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There IS a halo of dark matter all around us
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Galactic Dark Matter

What is the halo made of?



Halo Fraction
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Fig. 3.— Halo fraction upper limit (95% 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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Yy = cst

Y = cosf

4T = 18 pK

The higher 1, the more details you get

| > 2000




Planck Collaboration: The Planck mission
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No large-scale fluctuations if “baryons’ dominate the matter density

Therefore there must be more dark matter than baryons



Planck Collaboration: The Planck mission
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size of structures

the suppression of small-scales is indicative of the presence of baryons



DIT [uK?]

ADIT

6000

5000

4000

3000

2000

1000

600
300

-300 F
-600

Planck Collaboration: The Planck mission

Tfrrrrfjrrrryrrrrq

llllll T ' L]

L] l T T L) L]

' T Ll L] T

l Ll L)

]
| —
T

160

: .<||\| | “| {'Ilnll l{l”u H P 0008480000000 000gqtabirdiy —SO
3 I g | I{ I* TTTW{}' O M 20
_|.,..,.........,,,,__,,,__H_l”l-i-eo
2 10 30 500 1000 1500 2000 2500
14

A/
Ly

baryonic acoustic oscillations

scale of galaxies

matter power spectrum

T T T T T
Stnn..a.rd
n -_t \+ - CMASS JR9
S ——Dbest—tiz model
+ S\Q\( =815 / 9
\‘\\
&’Q\

; o \L‘YM H{,Ff"ﬁiwﬂ%ﬂw
&

C? — c3
k¥ /h Mr,e
1 1 1 | 1 1 1 1 | 1
1.5 | 0.5
log o k / L Mpe !



*

Primordial Black Holes
Modified gravity
Particles (Relic density)
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An ensemble of PBH in the 1-100 Msun range
might be allowed.

arXiv:1603.00464
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http://arxiv.org/abs/arXiv:1612.05644
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Fig. 2.8: Projected sensitivity of Theia to the fraction of dark
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mass M; at the time of matter-radiation equality. Smaller
| AN | masses probe smaller scales, which correspond to earlier for-
O subhaloserch T \ R mation times (and therefore to later stages of inflation). A
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Expected constraints from Gaia are given for comparison,
showing that Theia will provide much stronger sensitivity, as
well as probe smaller scales and earlier formation times than
ever reached before.
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1. B. Modified gravity




One possible theory : TeVes (baryons only)

Bekenstein astro-ph/0403694
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Universe content

Relic density

visible matter 5%

' ’
dark matter 27% - ‘

-

dark energy 68%

How many DM particles were produced in the Early Universe?

How much should there be today if DM was made of particles?

Does it match observations?



Relic density

Universe content

visible matter 5%

‘8 : '
. \ : '
dark matter 27% '

Thermal production Loger ™

_|_

e'e — Y

or ~ 6 107%° cm?

The annihilation process is so efficient
that there would be no electrons left at all

Thermal production  but ... non-thermal,freeze-in

No asymmetry! but ...



Relic density

Expansion of the Universe

ust expansion, no DM phyvsics

Early Universe

N = #/volume

Late Universe

Massive DM particles can overclose the Universe!



DM

DM

Early Universe

N = #/volume

Relic density

Expansion of the Universe

~,

just expansion, no DM phvsics

e

Late Universe

\ T Number is reduced due to annihilations



The Boltzmann equation

Expansion of the Universe

number density of DM an _ ap o (n* —n?)
/] di

Time evolution of

the number density Annihilations change
the number density
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DM

annihilations; change the number density elastic scattering; do not change density

ff%DMDM DM DM — f{ i
Non-relativisﬁc transition expansion won time
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number of particles
A

DM|DM — f f
f £+ DM DM

(reverse) annihilation D DM — f f
expansion /

number of particles
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number of particles
A

(reverse) annihilation 1-way annihilation
expansion

. ) toda>y
Chemical decoupling

Freeze-out

Only one cross section gives the observed number of DM particles!

