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we don’'t know anything

74% Dark Energy

we know something ?

(we don't know (almost) anything)|

(see later how this
cake is made)

we know (almost) everything



PART 1
Gravitational Evidence

for
Dark Matter



1. Rotational Curves of Galaxies

In the solar system:




1. Rotational Curves of Galaxies

(Kepler law)



1. Rotational Curves of Galaxies

Expectation:
Observations:
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tWhat can the reason be?!

Observed

R (x 1000 ly)



1. Rotational Curves of Galaxies

Lessons from the paSt: The Discovery of Neptune

1) Anomaly in Uranus orbit
existence of Neptun

2) Anomaly in Mercury orbit

failure of Newtonian dynamics
(birth of general relativity)




1. Rotational Curves of Galaxies

Lessons from the past: On galactic scales:
1) Anomaly in Uranus orbit 1) New matter
existence of Neptun DARK MATTER

2) Anomaly in Mercury orbit

failure of Newtonian dynamics 2) moditication of GR on

(birth of general relativity - GR) galactic scale
MOND

(modified newtonian dynamics)



1. Rotational Curves of Galaxies

2) MOND

- Theoretically not as firm as GR
- Experimentally disfavored (see next)



1. Rotational Curves of Galaxies

1) New matter DARK MATTER

at large R:

More matter than visible, and distributed differently (in the halo)!

Mpy < R requires  ppwm o< 1/77

proposed by F. Zwicky (1933) who measured proper motion of galaxies in
Coma cluster (~1000 galaxies within radius ~ 1 Mpc)

M Mo
— ~300h—= large
L L J



1. Rotational Curves of Galaxies

How large/heavy/dense is the (milky way) DM Halo”

How dense?

000
here @00

) o
po ~ 0.3 GCV/CmS.—> [§l S0l 10 GeV

10°
r [kpa]

Rhalo
Myalo ~ 47r/ drr?p(r) — Rhalo ~ 100 kpc,
0

(300°000 ly)
(compared to Rmilky way= 30-50 kpc)

Milky Way model



2. Gravitational lensing

GR: Light bent by (invisible) massive object in foreground

Reconstruction of DM
distribution

Abell NGC 2218
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4. Cosmic Microwave Background (CMB)

Big Bang Nucleosynthesis(BBN)
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Planck era

Inflation (?)

baryogenesis ——

«— baryon formation
QCD T~100 MeV

- ¥ decoupling  T~1 MeV
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T<05 MeV

=== Nucleosynthesis

T~0.1 MeV

CMB

equality epoch
T~1eV z~10°
decoupling
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4. Cosmic Microwave Background (CMB)

Planck era

Big Bang Nucleosynthesis(BBN)

Inflation (?)

baryogenesis ——=

«— baryon formation
QCD T~100 MeV

- ¥ decoupling  T~1 MeV

e e amnihilatn}

T~05 MeV

=== Nucleosynthesis

T~0.1 MeV

BBN:all neutrons
captured in charged nuclei

equality epoch
T~1eV  z~10*

-

.

) decoupling
T~0.1¢V 2~1000

—>niverse opaque

z2~5

1C o “J ‘ loday: Sd'ls; clusters
T~3K~0.0001 eV



4. Cosmic Microwave Background (CMB)

Angular scale
o

90° 18°

CMB

CMB is a last picture of this opague universe at the moment
when N+e combine



4. Cosmic Microwave Background

Baryons interact with photons, DM doesn't
—> they leave a different imprint in CMB
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5. Baryon Acoustic Oscillations(BAO)

The same “picture” can be taken at later times, by studying
distributions of galaxies

No Big
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Gravitational DM evidence

No Big
'Bang ‘ Einstein equation+isotropy+homogeneity

= Friedman equation

| a\?  k TGN
| + 2 — 3 ptot:

| a \

scale factor of the universe total density
curvature
(t)

a
H(t) = 2
/ () a(t) Hubble parameter

PDM 3H?

