This slide was left
intentionally dark



The Standard Model
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Contents

1) Motivation for dark matter

DM production: Weakly-Interacting Massive Parficles (WIMPs)
(see also the course by Francesc Ferrer)

2) DM (WIMP) detection
* Indirect searches
« direct searches
o Searchesin SuperCDMS)
o reconstruction of DM parameters

« collidersearches

3) (some) DM models
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Dark Matter is a necessary (and abundant) ingredient in the Universe

Galaxies ) .
It is one of the clearest hints of

* Rotation curves of spiral galaxies Physics Beyond the SM
» Gas temperature in elliptical galaxies

200

NGC 3108

Clusters of galaxies

LI B B B L B

» Peculiar velocities and gas temperature
» Weak lensing

» Dynamics of cluster collision

* Filaments between galaxy clusters

Var (km/s)

50

P I I B B ]
TR ‘10 20 30 40 50
T, Radius (kpe)

Cosmological scales

Anisotropies in the Cosmic Microwave Background

Q- h2=0.1196 +0.003

Planck 2013
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Rotation curves of spiral galaxies become flat for large distances

200

From the luminous matter of the disc one

would expect a decrease in the velocity 50
that is not observed Rubin ‘75 )
g ;
2 G M(r) S 1 E
v G M _ (A ‘ ]
= SR o e = ST ;
50 / _—
. 'A / . b disk :
M(r) = cte — Vot X —= QPP e PR ]
( ) rOt \/? » i (J'..k b -".—-_‘:l'. l vnl L1 i l 11 1 1 l U N T I J I N i
. s S T ® 20 30 40
: ~i“ _:,u;)‘f Radius (kpe)
! ' Faber, Gallagher ‘79

Bosma ‘78, '81
van Albada, Bahcall, Begeman, Sancisi ‘84

Galaxies contain vast amounts of non-luminous matter — \/J P> M*
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Rotation curves of spiral galaxies become flat for large distances

From the luminous matter of the disc one would ~ Spherical
expect a decrease in the velocity that is not Dark Matter Halo
observed _
Rubin ‘75
P 100 kp‘c <

Yot _ G M('r') — Vrot = A / GL(T') A s N
Y T 3 A > o .

M('f’) = cte — Vrot X %

Galaxies contain vast amounts of non-luminous matter M > M,



Rotation curves of spiral galaxies become flat for large distances

From the luminous matter of the disc one would
expect a decrease in the velocity that is not
observed

Rubin ‘75

ce

et GM(r) | vrot = 4/ S *

- o

M(T) = cte — Vrot X %

Isothermal Spherical C Halo (a.k.a. Standard Halo Model)

Isotropic

density distribution p(?“) x 12

it has reached a steady state (Maxwell-Bolzmann distribution of velocities)



Rotation curves have also been measured for a large number of spiral galaxies

The mismatch in the shape cannot
be compensated by modifying the
contribution from luminous
components (disk and bulge)

Faber, Gallagher ‘79

Bosma ‘78, ‘81
van Albada, Bahcall, Begeman, Sancisi ‘84

IPPP 2015
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Figure 2 Rotation curves of 25 galaxies of various morphological types from Bosma
(1978).




The effect of DM has also been observed in the Milky Way...

 There is DM in the centre of our Galaxy

600 C e + Gas kinematics

C . . = Star kinematics
- Rotation curve of the Milky Way - Masers

~ 500 Bertone, locco, Pato 2315

£

X

>

8

g

5

g

&

Residuals (km s kpc™)

- = Standard NFW profile

-60 &

« Observations also show that there is need for DM in the solar neighbourhood

Bovy, Tremaine 2012
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There are substantial uncertainties in the description of our DM halo

« |local DM density
.ppm(Ro) =0.43 (0.11)(O0. 1()) GeV/cm? Nesti, Salucci 2012

.ppar(Ro) = 0.32 +0.07 GeV/cm? Strigari, Trotta 2009
.ppym(Rp) = 1.3£0.3 GeV/cm3 De Boer, Webber 2011
10° —
10° s -
« DM denisity profile 104h \..\ == Burkert
(DM density at the galactic centre) & S,

