¢ LIEGE
b université DM| >

Crash course on tools
for Dark Matter research

lawphysics

Roberto A. Lineros

Space sciences, Technologies and Astrophysics Research (STAR) Institute
Université de liége

Dark Matter Days 2017 — CIFFU BUAP

Latin American Webinars on Physics



Motivation

Research on Dark Matter fﬁ
could be hard without :
a good set tools
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Motivation

. but most of the
tools are made by
physicists to solve
their own problems




Course plan

General purpose

Dark Matter Theo

Specific for Dark Matter

Part 3

8 Nov 201/ R. A. lineros. Crash course on DM pt. 1 5/62



Today's plan
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A little of history

lineros. Crash course on DM pt. ]

1933: Fritz Zwicky postulated dark
matter in order to explain Coma
cluster dynamics as a bound system
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http:/ /youtu.be/C87OgKIsgEA
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http://youtu.be/C8ZOgKIsqEA

A little of history

THE ASTROPHYSICAL JOURNAL

AN INTERMNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

OCTOBER 1937

VOLUME 86 NUMBER 3

ON THE MASSES OF NEBULAE AND OF
CLUSTERS OF NEBULAE

F. IWICEY

ABSTRACT

Present estimates of the masses of nebulae are based on observations of the lumi-
nasities and infernal rofations of nebulae, Tt i3 shown that both these methods are
unreliable; that from the observed luminosities of extragalactic systems only lower
limits for the values of their masses can be obtained (zec. i), and that from internal
rotations alone no determination of the masses of nebulae 15 possible (sec. i), The
observed inmermal motions of nebulae can be understood on the basis of a simple me-
chanical model, some properties of which are discussed. The essential feature is a central
core whose internal siscosify due to the gravitational interactions of its component
masses is g0 high as to cause it to rotate like a 2o0lid body.

In sections i, iv, and v three new methods for the determination of nebular masses
are diseuzsed, each of which makes use of a different fundamental principle of physics,

Method iii is based on the viriel frearem of classical mechanics. The application of
this theorem to the Coma cluster leads to 2 minimum value 3 = 4.5 roM @ for the
average mass of its member nebulae,

Method iv calls for the chservation among nebulae of certain gravifational lems
effects.

Section v gives a generalization of the principles of ordinary statisfical mechanics to
the whole system of nebulae, which suggests & new and powerful method which ulti-
mately should enable us to determine the masses of all types of nebulae, Thiz method
is very flexible and iz capable of many modes of application. It iz proposed, in par-
ticular, to inveatigate the distrbution of nebulae in individual great clusters,

a fAret =ter tomard the reahization of the nronosed oroaorany. Fhe U oma closter of

ash course on DM

THE MASSES OF NEBULAE 227

III. THE VIRIAL THEOREM AFPLIED TO CLUSTERS OF NEBULAE

Ii the total masses of clusters of nebulae were known, the aver-
age masses of cluster nebulae could immediately be determined from
counts of nebulae in these clusters, provided internebular material
is of the same density inside and outside of clusters,

T T




Coma Galaxy Cluster Virial Theorem Fritz Zwicky
Dark Matter
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Virial theorem

8 Nov 2017/

N
It relates global quantities 1 e
of a system in equilibrium (T) = 9 Z<Fk T}
k=1
For gravitationally bounded objects:
1 2Rt ota1 0
1V
<T> — = <%otal> _> Mtotal ~ tota

2 G
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A little of history

60's — /0Q's Vera Rubin studied rotation

curves of many galaxies

e A_ndromedd édley‘: o
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Doppler effect and redshift

) )\o s >\emi
Observed redshift —_— = b)\ t
emit

1 +wvcosf/c L .
1+2= ——  [stimation of the velocity
V1+v2/c?
z>0 object going away 2<0 object getting closer
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A little of history

R 5 c 60's — /0's Vera Rubin studied rotation

- curves of many galaxies
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Cosmic pie
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Dark Matter

T RADIUS

— PREDICTED
—— OBSERVED

Observations support Dark Matter

= Dynamics of clusters and galaxies
= Structure formation

= CMB anisotfropies

= Baryon Acoustic Oscillation

Qpvh® = 0.1196 + 0.0031

0 INOV ZU I/ ' R. A. lineros. Crash course on DM pt. 1 18/62

Dark Energy 68.3%
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Galactic scales

Rotfation curve
Weak lensing
Velocity dispersion of safellite galaxies

Velocity dispersion of dSphs

Galaxy cluster scales

Velocity dispersion of individual galaxies
Strong and weak lensing

Peculiar velocity flows

X-ray emission

Cosmological scales

CMB anisotropies
Growth of structure
LSS distribution
BAO:s

S7 effect
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M. Pato et al JCAP 1512 (2015)

Galactic scales
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Galac

tic scale
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M. Pato et al JCAP 1512 (2015)

Galactic scale

1 I I 1 1 1 I 1 1 1 I 1 1 1
gen. NFW, r,.=20 kpc

baryonic models
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The Standard Model ...