0.2 '. Q — c =
A | bM Pec P 8GN
/4

% . . .
0y E — - - — S Critical density so that the universe

0, has no curvature k=0

What is this?

04

~ 1.05 x 107°h? GeV e¢m ™"

“Summary: within the assumption that universe has cold DManda
cosmological constant (ACDM model), gravitational evidence for DM s striking



PART 2

What else
do we know on

Dark Matter?



Can DM be a Baryon?

Ratio baryons/photons very well constrained by CMB and BBN

BBN:
C I\/l B : 0.005 Baryo(r)lg::nsily Qbhz 0.02 0.03
,,,,..; (¢) Bu'rynns (d) Matter | | Zji T“Hé - 5
v 024
0 Il'-; | [
Baryons cannot collapse as long as photons lsf
are coupled - DM can collapse ol
—>the perturbations we see in CMB imply that e

Baryon-to-photon ratio v,

some gravitational collapse has taken place




Can DM be a neutrino”

Lower bound on mpum set by the number of particles that can be confined within a
given cell of phase space unlimited for bosons (see later)

\ depends on spin <
statistics of the particle 1 for fermions (Pauli)

velocity set by virial theorem
_ (given the potential it gives the
phase-space integral / average kinetic energy)
(up to maximal velocity v)ﬁ )
3
Mhalo = MfermV / f (p) d3p 5 Mferm V' / d3p ~ MNferm Rﬁalo (mfermv)

\V = %’/TR3

G Mhalo

DM Halo volume (v) ~ 1\ R
halo

~ 200 km/s.

~1/8
Mterm 2 (G° Myalo Ryalo) > keV (Gunn-Tremaine bound)

i DM cannot be a neutrino, or generally a fermion with m<keV |




Can DM be a neutrino”

On a more practical level, light DM can be relativistic (HOT) when
structure forms, while heavier DM is non-relativistic (COLD)

EARLY UNIVERSE Cold DM forms

_ | . h|e'rﬂarch|c‘€:1I1's't'ructures
§ 100 4
glo-‘ |
Rl \

HO,T WARM CQLD - 10 k‘., ’m'“:)‘“
. ! i %w« — ‘;

- 0.001 (11431 0.1 | 10

~ Inverse Length Scale Otpelh)i

Hot DM constrained by
structure formation at small scales

(there can be very light DM that
doesn’t thermalize, like axions >

(notice that these constraints depend on thermal history<while
previous ones only on Halo formation)



How light/heavy can DM be”

® For a boson (a Lorentz scalar): large occupations number possible (in fact it
behave more like a field, see Jaeckel/Barbieri lectures)

Heisenberg principle still sets bound on m:

Az ~ 2Rpa10
Az Ap ~ 1 Mgcalar = 10742 eV .

Ap ~ myv

® Heavy DM mass constrained from MACHQO searches (they would cause
lensing when passing in front of bright stars)  1057GeV < mpy < 1067GeV

boson fermion excluded MACHO
excluded  (Tremaine-Gunn) WIMPs cXelliee
1022 eV 100 eV 102GeV 107 GeV

(sMy  (Plank) 10°7GeV



Can it interact with us?

(So far we have observed only Gravitational DM interactions)

It must be stable on cosmological scales

It cannot be charged electrically or under the strong
interaction, otherwise we would have seen it already

More information can be extracted under specitic
circumstances/assumptions...

sl LY DN s

7 See Barbieri/Jaeckel
very light boson, like the axion)
—>Astrophysical object (primordial black holes)




(Primordial Black Holes”)

MACHO or PBH mass M in solar masses
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How solid is this bound? Can it be‘that LIGO has detected
DM? Even if mass known, it will be difficult to know distributiol
and confirm DM hypothesis



Particle DM

(the most popular scenario)

DM can in principle interact with the SM only gravitationally, and its
abundance be fixed by initial conditions after inflation...