Benasque

g Ol
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« Velocity distribution of DM particles

Central and escape velocities
Deviations from Maxwellian distribution
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Galaxy clusters also contain large amounts of non-luminous matter

Peculiar motions of galaxies in the Coma cluster
show that the total mass is much larger than the
luminous one

Zwicky 1933, 1937

28.2 28.4

DEC (J2000)
28

Coma-Ciuster -

27.8

27.6

Weak lensing techniques also allow to
“weigh' galaxy clusters by measuring the
distortion (shear) of distant galaxies behind
the cluster.

195.5 195 194.5

RA (J2000) Gavazzi et al 2009
Kubo et al. 2007



e The mass of a galaxy (nebulae) cluster can be determined by different methods

(Zwicky 1933)
(Zwicky “On the masses of nebulae and of clusters of nebulae” 1937)

N RN - - T R e Luminosity of galaxies (nebulae)
E ‘ ' :

This can only be used to determine the
mass of the luminous component

R e L  Peculiar motions of component galaxies (virial
Cheern e Medna W 0 theorem)

el HEER L T fsolated se 2K +U =0

A R gravitating system

-

T ) " ]. ‘ 12
Comai Cluster K=-MW) U= _aG]\[

2°® I o 1 2 2 ’ z
F16. 3.—The Coma cluster of nebulae

HEP School 2015 18



The DM in Galaxy clusters can also be observed through weak gravitational lensing

Observe collective distortions in the shape of distant galaxies whose light has crossed
a heavy object ( such as a galaxy cluster)

Provides a measurement of
the amount and distribution
> of DM

¥ “Rags S TV e
o« % J' A ey P »

Wy _.‘_' + 5 h A : s "'.,” L
P\ Galoxy Clustes, =

..J'I

You are here




The DM in Galaxy clusters can also be observed through weak gravitational lensing

Observe collective distortions in the shape of distant galaxies whose light has crossed
a heavy object ( such as a galaxy cluster)

E.g., reconstruction of the
DM distribution using
Hubble observations.

IPPP 2015 18



The bullet cluster (a.k.a. merging galaxy cluster 1TE0657-56)

Hot gas (luminous matter) observed by Chandra

(Collisionless)
dark matter

(false colour)

Clowe, Gonzalez, Markevitch 2003
Clowe et al. 2006
Bradac et al. 2006

The observed displacement between the bulk of the baryons and the gravitational
potential favours the dark matter hypothesis versus modifications of gravity.

HEP School 2015
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... and in fact dark matter filaments might have been recently observed

Using weak-
lensing
techniques

Dark matter
filament
pbetween two
galaxy
clusters

Diefrich et al. 2012



Observations of the Cosmic microwave Background can be used to determine the
components of our Universe

WMAP and Planck precision data of the
CMB anisotropies allow the determination
of cosmological parameters

COBE, WMAP, Planck

Dark Energy
The dark matter abundance is measured accurately

Qah? = 0.3116 4+ 0.009
Q.h? = 0.1196 + 0.003
Oyh? = 0.02207 + 0.00033

% Baryons

Dark Matter Planck 2013

IPPP 2015 22



Challenges for DARK MATTER in the 80's

The main questions concerning dark matter are whether it is really
present in the first place and, if so, how much is there, where is it
and what does it consist of.

How much. In general one wants to know the amount of dark matter
relative to luminous matter. For cosmology the main issue is whether
there is enough dark matter to close the universe. Is the density
parameter { equal to 1?

Where. The problem of the distribution of dark matter with respect
to luminous matter is fundamental for understanding its origin and
composition. Is it associated with individual galaxies or is it spread
out in intergalactic and intracluster space? If associated with
galaxies how is it distributed with respect to the stars?

What. What is the nature of dark matter? Is it baryonic or non-
baryonic or is it both?

van Albada, Sancisi ‘87

23



Current challenges for DARK MATTER

* Experimental detection:
Does DM feel other interactions apart from Gravitye
Is the Electro-Weak scale related somehow related to DM?

