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Dark matter is known for almost 90 years.

with dark
matter




Baptized a long time ago

Fritz Zwicky (1930)

Wrote in a paper about the discrepancy about the
measured and expected velocity of the rotation of

galaxies.

"Should this turn out to be true, the surprising result would
follow that dark matter is present in a much higher density

than radiating matter."




Why is dark matter so interesting?

* It completely changes our perception of the universe. Just
a while ago we thought all matter was made of essentially the
same stuff.

* It is the most interdisciplinary (inside physics) subject as it
uses general relativity, nuclear physics, particle physics
cosmology, classical physics (thermodynamics and
mechanics...)

* Mystery - "we know" it exists, "we know where it is", we

have some hints on how it behaves but we do not know what is
it ...



The role of gravity in Earth's rotation

Earth
Satellite
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Geostationary meteorological satellites

For a distance of 640 Km the satellite has a constant speed of
27000 Km/h.




K. G. Begeman, “H I rotation curves of spiral galaxies,”

Rotation curves of galaxies
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Mass, contrary to luminosity seems to be spread evenly across
the entire galaxy. The light distribution is far from
representing the mass distribution as we would expect.




Bullet Cluster

Two galaxies colliding — several sets
of observational data superimposed:
optical, X-ray, gravitational lensing.

Hot and dense gas. Typical shape of
a high speed collision (4000 km/s).

Lines of gravitation potential — from gravitational
lensing show that the dark matter is
concentrated around the galaxies and that it is
not affected by the collisions.

Dark matter interacts very weakly!



Cosmic Microwave background

In the Standard Model of Cosmology, it is assumed that just after the Big Bang the
Universe was extremely hot, it then inflated (very rapidly) and cooled down. The effect of
the rapid cooling was predicted to be a very low temperature radiation that would
populate all space until today.

In 1965, astronomers Arno Penzias e Robert Wilson found (by accident — or so they say)
an isotropic radiation of 2.725 Kelvin (- 270° C) (Nobel Prize 1978).




Some lead to constraints (related to dark matter)

Planck + cosmological model

Once upon a time all particles were in thermal equilibrium.

As the Universe expanded and cooled, the rate of interactions was not enough
to maintain thermal equilibrium (freeze out).

The unstable particles disappeared (decayed); number of stable particles
reached a constant (thermal relic density) which has still approximately the
same value today.



What happened to dark matter?
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Dark matter properties

* Massive;
e Stable;
* Neutral;

« Weak (or no) interaction with SM particles.

ll WIMP - weakly interacting massive particles

DM
10-1000
GeV




XENON
CDEX
CDMS
CRESST
DARKSIDE
DEAP
LUX
PandaX
PICO

Dark matter searches

HESS, HAWC, VERITAS, MAGIC, IceCube,...
PAMELA, FERMI, CALET, DAMPE, AMS, ...

Direct Detection

Indlrect Detection

|

Colllder Production

SM  (q,3,9W*% ZH,1%,..) — v,et,e ,ppv

smMm (¢.q,9W*ZHI%.) —~ vefe ,ppv

CMS and ATLAS

Slide from Suzan Basegmez du Pree talk at ALPS2018.
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Direct detection
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A WIMP may collide
elastically with a nucleus —
recoil energy is measured.

13



Indirect detection

T Low-energy photons Positrons
uarks — il
NSNS N

Medium-energy Electrons

gamma rays

/@' Neutrinos
7 1 .

\ a AntlprotOHS

AR L Bosons Wrotons

Decay process )

Leptons

Supersymmetric

WIMPs may collide
and annihilate into
photons or particle
anti-particle pairs.

A large number of
gamma-rays, anti-protons
and positrons could be
produced.

