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Dark Matter




Brief history of the universe




The early years

In the "beginning” the was a hot and dense universe. The interactions between particles were
frequent and energetic. Then, the primordial plasma cooled and the light elements were
formed (hydrogen, helium and lithium).

With the drop in energy the first stable atoms appeared. This is also the moment when
photons started fo roam freely.

What we see today is the microwave radiation from this afterglow. The radiation is nearly
uniform (about 2.7 K) in all directions.

There are however small variations in the cosmic microwave background in temperature at a
level of 1 part in 10 000. These fluctuations reflect tiny variations in the primordial density
of matter.

Over time, and under the influence of gravity, these matter fluctuations grew. Dense regions
were getting denser. Eventually, galaxies, stars and planets formed.
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The early years

However what we "see” today as matter and energy is barely what we have access to in
experiments on earth. Most of the universe today consists of forms of strange matter and

energy.

Dark matter is required to explain the stability of galaxies and the rate of formation of the
large-scale structure of the universe. Dark energy is required to rationalise the striking fact
that the expansion of the universe started to accelerate recently (meaning a few billion
years ago). What dark matter and dark energy are is still a mystery.

Finally, there is growing evidence that the primordial density perturbations originated from
microscopic quantum fluctuations, stretched to cosmic sizes during a period of inflationary
expansion. The physical origin of inflation is still a topic of active research.
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So what now?

Missing ingredients:

Dark matter - no good dark matter candidates in the SM
Mater-antimatter asymmetry - more CP violation is needed

Neutrino masses...

There are two types
of people in the world:

1) Those who can extrapolate
from incomplete data

Unexplained experimental results:

Muon magnhetic moment... maybe not

There is also gravity and dark energy



The early years

Fritz Zwicky (1930) When discussing the discrepancy between the observed and the
expected rotation velocity 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.”
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Geostationary meteorological satellites

At a distance of 640 Km, the satellite has a velocity of 27000 Km/h.
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Rotation curves of galaxies

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

Astronomy and Astrophysics, vol. 223, pp. 47-60, 1989.
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Experimental Results

l If the galaxy had only visible matter the
expected behaviour for radius above 10 Kpc
- (for a typical spiral galaxy) would be that the

velocity should decrease as:

Keplerian prediction

Contrary to luminosity, mass is not concentrated close to centre of spiral galaxies.
The distribution of light does not match the distribution of mass.
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The 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!
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The 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. One 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).

What can we learn from the
CMB?
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The Cosmic Microwave Background
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Fluctuation in the Cosmic Background Radiation are due to the
matter density fluctuations in the early Universe.

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.
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What happened to dark matter?
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Freeze-out

There are other mechanisms like

freeze-inl Qcpm =~ ~ 0.23%

Measure of the interaction rate
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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 needs 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 it is ...
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Why is dark matter so interesting?

* Massive, stable, neutral, weak (or none) interaction with SM

WIMP - weakly interacting massive particles/ Many

l. other possibilities - essentially no mass limits/ all spins
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Extensions of the SM - a new model is needed
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Lagrangian term that links the SM with the hidden sector. Dark Matter
particle has to be stable. Can be done with a new quantum number.
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Conserved quantities - darkness

- S=DM
e Model should conserve darkness - we need a stable
[ 9 particle. It is like electric charge - darkness
) humber is constant.
S =DM
“H Not possible - darkness not conserved.
S =DM
ZH)=1;,Z(DM) = -1
“
\ ont Darkness (Z) conserved
________ 616_1 — gDMDM Z2(qq) =Z(@)Z(g) = 1x1=1
Z(qq) = Z()Z(DM)Z(DM) = 1 x (=) X (=1) = 1
q DM

All spins allowed

R. Santos, METFOG, 2024 16



Dark Matter (IDM)

DM Model should conserve "darkness” - we need a stable
particle. The invisible width of the Higgs and the dark
____________________ matter direct detection experiments set a bound on
. the so-called portal coupling(s).