How is DM distributed?

 Determination of the DM particle parameters:
Mass, inferaction cross section, efc...

 What is the theory for Physics beyond the SM:

DM as a window for new Physics
Can we identify the DM candidate?

24



We don’t know yet what DM is... but we do know many of its properties

- Neutral o WIMP—type Candidates Oy~1
* Stable on cosmological scales [ eutrino v
5
* Reproduce the correct relic abundance | D
[ utrali W
* Not excluded by current searches 10 nentratme X :
« No conflicts with BBN or stellar evolution =~ o
2 8
= £
~ E
Many candidates in Particle Physics 5 fexion e axino &
g
« Axions O
» Weakly Interacting Massive Particles (WIMPs) b gravitino G
* SuperWIMPs and Decaying DM _ 1
40 - keV GeV f, Moy My

* WIMPZzillas R I R
* Asymmetric DM log(my/(1 GeV))

* SIMPs, CHAMPs, SIDMs, ETCs...
... they have very different properties

04/09/17 25



The Standard Model does not contain any viable candidate for DM

Fermions Bosons

- -..

o . . .

CZ?I.‘Q?S Neutrinos constitute a tiny part of (Hot)

dark matter

. Q0 = =il = < 0.003

. Y 91 5eV

. Hot dark matter not consistent with
observations on structure formation.

Source: AAAS

Dark Matter is one of the clearest hints of Physics Beyond the SM

IPPP 2015 26



Some basics on Dark Matter Production

Dark matter was present in the Early Universe and it is present now,
however, there are many different mechanisms to account for its

correct abundance

- Thermal production (freeze-out)

- Out of equilibrium production (freeze-in)
- Late decays of unstable exotics

- Asymmetry




Cosmology 101

Friedmann-Lemaitre-Robertson-Walker (FLRW) metric for a homogeneous
and isotfropic universe that is expanding (or contracting)

dr?

2 _ 2 2

+ r%(dh* + sin” 0d¢2)> = g dztdx”

k = curvature

goo = 1
_ —a(t)?
Components of the metric N Ry
922 = —r2a(t)2
g3z = —r?sin®fa(t)?

a(t) is the scale parameter

HEP School 2015
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WIMP dilution

dr?

2 2 2

+ 7%(df? + sin” 9dgb2)>

k=0 for a flat Universe -




HEP School 2015

Event time ¢  redshift z temperature T
Inflation 10734 5 (7) - -
Baryogenesis ? ? 7
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling I 6 x 10° 1 MeV
Electron-positron annihilation 6 s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myt 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

29



A system of particles in kinetic equilibrium has a phase space occupancy f given by the
Bose-Einstein or Fermi-Dirac distributions at temperature T:

[ —

e T L1

The phase space distribution allows one to compute the associated number density n,
energy density o and pressure p for a dilute and weakly-interacting gas of particles
with g internal degrees of freedom:

Relativistic particles

T>m E~|p|

2
_ 9 3 _ T
P o= 0BT po = 5597
— 7 w2
o | G @) S el
d>p
= o[ G EEI®).
5 , Non-Relativistic particles
d D ‘p‘ Ip|? 1/2 2
T < m. _ 2 L 2\/2 = L| R ﬂ
7 / 2r 3 3E(p) P e (et (14 2] me B
3/2
n:g(?—f) e~™/T

HEP School 2015 30



It is customary to define the Yield (equivalent to the number density but in a
comoving volume) in terms of the entropy density (which scales as a3(t))

S = —g*sT3

n 2ﬂ2
Y ==
S 45

For relativistic particles, we have

Jeff
Jxs

45
ge —
n="L@T — Y= 37603)

For non-relativistic particles, we have

3/2 45 1/2 3/2
e (ﬁ) e T ——=Yeg =55 (§> Grs ( ) e~

~



Number of relativistic degrees of freedom in the Standard Model

Quarks t 1742 +3.3GeV ¢
b 4.20 £0.07GeV b
c 1.25 £0.09GeV ¢
s 95 £+ 25MeV s
d 3-7MeV d
U 1.5-3.0MeV U

