced by the expansion of the Universe.

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

n  number densit
Define “yield”: |Y = — = Y

s entropy density

~ constant it T'> mpum
Y:eq —
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Solving the Boltzmann equation

Boltzmann equation:

dn
— 4+ 3Hn = —(ov)(n* — ngq)
dt ——
Number density reduced by the expansion of the Universe.

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

n  number densit
Define “yield”: |Y = — = Y

s entropy density

If =0, then Y = constant



Solving the Boltzmann equation

Boltzmann equation:

dn
— 4+ 3Hn = —(ov)(n* — ngq)
dt ——
Number density reduced by the expansion of the Universe.

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

n  number densit
Define “yield”: |Y = — = Y

s entropy density

mpwm

Define z =

, ann = Neq(0V)
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Qualitative behavior of the solution

1) Solution at very early times (¢ < 1 , or T'>> mpy)

2
r dY [ann () [ ( Y ) 1]
Yeq d H(z) Yeq
Assume that at early times the DM
reached thermal equilibrium.

/ Initial condition for the Boltzmann equation

Y
Yeq

mDM/T



Qualitative behavior of the solution

1) Solution at very early times (¢ < 1 , or T'>> mpy)

L) =

The yield follows the equilibrium distribution

Y
Yeq

mDM/T



Qualitative behavior of the solution

2) Solution at very early times (> 1 ,or T' << mpyr)

i () =

Lann = Neq <U U> small (compared to H)

Y

Yeq
The yield 1s constant
]

mDM/T



Qualitative behavior of the solution

3) Extrapolation between the two regimes

S Ao RD

ann

> 1




Qualitative behavior of the solution

3) Extrapolation between the two regimes

v dY  Tam(z) [ Y\~ 1] ;
Yogdz  H(z) Yeq -
Y

“Freeze-out”
mDM/T
ann >> 1 Fa.nn ~ 1 Fa,nn << 1




Number density of WIMPs at freeze-out

Small {(ov)

Large (ov)

mDM/T



Density parameter of WIMPs today

Small {(ov)

Large (ov)

?’I’LDM/T
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Matn results from this part

WIMP dark matter

Relic abundance of DM particles

production
-
A
DM SM
g
DM QM § Correct DM abundance 2/42=0.12 if
annihilati;nwweak (ov) 23 x 10" cm’s ' =1pb-ec

Interaction

4

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

(provided g ~ Gweak ~ 0.1)
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The WIMP zoo
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The WIMP zoo
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The WIMP zoo
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The WIMP zoo
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The WIMP zoo

spin
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The WIMP zoo
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The WIMP zoo

Traditional dark matter searches optimized to detect the lightest neutralino
of the Minimal Supersymmetric Standard Model.

spin

Scattering cross-section off all SM particles
Annihilation cross-section into all SM particles

Self-coupling
Decay width



The WIMP zoo

Traditional dark matter searches optimized to detect the lightest neutralino
of the Minimal Supersymmetric Standard Model.

spin
Scattering cross-section off some SM particle
Annihilation cross-section into some SM particle
Self-coupling

Decay width

Modern approach:
e Be agnostic about the model.

e [dentify distinct DM signals that allow to explore as much
parameter space as possible.



The WIMP zoo

Traditional dark matter searches optimized to detect the lightest neutralino
of the Minimal Supersymmetric Standard Model.

spin
Scattering cross-section off some SM particle
Annihilation cross-section into some SM particle
Self-coupling

Decay width

Modern approach:
e Be agnostic about the model.

e [dentify distinct DM signals that allow to explore as much
parameter space as possible.

No stone must be left unturned!



Probing the annihilation cross-section

spin
Scattering cross-section off some SM particle

Annihilation cross-section into some SM particle

Self-coupling
Decay width



Indirect
Dark Matter
Searches




Indirect dark watter searches

Gewneral Loea:

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

DM

M
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N
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Indirect dark watter searches

Gewneral Loea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons,
(anti-)neutrinos or anti-nuclei.

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



Indirect dark watter searches

Gewneral Loea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons,
(anti-)neutrinos or anti-nuclei.