Consistency between excesses 1s a probe for the model "



Indirect detection
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Simple models with dark matter



Very simple extensions of the SM can generate dark matter

Standard . Hidden
Model Potential Sector
¢ B S
<
N
Vint = A’¢T¢SZ

Lagrangian term that links the SM and the hidden sector
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The simplest model — just add a singlet

SM plus S = (S +iA)/V2,
Changes in the potential

V=""HH+ %(HTH)2+5—§HTH|S|2+%|S|2+%|S|4+(%182 +aiS+c.c)

Model Phase VEVs at global minimum
U(1) Higgs+2 degenerate dark (S) =0
2 mixed + 1 Goldstone (A) =0 (M(1) — ZY%)
Lo x Zi Higgs + 2 dark (S) =0
2 mixed + 1 dark (A) =0 (Zo x Z5 — ZL )
Z 2 mixed + 1 dark (A) =0
3 mixed 8 20 %)




The simplest model — just add a singlet

W Zo phase (vg # 0,va = 0): 2 Higgs mix + 1 dark

hy cosa —sSiha O h
ho = sihae cosa O S
hpm 0 0 1 A

* No couplings to fermions

* No couplings to gauge bosons

« Couples only to scalars

Mediator: h; or h,
hx X —— Zh)=1; Z(x)=-1

Darkness is conserved in the interaction
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Stability + constraints + pheno

Dark matter phase
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Three interesting limits:
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The Inert Model (2HDM)

___———

SM

Vo= i |+ gl Hol* M [H "+ Xo| Ha|*
+ Xs| 2| Ha? + o | H] Hof? + A Re [ (H{H,)?]
VE\\/ Higgs boson
0

Hy = (\v n h/é ) There is an exact discrete
symmetry that forces the
H* second doublet to have only

H\,‘z ( (H° +/Z- A9)/\/2 ) stable particles.

\_| /

\

Inert doublet

N[/

Inert scalars

/
Hz_b_Hz

This is the discrete
symmetry we call darkness.



The Inert Model (2HDM)

VEV Higgs boson

Inert doublet Inert scalars

All constraints are then imposed

as in the usual 2HDM + dark
matter constraints

Mass eigenstates

1
m2 e = 5 + 5)\31)2
1
ALS = 3 (A3 + Ay £ A5)

It is usually assumed that m,<m,,m.



The Inert Model (2HDM) In the doublet case DM couples

Direct

detection

Hy

to gauge bosons - isospin
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Constraints on (dark matter) in the Inert Model
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Some old plots showing the relic density bounds.

Check the famous WIMP miracle (weak cross sections with masses around the
electroweak scale).
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The Inert Model (2HDM)

dominant production modes: through Z; Z, ~, h for AH; HTH~
important couplings:

S Cw
@ ZHT H™: ~ e coth (26,)
e YHTH : ~ e

@ hH"H : \3v

e H Wt H: ~ =

)

Ht WHA ~ £

w

Il mainly determined by electroweak SM parameters !!

Slide from Tania Robens - talk at Scalars2015.
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Slide from Tania Robens - talk at Scalars2015.

My [GeV)

M, [GeV]

ofH* H) [pb)

500 L T .'v u‘ T
o3
450 | % g
(]
L ™Y
L)
400 | .‘ % g
° ’ o © ]
350 | W‘
L ] ‘.
300 |
bad a °
[ ]
e o ® o
250 o g o
200 [ "r
[ [ ]
e %
150 [ %‘.'
100 Lt A . . . A A . . A
50 100 150 200 250 800 350 400 450 500
My [GeV]
o(H* A) [pb)
500 [ e T g .‘ .
-?
450 | g
.
400 | .‘ g
[ ] . ° .
300 |
e o . °
250 ® g o
200 | ’
e 9 ([
150 @
50 o
100 L , . . : : ; . ;
50 100 150 200 250 800 350 400 450 500
My, [GeV)

pp — HA
pp — H* H

pp—)HiA
o PP —> HT™ H™

0.001

0.0001

26



Massive vector dark matter

A renormalizable model where a new gauge boson is introduced. The symmetry is
broken via a VEV on the scalar that gives mass do the dark matter vector

1
Lq = —ZX,“,X‘“’ + (D,S) DM S+u%|S|* — \s

with symmetries

SI* — w|S|*|H|*

X, ——-X,, S—=5

1 1
My = 597> Mz = =+\/g*+ ¢?v and My = g,v,,

2
T~ singlet VEV

The scalar singlet mixes with the SM — in that respect the
model is exactly the same as singlet extension of the SM with
no dark matter candidate.
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Fermionic dark matter