Gluons 8 massless bosons

Leptons 7= 1777.0+£0.3MeV 77T
p~  105.658MeV put
e~ 510.999keV et
Vs < 18.2MeV 7
Vi < 190keV Uy
Ve <2eV Ve

Electroweak WT  80.403 + 0.029GeV

gauge bosons W= 80.403 £+ 0.029GeV
Z%  91.1876 4+ 0.0021GeV
v 0 (<6x10717eV)

Higgs boson (SM) H°

HEP School 2015

125.5 GeV

spin=1

D=

spin=

spin=

D=

spin=1

spin=0

g=2-2-3=12

72
g=2 16
g=2-2=4

12
g=2

6
g=3
g=2

11
g=1 1

g =T241246=90

g =16+11+1=28

33



Number of relativistic degrees of freedom in the Standard Model

T ~ 200 GeV
T ~ 100 GeV
T <170 GeV
T < 80 GeV
T < 4 GeV
T < 1 GeV
T ~ 150 MeV
T < 100 MeV
T < 500 keV

all present

EW transition

top annihilation

w=, Z° HO

bottom

charm, 7~

QCD transition
+ 0 ,—

U ) m Y l'[/

e~ annihilation

HEP School 2015

100

9+(T)
10

106.75
(no effect)
96.25
86.25
75.75
61.75
17.25
10.75
(7.25)

Lo = o (L) Iy (L)

] | ]

- tf Wi, ZO, 1O . bos fer
-
106.75 €, T
— 61.75 .
- LT T |
B A N\7.25 |
10.75

- QCD Phase
- fransition

! | | ! | ! | ! | ! | !

10° 10* 103 102 10 0.1
T [MeV]

(u,d,g— 70, 37 — 3)

+

er, v, v, v left
2 +5.25(4/11)*3 = 3.36

34




QCD Phase transition T ~ 150 MeV, t ~ 20 ps

The temperature and thus the quark energies have fallen so that the quarks
lose their asymptotic freedom

There are no more free quarks and gluons; the quark-gluon plasma has
become a hadron gas

The lightest baryons are the nucleons: the proton and the neutron. The
lightest mesons are the pions

all except pions are nonrelativistic below the QCD phase transition
temperature.

Thus the only particle species left in large numbers are the pions (g=3),
muons (4), electrons (4), neutrinos (2x3), and the photons (2).

9-=17.25
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0.01

0.001

0.0001
10-%
10-¢
1077
10-8
10-°
10-1°
10-1
10-12
10-13
10-14
10-18

Comoving Number Density

10-1¢
10-17
10-18
lo-lﬁ
10-2

lllllll 1 1 lllllll

L1 1 1 1.1

10 100
x=m/T (time -)

1000
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EXAMPLE 1.1

It 1s easy to estimate the value of the Yield that we need in order to reproduce the
correct DM relic abundance, Qh? ~ 0.1, since

OR2 = Pxp2 _ myny h? _ meOSOm) (1.9)
Pc Pc Pc

where Y| corresponds to the DM Yield today and sg is today’s entropy density.
We can assume that the Yield did not change since DM freeze-out and therefore

My Y¢S0 h? |
Pc

Oh? = (1.10)

Using the measured value so = 2970 cm ™2 and the value of the critical density
pe = 1.054 x 107°h% GeVcm ™ °, as well as Planck’s result on the DM relic
abundance we arrive at

(1.11)

1
Yy, ~ 3.55x107" (ﬂ)

My



45 1/2 g, 3/2
qu _ (E) Jeff (E) e—m/T
274 \ 8 gss \T

lllllll 1 1 Illllll T ] LN B B B B |

0.01

0.001
For non-relativistic particles,

the “magic number
is x~20

0.0001

10-%
10-¢
10-7
10-8
10-°

1= For DM masses in the

1o range 1 GeV - 1 TeV

10-12
10-13
10-14
10-18

Comoving Number Density

10-10
-17
10 NE

10-18

Q

10-19

lo_m Il Il 1111111 1 1 lllllll
1 10 100 1000

HEP School 2015 x=m/T (tlme _>) 38




The time evolution of the phase space distribution function is dictated by
Liouville's operator (which ensures conservation of density in the phase space)
and the Collisional operator, which encodes number changing processes

The Liouville operator can be written in a covariant way

4 9 9
H__N
L= =0 o Fpppa

I

Where the affine connection is related to derivatives of the metric as follows

1
Ty = 59" (Govr + gorw = Guro)

Notice that this terms incorporates gravity and the actual geometry of space-time.