" DM

Hidden

Sector

Searches need some kind of handle

Vooras = @@ S°

portal

! g,h,Z DM

qq — (g, h,Z,...) DM DM

Z(qq) =Z(@)Z(g) = 1x1=1

; " DM 2(q3) = ZH)Z(DM)ZMDM) = 1 X (=1) X (=1) = 1
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Dark Matter (IDM)
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A collider is useful

Where the protons travel
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Particles collide...
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Back to the LHC - Dark matter production

X
Darkness quantum number is conserved
and therefore dark particles are
@ p

produced in pairs

p —>

/

X f)Total = O — P;otal = 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!
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Back to the LHC - Dark matter production

Trenswrrze
T Orections
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So the scenario where only dark matter is produced cannot simply
be probed at any level.
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Mono-X (X = Z, jet, Higgs...)
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If one or more (high-energy)
particles are also produced in
the process then we have a
mono-X (multi-X - still called

M. Strassler 2015

Jet

From Energetic Gluon

However, this can also be MET mono-X) event! The X (for
from neutrinos. instance a jet) has a very large
pT.
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A monojet in ATLAS
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Mono-jet model interpretation in CMS

19.7 fb (8 TeV)
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Another possibility
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This is just one of the
several possible
channels.
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Invisible decays

497 (7TeV)+19.7 (8 TeV)+23 " (13 TeV)
2 I

—— Observed CMS _E

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

CMS results for the
exclusion in the
different channels

95% expected

—
N
I|III|III|III III|III|III|III|III

o B(H — inv)/ 6(SM) - Upper limit 95% CL

Combined qqH-tagged VH-tagged ggH-tagged

Assuming a SM production cross section for the Higgs boson, CMS obtains a limit

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

Gamma-rays
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The Fermi Large Area Telescope (LAT) detects gamma
radiation with energies between 0.3 and 300 GeV. It
also detects electrons and positrons.

WIMPs collide producing either photons or

particle anti-particle pairs.

Supersymmetric
neutralinos

Low-energy photons <
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Medium-energy Electrons

gamma rays
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Decay process )
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Direct detection

aX N1/ In gas, these excite more xenon
& y to make another light flash (S2)

This also frees electrons, which
travel up an applied electric field

Dark matter hits

a xenon atom The atom recoils and excites f
others, causing a light flash (S1)
\
\
\
S1
A Example signal
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Direct detection
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Direct detection vs. LHC
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Halos

The visible disk of the Milky Way
Galaxy is thought to be embedded
in a much larger, roughly spherical
halo of dark matter. The dark
matter density drops of f with
distance from the galactic center.

It is now believed that about 95% of the galaxy is composed of dark matter. The luminous
matter makes up approximately 9x1010 solar masses. The dark matter halo is likely to include
around 6x10! to 3x1012 solar masses of dark matter. A 2014 analysis of stellar motions
calculated the dark matter density (at the sun's distance from the galactic centre) = 0.0088
(+0.0024 -0.0018) solar masses/parsec”3.

The radial velocity dispersion shows an almost constant value of 120 km/s out to 30 kpc and
then continuously declines down to 50 km/s at about 120 kpc. This fall-off puts important
constraints on the density profile and total mass of the dark matter halo of the Milky Way.
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The simplest DM models




Scalar DM Model




The spin O extension - real

The SM is extended by an extra real scalar singlet S. The most general Lagrangian we can write is
1 u 2 3 4 2yt i
< = SZSM+E(0ﬂS)(0 S)—aS—-bS"—cS°—-dS" -k S"H'H—-x,SH'H

with (in the unitary gauge)

()

If we include the Z, symmetry S — — S, the potential reduces to
Vy =bS*+dS* + x,S’H'H + y*’H'H + A(H'H)?

The minimum conditions for the potential are

-

S = 2bS +4dS® + 26,Sh* = 0

S = 2hp + 44h° + 26,5%h = 0
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The spin O extension - real

This set equation has four solutions
DS=0;Ah=0;, 2)S=-b/Q2d); h=0; 3)S=0;h>=—u?/21); HS#0;h+#0

The first is the symmetric solution. So SSB does not occur. This is also true for solution 2. Solution 3 is
the DM + SM one. In solution 4 the dark symmetry is broken by the vacuum.

P: Show that solution 3) has a DM candidate

P: Why doesn't SSB occur is scenario 2)?