(in this case we won'’t learn more)

it might however couple to the SM:

hase, thermal freeze-out (early Univ,),

c DM SM
o
©
@
Q@
©
L
= DM SM
—

production at colliders



Particle DM - production

It the SM-DM interaction is sizable, DM is in thermal equilibrium in
early universe: all information on initial conditions lost!

10_2+¥ I T T TTTTT T T TTTTII T T TTTTTI T T TTTTTTH

- initially, in thermal equilibrium .

X X < SM SM 107 !
- Universe cools, less and less X N I |
S 107°F ]
X X — oM SM 2 ! |
O
: _ = 1078 | i
- Universe expands, reaction slows down=—__ Y (smaller o)

and X abundance “ ” of the
expansion 10710 | -

<7L
X X 7 SM SM ‘.

z=M|T

_ DM abundance depends only on (measurable) SM-DM interaction! _



Particle DM - production

when annihilation rate becomes smaller than 5
< <
expansion H, X decouples from the SM plasma 'S = <nx0 ) ST /Mp

For heavy DM this is determined by Boltzman distribution:

3/2
Ny = Ny = gy (mQXT) e~™/T at T~mx/20 DM particles decouple
" (too heavy to be produced)

. . 2
number density of X remains ~ constant  x . ¥ /(Mpo) 1 1
Ty Tj3 Mp(ﬂ} Mpom,,
Px Ty Ty 1

the energy density of X today (wrt photons) is: — ~~ ~
gy y y (wrtp ) 0. " Ty n, " MpoT,
-

ny(To)my) . 13 x 10%%cm? / sec ~ 0.1 1 pk)

h? - ov o
IOC/ \ )
—>typical weak-scale interactions provide thermal relic with the “right” relic abundance,
iIndependently of mass and initial conditions
(REMARKABLE COINCIDENCE, a.k.a. “WIMP MIRACLE”)

QXhZ _ (

[




Particle DM - production

[here are other possible mechanisms for DM production, beside freeze-out
non-thermal production mechanisms)

Asymmetric DM: intriguing coincidence Qpy ~ 5 Qg

explained by possible shared SM-DM conserved charge, so
that SM and DM are produced together

Freeze-in: if interactions very small particles never thermalize,
but can freeze in (FIMP), also independently of initial conditions

Axions: If DM is a boson (scalar), and is very light, it behaves
effectively like a field that oscillates and stores energy (how
much depends on initial conditions)



PART 3
HOW can
DM-SM Interactions
pe tested (detected)?



Direct Detection

thermal freeze-out (early Univ.) DD: |OOking for the Scattering Of galactiC halo

indirect detection (now)

I DM on heavy nuclei in underground labs.

DM SM

7
7
DM \ SM

production at colliders

DM Nucleus — DM Nucleus

X

Xenon,
CDMS,
CRESST,
CoGeNT,

.f.-::‘ :
f =
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D
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. ©
D
=

DM DM
/ pixa = My Ma/(my + Ma)
\ / /\cﬂ2 = QMiAUQ(l — cos6)
2 2 2
O(10)keV ~Ep = ’j’\l < gfhA” Detectable DM:
(experimental A M 4

m, 2 8GeV

sensitivity) \
Recoil \ target nuclei mass

Edelweiss..



fr—

2

WIMP-nucleon cross section [cm

Direct Detection see saudis)
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INndirect Detection

DM DM —ete ...

e+, D AMS-02, Pamela, Fermi, HESS
Y ATIC, Fermi
I/ IceCube, Antares, Km3Net

d GAPS, AMS-02

Galactic Bulge Norma Arn

Scutum Arm

Outer Arm \ : — . 4 Carina Arm

Perseus Arm

V4

Sagittarius Arm ' A ﬂ Local Arm




INndirect Detection

DM €_7Q7 W_7Z7f>/7°" %
rimar + — =
’ cphanne].ys & 7f>/7 V? V7p7p7"'
¥ table
+ + 0 2
DM W 2, ? species

W
DM annihilations in p"zez
-lol2

galactic halo/center
4+ _ _
€ 777V7V7p7p7”‘

fluxes
at detection



INndirect Detection

model for DM interactions

(£)