If we apply this to the FRW metric, which only depends on f and E

flzt,pt) = f(t, E)

We find that Liouville operator can be greatly simplified

Exercise | . ) o
L = E——-TY »°
ot~ LoeP P HE
9, s,
= E— —Hlp/|
o Pl 5g

Ultimately, we are interested in the fime evolution of the number density

e



Thus, we integrate Liouville's operator in the momentum space

g = 3 g 3
2 [ B ate =2 [ ot ap

Exercise 2

Prove the following relafion

9 d’p ﬂ_ 26f _d_n
(277)3/ E [Eat Hip = A

Where we have divided by E for convenience

HEP School 2015
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g; d°p; No CP violation in DM sector

2113 2F;
>< (Missapl® = [Mapoil
b 2

Energy Conservation

a,b=WIMP eq peq __Ea+Ep By +Ey eq req
1,2=SM (light) particles fafs=fafg = T =e T =f1)
C
ziS/ l[gf] é’p = - /dHAdHBdﬂldH2(27T)45(pA +pB —p1— D2)

[’M12—>AB\2 fifa — IMapizl’ fAfB]
= —(ov) (n —neq)

We have defined the thermally averaged annihilation cross section

1

2
neq

(ov) = /dHAdHBdH1dH2(27T)45 (A +pB — D1 — p2) |M|” f19f5]

HEP School 2015 42



Non-relaftivistic species

dn 5 5
E—l—SHn—(av} (n* —ng,)
dY d ny\ d (a*n\ 9. zdn) 1 dn
e -u(3) a(—> —(3“5) E(BH”+E>
° m
r=—
T
d . d d ra dz
fromn s dumo s (00— e
dt(as) 0 — dt(a) 0 — =\ 0 = x
v _avis_av
dt ~ dz dt  dw
g}i _ __A<07O (}/2 __}2?) \ = 2ﬂ2 _A4f’g*s m
dr z? ! 45 1.669i/2

HEP School 2015
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. 272 Mp gas
Exercise 3 B = e

dY Mov) 5 o 45 1.66 g,/
w = e oY)
Z&}f =Y };q
AYeq 2
A — dx , 1 <
Y Yeq 2X(0ov) TS LS
xr
Ay, =Yoo = L o>
A (a - 3L>
T f
. an?  — mXYOOSQhQ
This leads 1o : - P
C
N 10710 GeV 2
~ b
(CL -+ @)
-~ 10727 ¢cm? s~ 1
~ b
(CL -+ @)

HEP School 2015




e Very different scales conjure up to lead to the electroweak scale

A typical electroweak scale cross section for a non-relativistic particle

Qh* ~

2
m
oV~ ' — = GEm’
My
Gp~10°GeV >
Notice that this implies
Imposing <1 —

IPPP 2015

m < 340 TeV

WIMP
f
MX
WIMP f
1 1
[ J—

> (non-relativistic particle)
(oav) m

(Griest, Kamionkowski '90)
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WIMPs can be thermally produced in the early universe in just the right amount

The freeze-out temperature (and hence the relic abundance) depends on the DM

annihilation cross-section

du g 3 = - <ov> (n*-neg)

LB |

Y for increasing ov |
N

LY IS S R R ——

1]

log[Y(x)/Y(x

[ R S p———

-20 1 Il MR |

IPPP 2015

T(’? _01pb-c
47\-"[3]<(7A7-’> N <O‘A’U>

Qxh? ~ const. -

T, ~ 107" GeV
Hipo = 100 kmsec™ Mpc ~ 107" GeV
A’jPlanck = ]./G]l\{z = 1019 GeV

A generic (electro)Weakly-Interacting Massive
Particle can reproduce the observed relic
density.