SM matter families

n
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e Standard Model ...

quarks

leptons

8 Nov 2017

SM matter families
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5SB

Beyond SM
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Dark Matter particle properties

Massive
Non baryonic
Electrically neutral

Stable
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Dark Matter particle properties

Massive
Non baryonic
Flectrically neutral

Stable
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Dark Matter particle properties

Massive (*]

Non baryonic
Electrically neutral (**)

Stable (** *]

(*) Its mass can go from 10722 eV 1o 10° GeV

(**) Except Milicharged DM or CHAMPs

(***) DM litetime larger than 10?7 seconds (Universe = 10'7 seconds]
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ome candidates
f

R-parity MNMS5M
MSSM vialating

_— l Supersymmetry

Hidden .ﬂ

Sector DM

\"*
)

“}\

Dark Photon
Reparicy
Conserving

Asymmetric DM

Light Extra Dimensions

Force Carriers

Selitonic DM

Quark
Muggets,

‘Warped Extra
Dimensions

Axion-like
Particles

Little Higgs

Inart Higgs

Lictlest Higgs
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Some candidates
f

MSSM R-parity MMSSM

vialating
. Supersymmetry

Hidden .N

Sector DM

)

““\

Dark Photon

Reparicy
Conserving

Asymmetric DM

Extra Dimensions

<o)

Light
Force Carriers
—

Sterile Neutrino .
A

Selitonic DM

Quark
Muggets

Axion-like
Particles

Little Higgs

Lictlest Higgs
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Sterile neutrinos

I righthanded neutrinos are part of the SM.
They are natural SM gauge singlets

_ 1
Lo =Yy LHvg Lr = 51\4}; VRTUR + h.c.

B 0 mp
MH_ ( mp ﬂ«fﬁ)

Neutrino masses can be generated via the seesaw mechanism
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Sterile neutrinos

100 T T T

@@ Diffuse X—ray Background
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Axion Like Particles

Pseudo-Goldstone bosons.

£ = —igtﬁéprﬁlﬁv

t main feature is the coupling to photons

Y Garyy (1

Searches involves photon emission line

v Attenuation due to photon-axion conversion

B

: See: 1210.3196
Primakoff effect -
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Axion Like Particles
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R-parity MNM55M
MSSM violating

' Supersymmetry
pMSSM

7

Hidden
Sector DM

SOX
Dark Photon m

R-parig
Conserving

Light
Force Carriers
T ——

Extra Dimensions

Solivenic DM

Warped Extra
Dimensions

0
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FRTTTTITITT™ g Bang Thermel e
I . Vb
I i Correct relic abundance for
10 f TSI l ----- - <ov>~ | pb ¢
i __Y_____l_ ----- i
—bhr B Mass in GeV-TeV range
I Yeq i
_20 i | I ||||||I | I | ||||I | I ||||||-
1 3 10 30 100 300 1000
e =m/T 26 3
. 3 x 107 cm® /s 1
For VWIMPs: QDMhQ ~ (.1 / T]gl(\)/l ~ 2—OmDM
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Dark Matter Searches

D S D
indirect direct
detection detection
D S
o D
particle astrophysical
collider orobes

S
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Dark Matter Searches

relic abundance
Qpyvh? = 0.1196 + 0.0031
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Dark Matter Searches
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Some extra details:

@ Catedra Augusto Garcia Gonzalez

Cinvestav

Searching for WIMP Dark Matter

with astroparticles

Dr. Roberto A. Lineros

cular - UValencia/CSIC

Biisqueda de Materia Oscura con astroparticulas 1/4

https:/ /youtu.be/DHc8Z2bTW5M

Catedra Augusto Garcia Gonzalez

Searching for WIMP Dark Matter
with astroparticles

Dr. Roberto A. Lineros

Instituto de Fisica Corpuscular - UValencia/CSIC
< > > @ oo

Bsqueda de Materia Oscura con astroparticulas 3/4

https: / /youtu.be/Mxt33mN7sgU
R. A. Lineros. Crash course on DM pt. 1
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Catedra Augusto Garcia Gonzalez

Searching for WIMP Dark Matter

with astroparticles

Dr. Roberto A. Lineros 2/4
€« O

orpuscular - UValencia/CSIC

Busqueda de Materia Oscura con astroparticulas 2/4

https:/ /youtu.be/GpidviIQM348

Catedra Augusto Garcia Gonzalez

Searching for WIMP Dark Matter
with astroparticles

Instituf orpuscular - UValencla/CSIC

Dr. Roberto A. Lineros
4/4
¢« O

(DI S TR b

Buisqueda de Materia Oscura con astroparticulas 4/4

https:/ /youtu.be/y-dpl_FulQY
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Inert singlet DM model

The simplest DM model.
_ 1 Qb 2 )\¢h ZHTH r
— 9 ( /LQS) 9 ¢ ¢ ¢ + Lsm

Features:

DM is a real scalar charged with a Z, symmetry
The inferaction with the SM is via Higgs particle

The relevant parameter are mass and coupling to the Higgs
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Inert singlet DM model

The simplest DM model.