Particle Spin SU(3)¢ SU(2). U(l)y Zs | Coupling

Dark Matter, x | 1/2 1 1 0 -1

Baryonic Scalar 0 3 2 1/6 —1 | gLxRrRSh

mediator, Sy 0 3 1 2/3,—1/3 —1 | wrxrSh, drXLSh
Leptonic Scalar 0 1 2 -1/2 —1 | I xRrS;

mediator, S 0 1 1 -1 —1 | erxLSI

Baryonic Vector | 1 3 2 1/6 =1 | qLyuxc VY

mediator, V} 1 3 1 2/3, —1/3 -1 | aryuxrVY, dryuxrVY
Leptonic Vector | 1 1 2 -1/2 —1 | Ipyux eV

mediator, V}* 1 1 1 -1 —1 | érvuxrV}

Table 1. Particle content with corresponding quantum numbers and interactions in a ¢-channel model
by considering fermionic dark matter candidate y interacting with the SM fermions through scalar

and vector mediators.

Written in terms of
effective operators of
different dimension.

(a)Operators for Dirac fermion DM

Name Operator Dimension|SI/SD
D1 TEXXTq 7 SI
D5 Rz XV XTVug 6 SI
D8 |axX7°xan.Y’e| 6 SD
D9 Klg)Za‘“’ X409 6 SD
D11 HXXGH G 7 SI




Searches at the LHC



Dark matter production

X
Darkness is conserved and
therefore dark particles are
p —7 € D produced in pairs
X D T
PTotal = O — PTotal = O

LHC

But dark matter does not interact (or it does but very
weakly) with the SM particles. We see nothing!

There will be MET - but still we see nothing!



Dark matter production

Hredns , Undetected
S\de Yiew - PT — O
» Total

Proton Proton

------------------ e - —————————————
Beam Beam

1% bt 1
"Undetected

So the scenario where only dark matter is produced cannot
simply be probed at any level.



Mono-X

a .
Transverse

/b Directions .
[ |2 side view

| / | v.Undetected Undetected
/ | Beam . RS

K q DM
Direction "... .." q DM
R 2 ——l 0’. :'
Proton Proton ~  )oe-
W — T —— - — *'_'. A ————————————— -
Beam Beam
g DM

If one or more (high-

. stcasster 2015 Jot energy) particles are
From Energetic Gluon also produced in the

process then we have a
moho-X (multi-X — still
called mono-X) event!
The X (for instance a

jet) has a very large pT.

However, this can also be
MET from neutrinos.



A monojet in ATLAS

Undetected ‘

Undetected
0"
Transverse
‘_‘." Directions

End-On View

) Beam Directior]
/ Toward-Away

from You

M. Strassler 2015

Jet

From Energetic Gluon

Monojet event in the
ATLAS detector.

In the transverse plane.

Monojet Event at ATLAS

End-On View

Transverse
Directions

‘ Beam Direction
/' Toward-Away
from You

ATLAS Sub-Detectors

Tracker Determine trajectories
of charged particles

Electromagnetic

) Measure energies
Calorimeter

of detectable
Hadronic particles
Calorimeter (except muons)

Detect & measure
muons

[—~'Muon System




Events / 25 GeV

Events / GeV

Data / SM

Mono—Jef model interpretation in CMS
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Comparison with direct detection limits

Direct detection vs. LHC.
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The Inert Model (2HDM)

t h ’I th /;
: c-—¢- S --£S5 .5
Mono-Higgs: e (: @7
\
9 S 9

vAul e UL LA L DL L L
10 ATLAS Dyy .y+jets .W/Z+X
[t + diboson [llsmH— [ wsr

J- Ldt=20.3fb"
.Zyy -*-Data

s=8TeV

Number of events
Cen

Promising in

ET + h (h — bl—)) 0 50 100 150 200 250 300

ATLAS Collaboration, 1510.06218 EMss [GeV]