46
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Vi = B ()Y Gets () oy
e 274 \ 8 Gxs T

t (ns)
100 10! 102 103
1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 108
m, =100 GeV
104
106
10-6
104
108
102
Y Qx
10—10
100
10—12
102
10-14
104

10—16
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Special cases

e The low-temperature expansion for the annihilation cross section

b
OAV = Q + —
W
is not valid in some cases:

Resonant annihilation

Thresholds
(Gandolo, Gelmini '91)

Coannihilations with other particles close in mass

(Griest, Seckel '91)

IPPP 2015
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Special cases

e Resonant annihilation:
WIMP

(2 mwmp)zz(mx) i M
A i

™|

WIMP

The resonant increase in the cross
section implies a sharp decrease in
the relic abundance.

>

s=(2m 2

W IMP)

General expression for thermal average of annihilation cross section
(Gondolo, Gelmini '91)

IPPP 2015 50



Special cases

¢ Resonant annihilation

The annihilation cross section is significantly increased in the pole of the
propagator.

TY]Y‘\11|IIII4IIIIIIYIIIITIY—I’"

(b)

. As a consequence, the relic
N T g density decreases rapidly.
) \_‘peak’
W |

01

N

s~
N, T8
.

001 L Thermal motion allows resonant

annihilation when

~ ' ! m

= ' ' A

b X ' '<—

c 0 '.' (h m W 2
10 \ i ~ This is not possible for
107 : .: “ m = 2

‘subs’) I'O' ¥ 2
'
10 -8 L1 1 1 l 11 1 1 1 Ll _ 1 1 l 11 1 1 I | I - I Ll 1 1
8 7 9 1 1.1 1.2
Vu = 2m,/M,, o (Griest, Seckel '91)
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However....

* Not applicable to non-thermal candidates (for which the relic abundance is
calculated differently, such as decays of heavier particles) (e.g., gravitinos and
axinos)

* Non-standard Cosmology, e.qg.,

The presence of scalar fields in the Early Universes may induce a period of a
much higher expansion rate. WIMPs decouple earlier and have a much
larger relic abundance (by several orders of magnitude).

(Catena, Fornengo, Masiero, Pietroni, Rosati, '04)

Changes in the cosmology also affect the calculation of relic abundance for
non-thermal dark matter. E.g., quintessence-motivated kination models.

(Gémez, Lola, Pallis, Rodriguez-Quintero '08)

Late entropy production which dilutes the DM density
See, e.qg., (Giudice, Kolb, Riotto '01)

E.g., decay of heavy sterile neutrinos (Abazajian,Koushiappas '06)
(Asaka, Shaposnikov, Kusenko '06)

"IPPP 2015 ' 52



Late (out of equilibrim) decay of semistable particles induce an injection of entropy.

The only constraint to be
considered is not to spoil BBN
predictions

T,>5MeV

There are various possibilities
depending on whether T is

smaller or larger than the DM
freeze out temperature and on
whether the decay produces
more DM particles.

I'y>T,

IPPP 2015

log [p/py(R=Ry)]

1 | | | L | | I—vl LI | I T 2
-41.5
N
pn \s p* S
e S — —
< N 0
B < =
~ >~ 1
~ S w
\\ S —-‘ \
‘\ s\ U)
~ RS —_—
~ S
S S o
RN \;5
\\\ .
~
~
s -
\\
~
~
\\\ _‘0
~
PR N NN A TN N NN NN SN AN T TN WS NN SO T TN D i
1 2
log(R/Ry)

(Kolb, Turner Chapt.5)
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.. probing DIFFERENT aspects of their interactions with ordinary matter

Direct Detection
(scattering)

04/09/17

Accelerator

ducti
Searches [production)

Indirect Detection
(annihilation or decay)

Constraints in one sector
affect observations in the
other two.

“Redundant’ detection can
be used fo extract DM

properties.
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Dark matter MUST BE searched for in different ways...

/Direct DM detection\

/Collider DM searches\

55