Interactions maintaining the thermal equilibrium can continue

dn 2
E:_3Hn—0'\’(” ) 5y nHay ~ H npy » ov npy ~ H



Analytical solution

number of particles
<O‘ ?}> nNpM — H A
no
annihilation
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Numerically: * re-write Boltzmann to remove T3 factors in number density
by usingn =y T3

dy 2 2 3
—— =—0V X — x T
s (Y =)
* solve dy/dT instead of dy/dt
dy oV 7 2
_ Y = X _
dT  2tT; (7 =)
Tempted to use: yil; Vi A X ()’2 — y()z) ?7?7?
Vil — Vi A

2 2 2 2
IV X[(yi Yo, )+ (Vi — o, )]

A



The Hut, LeeaWeinberg argument

Can we have light thermal DM?
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Particle physics examples




The supersymmetric case

N=1: 1 operator of supersymmetry
Each operator change the spin of particles by 1/2
SUSY operator applied on SM spectrum leads to new particles with different spin

~ tdouhle SM spectrum
R-parity
Initial realisation: R, = (_1)3B+L+2s
all masses the same as SM P
(+1)
Nothing at LEP LHC (-1)
S0 masses can't he the same! I =

SUSY particles 1)



The supersymmetric case

.
photon —  photino
s—1 s— )
A Zino .
- 1 » NEUTRALINOS +R-parity = stable DM
2 Higgs — 2Higgsinos i Win? A
s =1 § = ') § =1 ¥ = ‘R
- / > G
H™ - Higgsinos || |
‘ gluon — gluino s — () s—1 o
s—1 §—= ) = s

0 0 Z 9 I{IF’ N? 1
X >©<f X >®: "9 All cross sections are
XO f XO Z , I’Va Vs g 2

O'?}O(mx

\° TH X’ g Lee-Weinberg limit applies!



Before 1998

mDM <200 GeV
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We were going to discover
the neutralino at LHC ...
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Nucl.Phys. B237 (1984) 285-306 Phys.Rev. D43 (1991) 3191-3203
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hep-ph/9810360
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coannihilations

mDM > 200 GeV

100 200 300 400 500 600

8 \
neutralino mass < 200 GeV



DM co-annihilations with “stops”

m,=—u=<M,, m,=5M,, tanf=10
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The resonance implies smaller couplings are needed for the neutrinos to he the DM
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SUSY survival mode

10. The last refuge of mixed wino-Higgsino dark matter
Martin Beneke (Munich, Tech. U.), Aoife Bharucha (Marseile, CPT), Andrze, Hryczu< (Oslo U. & Warsaw, Inst. Nuc . Studies), Stefen Recksizgel (Munich, Tech. U.), Pedro Ruiz-Femenia (Madrd,
Autoncma U, ¥ Munich, Tech, U. & Mad+d, IFT). Nov 2, 2016. 30 pp.
Fublished in JHEP 1701 (2017) 002
TUM-HEP-1065-16. FTUAM-16-38, IFT-UAN-CS/C-16-106
DOI: 10 100TLHEPO1(2C17)0C2
e-Print: arXiv:1611.00804 [hep-ph] | PDE
Referances | BlbTeX | LaTex(US] | LaTex(EU) | Harvmac | EndNote
ADS Abstract Service; Link to Article from SCOAP3

Detallec record - Cled by 5 records

11. Very Degenerate Higgsino Dark Matter
Eung Jin Chun (Korez Inst. Advanced Study, Seoul), Sungnoon Jung (SLAC & Santa Barbara, KI1P), Jong-Chul Park (Chungram Natl. U.). Ju' 14, 2016, 19 pp.
Fublished in JHEP 1701 (2017) 009
DOI: 10.1007AJHEP(01(2C17)CCY
e-Print arXiv:1607 04288 [hep-ph] | PDF
Referznces | BibTeX | LaTeX(US] | LaTeX(EU) | Harvimac | EndNote
ADS Abstract Senvic Link to Article from SCOAP3