Fr+h (h—vy)

ATLAS Collaboration, 1506.01081 (Phys. Rev. Lett. 115 (2015) 131801)

Slide from Jose Miguel No - talk at Scalars2015.
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Transverse
Directions

Side View

Beam

Direction
G

Jet

Invisible decays

*.Undetected ‘:"U ndetected

pp —> hjj = xxjj — MET]j

Jet

Proton

From Quark Thls iS The VBF case

M. Strassler 2015

but it is possible to
combine many
channels

Three channels




Invisible decays

49 (7TeV)+19.7" (8 Tev) + 2.3t (13 TeV)
2
|

—— Observed CMS _E

------ Median expected
- 68% expected
95% expected

CMS results for 3
channels and
combination.

1.6

14

12

o B(H — inv)/ o(SM) - Upper limit 95% CL
o
-

C |
0
Combined qqH-tagged VH-tagged ggH-tagged

Using the SM decay ratios it is possible to obtain a limit

B(H — inv) < 0.24 (0.23) at the 95% CL




Limits for the different types of dark matter

. .
The cross section limits together calarS < T(h > S8y = 20,8
with invisible widths can be 2 j};,f"”';h
. . - h
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o . . vector V:I"(h— VV)= ﬂhvvm x|1- 4?+ IZF
Limits can be plotted along side with the v P T
ones from direct detection. it 2
scalar S : OS_N = A2 N
hSS rl 2
&—1049 \I I | L L III 1 I 1 [ | IIII 1 I LI |6mh(ms+mN)
12 m4 2m2
40 \ CMS fermion f: opN = hfzj 4NfN / 5
10 \ 49" (7 TeV)+ 19.7 b (8 TeV) A= dmmiy (m g + my)*
. Cone, +23f7" (13 TeV) it 12
10+ G : B(H — inv) < 0.20 vector Vi ov-y =4 —

-
..
-
-
-
-
-
-
-
-~
-
-
-
-
e
-

90% CL limits

1 0—43

-
LN
-
-
Se. -
‘‘‘‘‘
e S
....
- -
- - .
- .
-

-

)

'..
-
.....
- -
e
-

3

..
e
-

-
-
..

DM-nucleon cross section [cm

P
-------
-
-
Pl

10°
DM mass [GeV]

WV 16mm;} (my + my)?

10°

Maximum limit
(colliders) for half
the Higgs mass.

hips == XX

39



The Inert Model (2HDM)

Cascade decays

+ s 4
A e
W+ //(/Z\/b< - W= ;'Vi v
Hi\NQK ! Hi\vﬁf< ¢ Final state: 3l + missing energy

Benchmark | mp, (GeV)| mg (GeV) | 61 (GeV) | 62 (GeV) AL
LH1 150 40 100 100 —0.275 2
LH2 120 40 70 70 —0.15 By the end Of Run2 )
LH3 120 82 50 50 —0.20
LH6 130 40 100 70 —0.18
LH7 117 37 70 100 —0.14
LHS8 120 78 70 35 —0.18
Level III Cuts
Benchmark | o+ 4| Owz/c  Tu)  Owig) o | S/B S/v/B
(fb) (fb) (fb) (tb) (tb) (300 fb~1)
) LH1 0.038 | 0.159 0.020 0.011  0.191 | 0.20 2.15
Miau, Su, Thomas 2010. LH2  |0078| 0073 0019 0021 0114 | 0.68 5.64
LH3 0.035 0.093 0.023 0.014 0.131 0.27 2.36
LH6 0.101 | 0.185 0.030 0.007 0.221 | 0.46 5.27
LH7 0.270 7.137 0.084 0.038 7.259 0.04 2.45
LHS 0.031 | 0.385 0.144 0.061 0.591 | 0.05 1.00




The Inert Model (2HDM)

More Cascade decays

A 2O A 2O
e Y,
e \‘ H e” \‘ H
leptonic final state
HA analysis, leptonic final state selection

Selection cut Vs =0.5TeV Vs =1TeV

2 leptons Er >1 GeV Er >5 GeV
Eipiss 10 < EP < 120 GeV | 10 < EP* < 250 GeV
me1 02 |me1;0 — mz| > 20 GeV | |myy 0 —mz| > 20 GeV

Hashemi, Krawczyk, Zarnecki 2015. 41



What if we find something at the LHC?