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 1n astrophysical processes

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



Indirect dark watter searches

. N .
Production (Antlmatter

Propagation = ©°f < Gamma-rays

Detection \Neutrinos
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Production of SM particles in DM annihilation

-+

a

ZiN

< BTl<

DM \

DM /
Number of particles of the type “1” produced at the position r
per unit time and unit volume:

o 1;:)3((?7") | dN’
QT.7) = 5= > (o), o

X 7




Production of SM particles in DM _annihilation

TN
D/\S

Number of particles of the type “1” produced at the position r
per unit time and unit volume:

dN"
S

DM density distribution in the MW



Dark matter distribution

“yield,’

temperature time




The universe at T~1 GeV









Distance Sun to Milky Way Center ~ 8.5 kpc
| 8kpc




Density distribution of dark matter particles:

e Assume spherical symmetry (in a first approximation).

e Radial distribution: NFW, Isothermal, Moore

") — Po
.-0( ) ('T'/'T‘,:}“-"[l n (_r/.rc)ﬂ:]{ﬁ—"f}fﬂ

Halo model B v 1. (kpe)
Navarro, Frenk, White 20

[sothermal 2 3.5

Moore Do B 28

10¢

Isothermal Einasto

2 r\°
p(r) = poexp [_E ((;) — 1)]

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?



Propagation



Propagation of SM particles in the Galaxy

Neutral particles propagate in straight lines practically without losing
energy. Charged particles, on the other hand, propagate in a complicated
way through the tangled magnetic field of our Galaxy.




Charged particles



Propagation

A h=100 pc
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Propagation

1-15 kpc



Propagation

L=1-15 kpc

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

/ : number density of antiparticles per unit kinetic energy

interstellar antimatter flux:
dN v

IS¢y _ Y
I dtdS dI'd) 4w (T)




Propagation

0= -V K@AV 4 2T 1]~V V(7 f] — 28 oo [ QT 7

_ 1pAr), (dN
Source term Q(T.7) = 5.2 (qu)ﬁ dark matter annihilation
DM




Propagation

0= VKAV ]+ (T 7] —v-m(m@(m .

Negligible for positrons.

Annihilation term )
For antiprotons,

LCann = (nu + 4%/ BRHE)J;;HUﬁ .

661 (1 +0.0115 7727 — 0.948 T*5Y) mbarn , T < 15.5 GeV |

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



Propagation

0=~ [KT.AV ]+ oo 1| T Vi) 1] | 250() o f + QT )

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

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



Propagation

0=~ KEAVI | o) 1) T Vi) 1]~ 250 ] + 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 — e’y

050 Emax IC
Y do'~ (E,,€)
bics(Ee, ) = / dff/ dE,(E, — ¢€) o fisrr (€, 1)
0 € v \
Number density
of photons in ISRF
do'®(Ee,e) 3 ot [ o 1 (gl)?
= ——— X [2qlng+1+4+q9—2¢" + = 1—q] . .
dE, drie 21+ qF( ) & Dust radiation
E CME _ Starlight
ve= Ee/me &R Lorentz factor. '; ISRF .ﬁ
['e=4 Ye &/me E I' |
q=E/T(Ee~Ey) gRICNNRY .
o1=0.67 barn &® Compton scattering cross section 10~*  0.001 001 0.1 : 10
in the Thomson limit. energy eVl oorter et al.
e Energy loss due to synchrotron radiation:
4 B .
bsyne(Fe, ) = gng/e - B = 6uGexp(—|z|/5kpe — r/20kpc)




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

o e 10'°(E
bics(Ee, ) = / de/ dE,(E, — ¢) dE
0 € gl

Number density
of photons in ISRF
dG_IC(Eeif) 3 or [ , 1 (qF]2
— = ——— X [2qlng+14+q9—2¢" + = l—q)] . .
qu'" e 2 gl k) Dust radiation )
CMB _ Slﬂfllﬁhl
ve= Eo/me oz Lorentd Not very well known, A 'SR
['e=4 Ye &/me
=E,/T'(Ec—E . Y. - R
gTZZ) 6% garnY)oa Co tL\OMgI'\ 10-%  0.001 0,01 0.1 1 10
in the Thomson Iimit. energy [eV]

Porter et al.

e Energy loss due to synchrgtron radiation:

4
bsyne(Fe, ) = 50’ @ B = 6uGexp(—|z|/5kpe — r/20kpc)




0= A0 (KT, AV LT 7) ]~ V- [Ve(7) ]~ 205(2) e f + QT

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

— 't
K(T) = Ko 3R [E - xg&%ﬁyﬂ



L [kpc]

I’{('T) = I{(} 3 Ra

Zhé‘(z)rannf + Q(-T r) .