DM €_7q7w_7Z7’Y7"‘
) primary
channels

DM €+7Q7W—|_7Z777"'

Q .
Ysicg
DM annihilations in
galactic halo/center

radiation/hadronization/decay
(QCD, QED, EW)

%

+ . i
€ 7/Y7V7V7p7p7'°°

o stable
? species

Qs
IIIII!&EQI

+ _ _
€ 777V7V7p7p7"'

fluxes
at detection




INndirect Detectmn
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L HC

*Could be the only test for light DM
eDark Matter in a collider is like a neutrino (missing Energy

ransverse

e |f stabilized by a Z> symmetry —— DM produced in pairs
p DM
%
o= 1T~ om

e Difficult search, unless correlating missing Etr with other handles

[ jets/photons from initial state radiation? DM & X
displaced vertices? pp— +
accompanying particles 21

: V y Like DD, probes DM couplings

Monophoton + MET MonOJet + MET with quarks and gluons



19.7 fo' (8 TeV)
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Main background from Z — v, so this must be stronger...
(but recall from direct detection that Z-mediated interactions are excluded)

—>need a resonant peak or a different distribution



..yet t's important to assess what we have learned from this!

(remember that most of what we know on DM is about negative results)

. LHC collisions explore

few GeV - f

it DM is there, it mig

- explicit SUSY DM model (neutralino)

a wide range of energy

ew [eV
Nt not be alone

specific
____assumptions

aq - QAWWY K. x = Am(F_ X VAmM@GY )
Y r &

3 F= o Tamas 3
L::: 900 [ P Combination B
q q l//lj‘ 'g 800 5 fard 1 s=8 TaV,20fb"
» (/v MET + many jets (+ leptons) 200 E. B o 3
- - » 600 E- s ot 95% C _;
X I} {/v < \(1' 500 f
W0 Many new particles involved in process
A 2L X1 — many parameters! 3
Y :
: £/ " E
g q ¢/ (and many explicit models) T

m(q) [GeV]



| HC

Physical information better captured by generic assumptions
that encompass broad classes of models

Simplified Models Effective Field Theories (EFTs)

There is only mediator(s)

one mediator are much heavier than LHC energies
Good modeling Simple and identifies very few

of missing E (relevant) parameters

With present sensitivity,
this hypothesis is not testing
weakly coupled models

Still many
parameters/models



L HC

DM-SM interaction mediated by new vector Z’

DM simplified model exclusions ATLAS preliminary March 2016
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| HC
LHC best for light DM

(below direct detection threshold)

%-Nuclepn Cross Section [cm®]

- b b b -
O 0o ©o ol & © o
S 5 ¢ 5 & & & 8

| HC redieh MRS

DM-SM coupling g~

Simplif. Mod. better ~ EFT better

~leV Mediator Mass

—or weakly coupled (light) new physics: EFT

—or strongly coupled (heavy) new physics: EFT
(Moreover pion-like DM doesn’t have a simplified model, only EFT)
Bruggisser,Riva,Urbano’16

—>For maximally strongly coupled DM, mediators up to ~6 TeV are excluded



CONCLUSIONS

» Gravitational evidence for DM striking

Moreover: not baryon, not neutrino (=BSM), not hot, not SM charged, stable

* |f couples also non-gravitationally:

* freeze-out (or asymmetric DM) provide suggestive production “miracles”
* Direct(indirect) detection or the LHC might provide further evidence...

...or they might not



Direct Detection

It (scalar) DM is so light (axion) that it behaves like a field
(=large occupation numbers), a sizable signal can still be
detected, searching for coherent™ effects:

a, ~
| 4
—F, FH

a

*=Coherence is not guaranteed, even if the initial state is, since the cosmological history of different patches of these field
might differ. Nevertheless the coherence time is set by the maximal frequency available to DM, which is determined by the
virial velocity and for typical Axion masses 2m Is long enough

Ta = ~ 1074 sec

Mo V2



