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The existence of non-baryonic matter (Dark matter) in the Universe is convincing



Introduction

What is known about DM?

Dark matter

Neutral
* Massive
Cold

‘Weak' interactions with the SM particles

Ordinary matter

Stable or long-lived
¢ QPlanck h2 ~ 012

A candidate DM must be described in new
physics.

Dark energy



Dark Matter Mechanism production

There are (mainly) two theoretical mechanisms of dark matter production,
known as Freeze-out and Freeze-in, that offer fundamental insights into how DM
was generated in the early stages of the universe.



Freeze-out Mechanism (Thermal DM)
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Freeze-out Mechanism (Thermal DM)
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Freeze-out Mechanism (Thermal DM)
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Freeze-out Mechanism (Thermal DM)
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Freeze-out Mechanism (Thermal DM)
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Freeze-in Mechanism (Non-thermal DM)
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Freeze-in Mechanism (Non-thermal DM)
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Freeze-in Mechanism (Non-thermal DM)
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Freeze-out/in Mechanism
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Dark Matter Evolution

The evolution of DM, thermal and non-thermal, is described by the Boltzmann equation.

—= +3Hny = —(ov) (n} — nZy)

where nse, is the density number of DM, equilibrium particles, H = a! (da/dt) is the Hubble
parameter and ...



Dark Matter Evolution

... {ov) is thermally-averaged annihilation cross-section.

ds

e 5= 4md) ViR (/T o)
(on)(T) = /4m_g 8 Tmt K3 (my/T) ’

K; is the modified Bessel function and 0(s) = 055 sum sm(S). We need a particle physics
model (BSM).



Scalar Singlet Dark Matter

The SSDM extends the SM by introducing a real scalar field, s, which is a singlet under the SM
gauge symmetry. It includes a Z, parity, under which only s is odd. The most general and
renormalizable scalar potential of the model is as follows:

V=Au (JH? = 2)° + 12> + A s* + Ny [H? 52,

Here, \is represents the coupling between the DM candidate and the Higgs boson and
m? = 2u? + vy denotes the mass of the DM candidate.



Scalar Singlet Dark Matter
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Dark Matter Detection
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Early matter-dominated Universe scenario

During the period between the end of inflationary reheating and matter-radiation equality, we
assumed the Universe to be dominated by Standard Model (SM) radiation and a non-relativistic
field, ¢. The Boltzmann equations describe the evolution of the energy densities p, and pr

dp

d¢ +3Hpy = —14 po,
d
%+4HPR—+F¢HO¢’

where [ is the ¢ field decay width and w=0.



Early matter-dominated Universe scenario

dp
d—f+3ﬂp¢:—r¢ﬁ¢,

d
§+4HPR:+T¢P¢

Entropy injection



Early matter-dominated Universe scenario

dp
d—f+3ﬂp¢:—r¢ﬁ¢,

d
SR 4Hpr = +Ty py

/ :
pPr =0

2306.14943



Early matter-dominated Universe scenario

dpg
dt

d
%+4HPR—+F¢HO¢’

+3Hpy = —Ly po.

We have considered that pr was initially the dominant component. From this assumption, four
possible stages arise.



Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario

dpy

0 L 3Hpy, =T
dt+ P ¢ P>
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This new field modify the Friedmann equation.
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario

dpy

PO SHpy =T
d
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This new field modify the Friedmann equation.
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The evolution of the SM temperature is also altered.
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Early matter-dominated Universe scenario
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Early matter-dominated Universe scenario
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DM Genesis in EMD

For this research, we solve the Boltzmann equation for N=n, X a?,

AN (ov) 2 o
da~ am VN
{ov) ~ \is . It is useful to define Y=n, / s, where s is the entropy density.

msYo ~ 4.3 x 1071V Gev

where Yj is the asymptotic value of the DM yield at low temperatures.



DM Genesis in EMD
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DM Genesis in EMD

Production during Stage 1
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DM Genesis in EMD
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DM Genesis in EMD
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DM Genesis in EMD
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DM Genesis in EMD
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DM Genesis in EMD

Production during Stage 2
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DM Genesis in EMD

Production during Stage 3
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DM Genesis in EMD
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DM Genesis in EMD

Production during Stage 4
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Conclusions

 Dark Matter exists.
* The nature of Dark Matter is still unknown.

* In this work, we focus on an alternative possibility in which DM is produced during
EMD.

* The strong entropy injection caused by the ¢ field decay changes the DM genesis.

* We emphasize that although these results correspond to the SSDM model, the
conclusions presented here are expected to be very generic.
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Dark Matter Detection

Main methods for searching DM:

Colliders

X/ \SM

Indirect detection

=
A

Direct detection



Dark Matter Detection: Colliders

Produce DM imitating big-bang conditions.

If SSDM candidate m, < M,, / 2, the decay h — s s is kinematically allowed and it contributes
to its invisible decay. The partial width is given by

Iy :&& 1 — 21ms :
o 81 mpy my




Dark Matter Detection: Indirect
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Dark Matter Detection: Indirect

WIMP DM
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Dark Matter Detection: Indirect
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Dark Matter Detection: Direct

* DM should have small, but non-zero
interaction with ordinary matter.

* Observe low-energy recoils of nuclei
following interactions with DM.

* Operate detectors deep underground to
keep cosmic backgrounds low.

—
Qutgoing
Particle

Incoming
Particle

Kudryavtsev, V.A., et al. Recent Results
Prospects for Dark Matter Searches with

>

Drift time:
indicates depth

ls

and Future
LZ. Universe

2019, 5, 73. https://doi.org/10.3390/universe5030073



Dark Matter Detection: Direct

WIMP DM
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