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Motivation — s-channel resonance

Breit-Wigner resonance 2Mpy; ~ Mg
enhanced annihilation = suppressed coupling

e enhancement of low velocity annihilation
rates

Ibe et al., 2009, Guo, Wu 2009

e special methods to treat resonantly
enhanced annihilation

Gondolo, Gelmini 1991, Griest, Seckel 1991

@ insensitive to direct detection
e kinetic decoupling ?

@ enhancement of the self-interaction
cross-section ?
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Standard freeze-out mechanism

Boltzmann equation for DM fL[fDM]dSp = fC[fDA,I]dSp
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Breit-Wigner approximation

Annihilation cross-section - s-wave
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Thermally averaged annihilation cross-section

Averaged cross section (ovrel) normalized to (Gvrel)T=0
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(ovrel) grows for smaller temperatures



Kinetic decoupling — simple picture

Condition Tphys = Tsys is not always fulfilled.

Thermal equilibrium is maintained by the scattering of DM on the
abundant light SM states.

DM DM e proper relic abundance requires small
coupling of DM to SM
D R SM R
@ scattering process is not resonantly
DM SM
SM SM enhanced

Comparision of the Hubble rate to the scattering rate

Bi at al, 2011
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1
3/2\ 1
H(de) ~ Tscat (de) = Thd S ( 10-6 ) = Tyxa ~ Tq.

Kinetic and chemical decoupling temperatures are comparable



Kinetic decoupling — instantaneous decoupling

Tsum, it T > Tra
Tov =4, 5 .
TSM/de7 if T'< Thq.

6=-1077, y=10"%, M=1TeV
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quickly falling DM temperature = more effective annihilation



Kinetic decoupling — detailed description

Mpw=1TeV, 6=1075, y=10"°

Mpm=1TeV, 6=107°,
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Temperature parameter

MpuT.
y= PN Tom OC/pr(P)dgp

52/3
before decoupling: y o< TS_]\14 Xz s~ T3y
after decoupling: y ~ const

Second moment of Boltzmann equation

/pQL[fDM]d%: /pQC[fDM]dg’p




Kinetic decoupling — detailed description

see also A. Hryczuk talk
Coupled Boltzmann equation
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Aarssen, Bringmann, Goedecke 2012
Scattering and annihilation have both influence on temperature

scattering rate c(T)
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Kinetic decoupling — solutions of Boltzmann equation

Density Temperature
Mom=1TeV, 6=10"%, y=10"8 ‘ Mow=1TeV, 6:10_5,‘y=10_6
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Illustration - the Higgs portal with vector dark matter

Additional complex scalar field S

e singlet of U(1)y x SU(2)r x SU(3).,  charged under U(1)x
E
4
V(H,S) = —pulH|* + M| H|* = p3]SI” + As|S|* + w|S[*[H[*

L=Lsy— ~VuV* +(D,S)*D"S + V(H,S)

Vacuum expectation values: (H) = ”572/’, (S) = “—\/%

U(1)x vector gauge boson V,,
e Stability condition - no mixing of U(1)x with U(l)y  Bm¥"
Z9:Vy— =V, S — S*, S=0¢e: ¢p— ¢, 00— —0

o Higgs mechanism in the hidden sector My = g, v,

Higgs couplings — mixing angle «, My, =125 G
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Resonance with a Higgs scalar

(ovrel) o sin acos « J
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Small a required by relic abundance

Resonance with the SM-like Higgs
o My ~125/2 GeV

e decay channel hy — Z’'Z’, if open
suppressed by sin? & and by phase space

£ /1= 4M§//M21 =ik 1 Ih—zrzr € Tsu

Resonance with the second Higgs
o My ~ My, /2 GeV

e hy — SMSM suppressed by sin? «,
ho — Z'Z' can dominate

e near threshold effects




Velocity dependent width

Beyond Breit-Wigner approximation — resummed propagator
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Solutions of Boltzmann equation - v-dependent width

Density Temperature
Mpu=1TeV, 6=10"°, a=10"* Moy=1TeV, 6=10"°, a=10"*
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dashed lines — Breit-Wigner approximation

o earlier chemical decoupling o annihilation less effective in changing

e annihilation lasts longer DM temperature

(ovre1) grows for smaller velocities = annihilation heats up DM



Self-interacting DM

CDM SIDM

Core/cusp problem

Simulated CDM halos contain more DM in the
central region than indicated by the data from
observations

Possible solution o ~ psTs/T cusp
Large self-interaction cross-section A
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Bounds on the parameter space

Mixing angle « set by relic density )
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Effects of kinetic decoupling may change the relic density by more than
order of magnitude J




Summary

@ Thermally averaged cross-sections for dark matter annihilation near
the resonance strongly depend on temperature.

e DM freeze-out is delayed with respect to the non-resonant case

@ To include the effects of early kinetic decoupling one has to solve
the set of coupled Boltzmann equations

e If coupling between resonant mediator and DM is not suppressed then
Breit-Wigner approximation is modified by near threshold effects.

o Large self-interactions are strongly constrained by the DM indirect
searches.



