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The standard treatment™ ..z cosones s

@ Abundance of species X initially in equilibrium with SM:
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¢ WIMP DM is seriously pressured, i+ erciis
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but not (yet) ‘dead’ ! (+ many more)
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Ingredients for numerical evaluation

¢ Thermal average:
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@ Number density in EQ:

Nx,eq = gxmiTK2(mx/T)/(2772)

@ Radiation domination:
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[See also Steigman+, PRD ’12]
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(Often forgotten) assumptions

@ Boltzmann equation at phase-space level:
[/ d*p gives Eq for number density Ny ]

£(0, — PR /- = G
Expansion |

(in FRW spacetime)

A v Interactions with SM:
SM X X X
SM>:<X << SM>:<5M
I) DM becomes non-relativistic while still in (full) EQ:
T T

II) DM remains in kinetic EQ during freeze-out

fX — e_(E—:uX)/T — elux/Tf;q IU“X/mX < 1

II1) SM particles never build up significant chemical potentials

—FEsm/T

— (energy conservation: Esy = Ey)
= A= qu[
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Generic dark sector models

SU(3). x SU2)r, xU(1)y

¢ SM particles ¢ Dark matter
¢ Dark radiation

(‘sterile neutrinos’, ‘dark photons’, ...)

@ A‘portal’ typically still ensures
thermalisation at high temperatures

¢ Separate entropy conservation after decoupling -
A # T f(T) — TX(T) - [QSM(T)/QEM(TdeC)] °
photon 77 Zdark T [gPS(1)/9P5 (Taco))

@ Let’s study a for concreteness:

¢ only fermionic DM (X) and a scalar (S) in dark sector (with s < M)

¢ decoupling at high temperatures: Taec > My, My

g © (directly) afterwards EQ in DS through xx <+ 55
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Case |: massless DS ‘heat bath’

@ Vanishing chemical potential for S

¢ e.g. because of XX — XXxS
= identical assumptions to standard case possible, after replacing T %.

=> Can use same Boltzmann equation for n,, after changing
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b-wave annihilation

[In case you ever wondered how the ‘Steigman plot’ looks like for non-constant

cross sections...]
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Case ll: massive annihilation products

@ |n general, nothing prevents S to build up chemical potentials

< unless adding new physics, e.g. massless states Nwith 1' x99 > 1'gvo58

j> Underlying assumptions for standard Boltzmann equation
not satisfied anymore, even when assuming kinetic EQ:

fS fe_ES/TX f;q fe_E/Tx g 1 fxfe—(E—uX)/Txfeux/Txf;q

@ In kinetic EQ, particles will still follow BE / FD distributions

> Need to independently solve for T, , uyand pug,
with !

¢ number conservation n; +3Hn; = €/Ny, ng+3Hng=—C

: 0
@ energy conservation V, Tpg =0

: L . 0Q .. 0Q . 00 .
e m = —T — —
transform all time derivatives as Q o1 L + oy + Sighs
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Case ll: results
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Conclusions

@ Increasing interest in dark sector models
to explain dark matter

@ Thermal freeze-out works equally well in this case...

... but must be treated correctly for
of experimental searches and pheno studies!

@ Difference to ‘vanilla’ approach can be orders of magnitude

[c.f. pbercent accuracy in total observed DM abundance ]

@ Even can’t do everything [yet] ;)

Thanks for your attention!
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@ Numerical package to calculate

— | inking to main library/user
¢ ’ 141 . ain program replaceable
aII DM related quantItIeSo Usl,:r-sugpligd, e.g. —— Li:lldng tzlchosen module
examples/dsmain.F ——» Calling sequence
¢ relic density + kineti uplin e
e C de S ty et C deco P g -------------- !_Particle physicsinTol(—IuIes N
(also for 1 qark 7& Tphoton ) ‘F’putb. | src_models/
¢ generic SUSY models + laboratory e | [wainos f[1ocute maem
ConStrGintS lmplement6d \ ﬁlraij/s_main.a /'7 iggg;i\aaﬁergtgi%tciaosns é?/%ini%?jlﬂed _____
o . . Observabl_es ‘
¥ cosmic ray propagation oy 5 (R
¢ particle yields for generic DM Interface functions ~{p5ed
EFU';;;‘: es Internal routines by user |
annihilation or decay e | o — —

¢ indirect detection rates: gammas,
positrons, antiprotons, neutrinos

¢ direct detection rates
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since 6.1: DM self-interactions

©

since 6.2: <reverse’ direct detection
) (see later)
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