P: Find solution 4) explicitly; find the mass eigenstates in this scenario; is there a DM
candidate?
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The spin O extension - complex

Let us nhow consider the extension by a complex singlet S. The most general Lagrangian we can write is

L= Lo+ D, D)+ 42 |S| = A S| =k |S|" HIH+p2(S? + 5% S:%(SHA)
Model Phase VEVs at global minimum

U(1) Higgs+2 degenerate dark (S) =0

2 mixed + 1 Goldstone (A) =0 (U(1) — Z))

Ly X Ly Higgs + 2 dark (S) =0
2 mixed + 1 dark (A) =0 (Zo x Z4H — 7))

L 2 mixed + 1 dark (A) =0

3 mixed EETIA

R. Santos, METFOG, 2026
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The spin O extension - complex

One particular case: black Lagrangian is U(1) symmeftric. Black plus red
% = Ly + D80S +ud S| = 25| S|~ k| S| HH1uHS + 5 S - s*

SM + dark matter candidate A + a new scalar that mixes with the CP-even field in the doublet such that

my = Ayvi, + Agve \/ AV + A3V + kVEVE — 205 Avive
The mass eigenstates fields h; and hz are obtained from h and S via

hy _ [ cosa sin o h
h, —sina cosa/ \S

The conditions for the potential o be bounded from below are the same for the two models
Ag >0, Ag > 0, K > —2+\/Agis

2417 KV 0
M? =] kvvg 2403 0 Mpy = — 4/42
2

0 0 —4u

The scalar mass matrix is
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The spin O extension - 2 singlets - 2 independent symmetries

SM-+2RSS model with 22(1) XZZ(Z) symmetry

22(1) :S1 — —Sl, Sy, — —I—SQ, SM — +SM

(D, ()
« Z,'XZ,” symmet —
2 %2 %Y Y { 2?8 = 481, S5 — =S5, SM — +SM

» Most general renormalizable and Gg, xzz(l) XZZ(Z) invariant Lagrangian:

A A
L5l — 2261

Lsmirarss = Lsm + 5 (a $1)9"S1 + 5 (a 52)0" 8 — —n 151 - u%S% T ST

>\

A\ 7\
TV TV TV

:‘Cportal(l) _£portal(2) _£1nt(1,2)

 From 8 possible Ggy sz(l) XZZ(Z) invariant solution sets, we consider the vacuum configuration:

2, 0 2 SU(2),xU(1)y = U(1)q SSB 0 extra Higgs-like
(@) (@) = -2 = 2 —0 - and . .
H r=1 Zz(l) % ZZ(Z) inlsrale 2 DM candidates
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The spin O extension - 2 singlets - one symmetry

» Most general renormalizable and Gg, ><Zz(1) XZZ(Z) invariant Lagrangian:

A1

Lsmt2rss =Lsm + 5 ((’9 S1)0* Sy + = (8 So)O* Sy — —ILL%,Sl ,u%S% — S

A\
—%sfqﬂcp —@52 o' -=2 53 52

\ 7\ 7\
TV NV TV

:‘Cportal(l) _£portal(2) _£1nt(1,2)

P: What changes?
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The spin O extension - 3 singlets

The Zér) (r = 1,2,3) charges can be interpreted as three independent dark (intrinsic) parity quan-
tum numbers. Therefore, the most general renormalizable Lagrangian density invariant under SU(3). X
SU(2)r, x U(1)y x 22(1) X 22(2) X 22(3) transformations is given by

LsM+3RSS —ESM+Z [ (0, Sy)0"S, — —,u252 27;54 KHT52<I>T<I>
= :,cpomlm |
—ESl 52 A23 5253 A31 5351 S5 —V(|®], S1, S5, S3) . (5.4)
I = Ling(1,2) ! —£1nt(2,3) " —5mt(3,1)

-
where ®(x) = (G+(x) gbo(a:)) ~ (1,2,41/2) is the Higgs doublet, and the scalar potential is now
given by

3
1 Ay K Hr
V(®], 51,85, 93) =ph® @+ Ay (210)” + ) [§u253+gs;%+ gf S2pTP
r=1 '

gt 51 52 + A2 52 52 + Ast 53 52 (5.5)
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