Vo(7) = Ve sign(2) k

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

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

O o= MW B

w

— MW B~ Qo

I.cs'e»-x2 contours for B/C ( xz«:: 40)
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Iso- x contours for B/C (.{ < 40)

PPN U RPN EPREEN RETIIN SFE R A
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K, /L [kpec Myr™] f(8) x K, /L [kpe Myr™| ¥ lm 571/ K5 fpe Myr™?)
Model | 6 K, (kpc’/Myr) L (kpe) V. (km/s)| Maurin, Donato, Taillet, Salati 01
MIN | 0.85 0.0016 1 13.5
MED | 0.70 0.0112 4 12
MAX | 0.46 0.0765 15 5!
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Propagation inside the Solar System

In the “force field approximation”,the flux
at the top of the atmosphere (TOA)
1s related to the interstellar flux (IS) by

EE
O 2% (Eroa) = ET;?A 2 (Ers)
is

Eis = Evoa + OF

,

solar modulation parameter
$,=500 MV — 1.3 GV




=

i

flux / (cm * s sr GeV) ™
= =]
[N —

10°

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

Galprop unmeodulated local inberstellar spectrum
Galprop modulated BESS 93:  dm= 53T MY
Galprop modulated BESS 97 g ZEL MY
Galprop modulated AM5-01: = 454 WY
Galprop modulated BESS 98: @ 57T MY
Galprop modulated BESS 0% g 571 MY
Galprop modulated BESS M@= 1355 WY
Galprop modulated BES502:  @= 1037 MY
Galprop modulated BESS 0d: @ G359 MY
Galprop modulated PAMELS GE0T: <= 200 MV
power bew fit p= -2 74+ 003

p BESS 03
p BESS 07
p AMS01 08
p BESS 08
p BESS 00
p BESS 00
p BESS 02

* D% «4 - RO ® <

p BESS-polar 2004
p PAMELA 08/07
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10°
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Gast, Schael '09



Experimental results

AMS p/p results

fe) i - _
E =
:é‘. I ....-l'.ll.......¢9 . + + N
ID-10-4__ -. 5
. « AMS-02 I
10 | ]
= - .
! 5 10 50 100 500

IRigidityl (GV)
AMS-02 coll'l5



Experimental results

T T T1TTT T T T T TTT ! T T T TTT ! T T 11

plp

AMS-02 p/p data
B/C best fit in sample .
p/p best fit in sample

propagation uncertainties

nuclear uncertainties

| L1 111 | 1 1 | L 1 111 | | | | 1 11 11 | | | | 1 1
1 10’ 10°
T [GeV/n] Kappl et al'l5

Good qualitative agreement between the measurements
and the theoretical predictions from collisions of
cosmic rays on the interstellar medium p p — p X



Experimental results

IIIII| T T TTT ! T T T1

An antiproton excess? :

107
Q. .
2 ’ AMS—02 pip data
--------- B/C best fit in sample .
5 - == Pfp best fit in sample
propagation uncertainties .
nuclear uncertainties i

1 10 10°
T [GeVin] Kappl et al'l5

Good qualitative agreement between the measurements
and the theoretical predictions from collisions of
cosmic rays on the interstellar medium p p — p X



An antiproton excess??

10"

bkg — AMS- 02 ——i
dm

[ 1111

—
o
o

ek
IC:Jll

EkzFqu (GeV m?s" sr'1)
o
N
| 1 IIIIII|

|||||||| |||||||| |||||||| | I I I |
10° 10" 10° 10°

E, (GeV) Cui et al. 1610.03840
Cuoco et al. 1610.03071




An antiproton excess??

10"

bkg ——— AMS-02 o

dm
100 Significance of the excess: ~4.56

[ 1111

EkzFlux (GeV m?s" sr'1)
E;II
N

—kt
OI
w
I IIIIIII| I IIIIIII|

|||||||| |||||||| |||||||| | I I I |
10° 10" 10° 10°

E, (GeV) Cui et al. 1610.03840
Cuoco et al. 1610.03071




An antiproton excess??

Recent analyses using a large collection of data of antiproton production,
and an improved analysis of the propagation uncertainties, lower the

significance to 2.2c.

R2®; [GV m~2s™" sr7]

=1 - L Ll 1 Lol 5 | [ . Reinert’ Wlnkler
1 10 10 1712.00002
R [GV]



{ov) [cm 3!3]

DM constraints from antiproton data

10728
10°26
10727

1028 |

107

50 100 500 1000

mpy [GeV]

100 200 500 1000 2000
mpm [GeV]

Reinert, Winkler.
1712.00002
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