12. Light Higgsino Dark Matter from Non-thermal Cosmology
Luls Aparicie (ICTP, Trlieste), Michele Cleoll (CTF, Trieste & Bologna U. & INFN, Bolcgna), Bhaskar Dutta (TAML., Collage Statlon), Franceseo Mida (Sclogna L. & IN=N, Bologna), Fermnandn
Quevedo (ICTP, Tneste & Cambricge U., DAMTP). Jun 30, 20186. 22 op.
Fublished in JHEP 1611 (2016) 038
DOI: 10,1007AHEP11(201C)00€E

Referznces | BibTeX | LaTeX(UU3] | LaT=X(EU) | Hanvmac | EndiNote
ADS Abstract Sanvic Link 1o Aricle from SCQAP3
Delmsikx! record - Ciled by 3 reconds




Remember discoveries are not easy ...

g o ———
- ATLAS

o Data 2011+2012
SM Higgs boson mH=1 26.8 GeV (fit)
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Particle physics examples

Beyond SUSY



following the dark matter path

“Intensity” — cross section

<:| very | |weakly interacting DM

GeV



astro-ph/0208458v3 hep-ph/0305261
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gauge coupling gg g

searching for Z'/dark photons

Visibly Decaying A'
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Cross sections in [pb]

T-channel mediators at LHG

first example of simplified models at LHC
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P
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i
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F, production cross sections at TEVATRON
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The mediator can be produced through
the exchange of DM

Ruled out (now) up to TeV



Why not c

Another exception to Hut, LeegWeinherg
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mixing angle W
sterile neutrinos T~ LS. w5

axions LQ(‘D

Qy

The theory allows for an inclined floor

Courte )% P Sikivie So in practice why don’t we feel the effect (i.e. why isn’t the table inclined too)?
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Direct Detection
Indirect Detection
x

LHC

x



DM particles
orbit in the halo

DM particles cross through the Earth



DM interacts with SM particles
We are able to detect the interaction

‘ﬁ/;coﬂ energy

ionisation
scintillation
phonons
heat



arXiv:1203.2566  + many presentations

CUORE
Scintillation Decay CRESST | Superheated
Modulation TeO,, Al O3, LiF

Liquids

Phonons

COUPP
CRESST 10 meV/ph PICASSO
ROSEBUD 100% energy CF;l, C4F 10
CaWo4, BGO EDEEVCEISS
ZnWO4, ARO:; ... Ge, Si
s lonization
NAIAD SanIt:!Lg:(on > -~10eve
ANAIS e 20% energy /' CoGeNT
DAMA/LIBRA ZEPLIN 11, 11l DRIFT
ZEPLIN | XENON DM-TPC
XMASS LUX IGEX
DEAP WATrP COSME
CLEAN ArDM Ge, CS3, CsFs
Nal(Tl), Xe,Ar, Ne, CF4 SIGN

Xe,Ar, Ne


http://arxiv.org/abs/arXiv:1203.2566

We don’t know unless we understand the background sources!

radioactivity produces neutrons
neutrons behave like WIMPs
electrons, photons are also polluting experiments

mountain

To understand the background, or dig deep into mines

we need to reduce it to its minimum




No dark matter direct detection experiments
in the Southern Hemisphere !
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- Kenon 10 (10 kg Kenon)
KENON100 experiment O
now 1T and nT .
GXe
=]L] LLJJJL Gas Xenon
52

Liquid Xenon

S1=primary scintillation signal

32 = secondary scintillation signal
(from the drift of electrons from
ionised Kenon)



The Kenon experiment

The CoGeNT experiment

Where DM lies
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Recoil energy E, — 51 [Ser | Recoil energy depends crucially on Leff
/Ly st \
Light yield for the calibration source quenching factors, related to the electric field

emitting gammas

One needs to measure Lef]
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WIMP-nucleon cross section [cm?]
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|:| Extra dimensions
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WIMP-nucleon cross section [cm?]
=
L
Ln

* 1 10
Lee&Weinberg limit: DM > proton

but light DM OK so
experiments need to be extended.
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