1 A
L= (0u0) — 56" = Z2¢' — ZEPHIH + Lo

Small exercise:

Draw diagrams relevant for the relic abundance
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Inert singlet DM model
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nert singlet DM mode\

Boucenna Lmeros Valle (2014)

Inhibited annlhllatlons >90%

Inhibited annihilations > 99%

No inhibited annihilations

<« Solution is the black line

Tight relation among

/ mass and higgs coupling

<o, v> [cm®/s]
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Z
og lcm?]

nert smg\ef DM model

Boucenna Lmeros Valle (2014)

1073

L
Inhibited annihilations > 90%

1 Inhibited annihilations > 99%
10740
- No inhibited annihilations

1074 E

10-42 L

1078 |

[ LURA20IB) e messs s
_s6 | XENON100(2012) = ===
10 ™ FXENONI100(2011) ~ ====
L CDMS (2010) © weresess
CDMS (2011) -——
[ EDELWEISS (2011) ~ =—-==

10—47 L OO

Solution is the black line

Tight relation among
mass and higgs coupling
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Fermion singlet DM model

Dark Matter is a majorana fermion connected to the SM via a scalar singlet

1= 2 mgb 2
L= 5 (il — ) §+ whih + 5 (,0)° — 20
—gcf’ - _¢ - —¢H*H - —¢2H*H + Lsu
The model confains: Small exercise:
2 extra particles and 7
parameters Draw diagrams
relevant for the relic
More freedom to reproduce DM abundance

observables
8 Nov 2017/ R. A. Lineros. Crash course on DM pt. 1 50/62



Inert Higgs DM model

DM is part of a SU(2) scalar doublet [copy of Higgs) but charged with a Z, symmetry

V =pf|Hi|? + p5|Hg| + M| Hi|* + Mo |Ho|* + 3| Hy || Ha |
As

+ M| HY H | + 5 (HTH,)? +h.e.|
Gt H*
Hl = 1 . 0 ! H:E - 1 L *
7 (v+ h +1G7) (5 +1iA)

8 Nov 201/ R. A. lineros. Crash course on DM pt. 1 51/62



Inert Higgs DM model

10° F | .
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Inert Higgs DM model
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Scotogenic DM model i s v oo

o s, RO,
Model provides a mechanism where neutrino ‘s ’
. »
acquire mass via loop. % ol n
y X,
Inside the loop DM particles run. / ,
— — .
I,-’“H ‘II"-J[l AIT_{ 'ir'j.-r
2 2 2 2
gy~ S | i
vty — 2 2 2 2 2 2 2 )

k
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Scotogenic DM model

1
L= ESM—§MNNC+hZJN n ¢+ h.c.

A
V=mpyo'e+ m n'n 4+ = (@chb)
A
+ 72 (n'n)” + As (chfcb) (n™n)

£ (6M) (n'0) 4 [)‘5 (n'6)’ +h.c}
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Singlet-Triplet Scotogenic DM

DM is mix between a singlet fermion and a SU(2) triplet

8 Nov 2017/

Standard Model || Fermions || Scalars
L | e ) ) N n | Q
SU2) | 2] 1 2 31 1 |21 3
Y -1 -2 1 0 0 1] 0
Zs 4+ + —| = | =] +

rash course on DM pt. 1
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Singlet-Triplet Scotogenic DM

_ _ 1 -
LD —Y,5Laegp — Y, L,CETi) —  MsTr [S75] +

_ 1 .
~YoTx [£Q] N — Y, LafiN — S MyN°N + hec.

f f A 2\ 2
Vical = —mi¢ ¢ +m3n'n+ ?l (fﬁ%) + 52 (Tﬁn) + A3 (cﬁ%) (Tﬁn)
A 2 M2
+ M\ (QSTT;) (TpTcgﬁ) -+ ?5 (QSTT;) + h.c. — T“T:r' (-QT-Q) + (,ul(;ﬁT-Qqﬁ + h.c.)

+ Moo Tr (910) + A (Tr(@f Q))2 + A3 T ( (-Q*-Q)Q) +2¢ (o10) (')

-+ (}LQT]T.QTJF -+ h.(:.) -+ )\?T}TT} Tr (.QT.Q) + A] (T;T.Q) (.QTT}) ,



Singlet-Triplet Scotogenic DM

Hirsch, Linercs, Marisi, Palacio, Rojas, Valle (2013)

8 Nov 2017

Annihilation cross section [cm® /sec]
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Singlet-Triplet Scotogenic DM

A = e n e o 2

10 — — — 2
XENON100 (2012)
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Course plan

. Dark Matter Theoy
v
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Tomorrow!

codes|
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Thanks
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