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Figure 1: Common evidence of dark matter.

Left: Rotation curves of spiral galaxies [1].

Right: Gravitational lensing effect observed from Galaxy cluster Abell 370, figure
taken from
https://hubblesite.org/contents/articles/gravitational-lensing
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Basic Properties of Dark Matter

A list of plausible properties of dark matter reads:
e Electrically neutral.
e Massive.
e Long-lived.
e Non-baryonic.

Cosmological constraint [2; 3]:

0.094 < |Qpumh? = PPMB2| <0136 = 3.71peic < poM < 5.36peit-

Pecrit
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The Boltzmann Equation

Evolution of phase-space distribution f(z#,p") is governed by the
Boltzmann equation

L =Cirl. (L.1)
e L. describes the change in number density per phase-space volume.

e C contains information about non-conserving particle number
processes.

In FLW model!, the Boltzmann equation for species x reads

Ny + 3Hn, = — (0yUMgl) [ni — (n;q)ﬂ
z dYy Ty <YX )2 Ny
= X=X |[X] 1|, YV, =X
Yyt da H l Yed X s

'FLW cosmology assume that the universe is homogeneous and isotropic universe.
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Freeze-out Mechanism & Freeze-out Approximation

r dY, Ty (YX )2
—X =X - 1. 1.2
Y4 dz H l Yed (1.2)

e I'\ = H: the collection of particles of the given species evolves while
remain in thermal equilibrium.

e I'\ < H: The abundance of the species x remains nearly constant of
after decoupling from thermal bath = freeze-out

Based on solving ¢ at which I'y (x5) = H(xy), the freeze-out
approximation implies

1 1 ™ 1/2 Ty 1/2
=—+|— . dr, 13
v =37+ (ma) [ o o) (13)
= O, h? ~2.8282 x 108 x m, x Y(T = Tp) (1.4)
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Supersymmetry

According to [4], the most general continuous symmetry group in nature is
SuperPoincaré x Internal symmetries

SuperPoincaré generators include of P*, M and Q,Q

@|Boson) = [Fermion) Supersymmetry
()|Fermion) = |Boson) between fermions and bosons

Highlights

e Each particle has a corresponding superpartner with different
spin.

lepton <+ slepton | gauge boson <> gaugino
quark <> squark | Higgs boson <> higgsino

e Offer candidates for Dark Matter particles.
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Supersymmetric Extension of the Standard Model

Minimal Supersymmetric Standard Model (MSSM)

e Keep the minimum number of superfields compared to SM.
e Fine-tuning p-problem.

Next-to-Minimal Supersymmetric Standard Model (NMSSM)

e Adding one Higgs singlet S to MSSM particle content.
e Consider Z3 symmetry = Scale-independent coupling constants
in superpotential.

e Dynamically generate p via electroweak symmetry breaking, thus
solves the MSSM pi-problem.
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NMSSM Lightest Neutralino as a Dark Matter Candidate

B—L)+2s

R-parity is a Z symmetry defined as Py = (—1)3(
e R-parity conservation forbids couplings that violate baryon num-
ber and lepton number.
e SM particles have even R-parity; the superpartners have odd
R-parity.
e The Lightest Supersymmetric Particle (LSP) in a R-parity
preserved models cannot decay.

Neutralinos

Neutralinos in the NMSSM are mass eigenstates of neutral gauginos
B, W3 and neutral Higgsinos HY, H?, S.
e If lightest neutralino ¥ is a LSP = DM candidate.
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Neutralino Annihilations at Tree-level

Tree-level neutralino annihilation processes

Fermionic final states.
Weak gauge boson pair final states.
One weak gauge boson + one Higgs boson.
Higgs boson pair final states.
» s-channel with exchanged Higgs bosons or Z boson.
» t-channel and u-channel with exchanged sfermions, neu-
tralinos or charginos.
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Neutralino Annihilations at Tree-level

X S’

Tree-level neutralino annihilation processes

e Fermionic final states.
e Weak gauge boson pair final states.
e One weak gauge boson + one Higgs boson.
e Higgs boson pair final states.
» s-channel with exchanged charged Higgs bosons or W bo-
son.
» t-channel and u-channel with exchanged sfermions, neu-
inos.

tralinos or char
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Input parameters

The mass spectrum is generated using NMSSMCALC, with the parameter
point taken therein.

myo = 190.7491 (GeV)
My, = 87.2381 (GeV) My, = 125.0445 (GeV)
M, = 700.044 (GeV) My, = 895.9974 (GeV)
M, = 897.8033 (GeV)

Table 1: Some values taken from NMSSM mass spectrum with the given
parameter point.
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Total Cross Section & Its Thermal Average
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Figure 2: Total cross section of neutralino annihilation processes.
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Numerical Results for Relic Abundance

Comoving number density Y(T)
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Figure 3: Solution of the comoving number density in the range (¢, zo).
o Neutralino relic density (without co-annihilations): Qi?hz ~ 0.01259.
o Neutralino relic density (with co-annihilations): (2>2c1:h2 ~ 0.00698.
Recall the cosmological constraint: 0.094 < Qpyph? < 0.136.
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Summary

e The lightest neutralino in the NMSSM is consider as a DM
candidate in the calculations.

e The calculation of neutralino relic density used the freeze-out
approximation with all annihilation processes up to tree-level.

e Co-annihilations should be taken into accounts for better de-
scription of abundances.
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Ly —— ¥Y(x) with s-wave dominant
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Figure 4: An illustration of Y, (z) when consider the lowest order of expansion
over e.
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Figure 5: Degrees of freedom parameter with respect to temperature.
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Figure 6: Plot of the thermal kernel J# (x, ¢) with respect to z and e.
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Figure 7: The thermal average of velocity-weighted total cross section in the
range x € (0, 200).
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Stability test for x; with respect to §

0]

= rel(3)

Xr

29

26

25 5.0 75 10.0 125 15.0 175 20.0

Figure 8: Solution of freeze-out point .
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x10°% Integrand in a broad range

[ 200 400 600 800 1000
T(GeV)

1028 Integrand in integration range (7o, 7))
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