* The LHC cannot confirm the existence of dark matter
e Confirmation from direct detection needed
* And it can be just part of the total dark matter

* And it can be just a long lived particle escaping the detector

* Maybe indirection detection can also help



Complementary searches
at colliders



LEP IT (Z bosons factory)

LEP

Great precision in width
measurement - there is no
more Z|




LEP
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Conclusions

None!
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Case against neutrinos
Gunn-Tremaine bound imposes lower bound required for dark matter
particle that decoupled when relativistic, mpys < 100eV

Momentum distribution in Galactic halo Maxwell-Boltzmann,
Ap ~ mpys(v) ~ 300km/sec

Mean spacing Az ~ ,.,2,1—311&3 ~ (pprpr/mpar) 13
AxAp Zho= mpM < 50eV
Much too massive for SM neutrinos
Total relic density from neutrinos is:
3
2 m;
Q,/h/ —
’ Z; 93eV

Upper bound of neutrino masses from (-decay experiments:
my < 2.05eV

- Q,h2 < 0.07

Neutrinos not abundant enough to dominate dark matter.

CMB + LSS constraints even more stringent, giving Q,,,h,2 < 0.0067

(R



Measured rotation curves

Three parameter fits (solid) to measured rotation curves, with
individual components, visible component (dashed), gas (dotted),
and dark halo (dash-dot)
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Nucleosintese Primordial
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Formacdo de estruturas e o
neutrino como matéria escura

A formacao de estruturas tem 3 ingredientes fundamentais

1. Fundo cosmoldgico — considera-se que em larga escala o universo € homogéneo e
isotropico

2. Flutuacdes — o unico modelo viavel para introduzir flutuacées é a inflacao: houve um
periodo na historia do universo em que as flutuacées do vacuo foram amplificadas
por uma expansao acelerada.

3. Tipos de matéria escura — a forma como as estruturas crescem depende do tipo de
matéria escura incluida: para o modelo ser viavel é preciso que a maior parte da
materia escura seja fria (nao relativista) — pode haver alguma matéria escura
relativista mas nao “muita”.

A unica particula do Modelo Padrao, candidata a matéria escura nao passa o
teste.



Formacdo de estruturas e o
neutrino como matéria escura

A cosmologia computacional
encontrou valores compativeis
com os valores medidos tendo

em conta os trés pontos
apresentados antes.

Mas apenas se:
a) for introduzida matéria escura
b) a maior parte for nao relativista.

2dFGRS, Cole et al.



Teorias Alternativas?
MOND - MOdified Newton Dynamics (Milgrom 1983)

- a) -
F = nw( )a, ap ~ 2 x 1078 cms2
do

y(x/>>l):<1, uix < 1) ~
Regime Orbitas de objectos muito afastados do
Newtoniano. centro galactico.

/G \/Ia l/ {
v 0 4
a r r ‘ / i (10

Curvas de rotacao das galaxias.
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Candidatos a CDM

Matéria escura fria (CDM) - matéria ndo-relativista na época de
formagdo de estruturas - serd a maior parte da matéria escura;

* WIMP - weakly interacting massive particles - particulas
pesadas (com massa algumas dezenas de vezes superior a do

g

protdo)

DM

10-1000
GeV

* MACHOs - massive compact halo objects - compostos por matéria
baridnica ordindria em estruturas como buracos negros, estrelas de
neutrodes, ands brancas e planetas. Microlensing sugere que possam ser 20
% da via lactea.



Invisible decays

35.9 b (13 TeV)
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Gravitational lenses

Einstein Ring Source | ons

Image

A4GM d
Op = \/ eLS

(.“2 d]_ ds ’

Conclusion: the lens’ mass is much larger
than its visible mass.




