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Motivation – s-channel resonance

Breit-Wigner resonance 2MDM ≈MR
enhanced annihilation ⇒ suppressed coupling

enhancement of low velocity annihilation
rates

Ibe et al., 2009, Guo, Wu 2009

special methods to treat resonantly
enhanced annihilation

Gondolo, Gelmini 1991, Griest, Seckel 1991

insensitive to direct detection

kinetic decoupling ?

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

Boltzmann equation for DM
∫

L[fDM ]d
3p =

∫

C[fDM ]d
3p

dY

dx
= −α 〈σvrel〉

x2
(Y 2 − YEQ), DM yield Y = n/s, α =

s(m)

H(m)

x = m/T dimensionless parameter

s – entropy density ← conserved in the comoving volume

Chemical decoupling x = xd

Γ = nEQ〈σvrel〉 . H(x)

Approximate solutions

〈σvrel〉 = const
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Breit-Wigner approximation

σ ∼
1

(s−M2
R
)2+M2

R
Γ2tot

0-δ v
rel

2

σv

Annihilation cross-section - s-wave

σvrel =
∑

f 6=i

64πω

M2
ηiηfβf

(δ + v2rel/4)
2 + γ2

Dimensionless parameters:

ηi/f =
ΓBi/f

MRβ̄i/f
, δ =

4M2DM
M2R

− 1, γ =
ΓR
MR

couplings position width

statistical spin-dependent factor

ω =
2sR + 1

(sDM + 1)2
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Thermally averaged annihilation cross-section

Averaged cross section 〈σvrel〉 normalized to 〈σvrel〉T=0

R(x) =
〈σvrel〉
〈σvrel〉T=0

=
x3/2

2
√
π

∫ ∞

0

dvv2e−xv
2/4 δ2 + γ2

(δ + v2/4)2 + γ2
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Kinetic decoupling – simple picture

Condition TDM = TSM is not always fulfilled.

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

proper relic abundance requires small
coupling of DM to SM

scattering process is not resonantly
enhanced

Comparision of the Hubble rate to the scattering rate

Bi at al, 2011

H(Tkd) ∼ Γscat(Tkd)⇒ xkd .
(

max[δ, γ]3/2

10−6

) 1
4

=⇒ Tkd ∼ Td.

Kinetic and chemical decoupling temperatures are comparable
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Kinetic decoupling – instantaneous decoupling

TDM =

{

TSM , if T  Tkd
T 2SM/Tkd, if T < Tkd.
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quickly falling DM temperature ⇒ more effective annihilation
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Kinetic decoupling – detailed description

YEQ
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Temperature parameter

y ≡ MDMTDM
s2/3

TDM ∝
∫

p2f(p)d3p

before decoupling: y ∝ T−1SM ∝ x s ∼ T 3SM
after decoupling: y ≈ const

Second moment of Boltzmann equation
∫

p2L[fDM ]d
3p =

∫

p2C[fDM ]d
3p
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Kinetic decoupling – detailed description

see also A. Hryczuk talk

Coupled Boltzmann equation

dY

dx
=−

1− x
3

g′
∗s

g∗s

Hx
s
(

Y 2〈σvrel〉xDM − Y 2EQ〈σvrel〉x
)

dy

dx
=−

1− x
3

g′
∗s

g∗s

Hx

[

2MDM c(T )(y − yEQ)+

− sy
(

Y (〈σvrel〉xDM − 〈σvrel〉2|xDM )−
Y 2EQ

Y

(

〈σvrel〉x −
yEQ

y
〈σvrel〉2|x

)

)]

Aarssen, Bringmann, Goedecke 2012

Scattering and annihilation have both influence on temperature

scattering rate c(T)

c(T ) =
1

12(2π)3)M4DMT

∑

f

∫

dkk5ω−1g|Mf |2t=0;s=M2
DM
+2MDMω+M

2
f

the averaged cross section 〈σvrel〉2

〈σvrel〉2 =
∫ ∞

0

dvrel
x3/2

4
√
π
σvrel

(

1 +
1

6
v2relx

)

v2rel exp
−v2
rel
x/4 .
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Kinetic decoupling – solutions of Boltzmann equation

Density

YEQ
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〈σvrel〉 grows for smaller velocities ⇒ annihilation heats up DM
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Illustration - the Higgs portal with vector dark matter

Additional complex scalar field S

singlet of U(1)Y × SU(2)L × SU(3)c, charged under U(1)X

L = LSM −
1

4
VµνV

µν + (DµS)
∗DµS + Ṽ (H,S)

V (H,S) = −µ2H |H|2 + λH |H|4 − µ2S |S|2 + λS |S|4 + κ|S|2|H|2

Vacuum expectation values: 〈H〉 = vSM√
2
, 〈S〉 = vx√

2

U(1)X vector gauge boson Vµ

Stability condition - no mixing of U(1)X with U(1)Y ✘
✘
✘✘❳

❳
❳❳

BµνV
µν

Z2 : Vµ → −Vµ, S → S∗, S = φeiσ: φ→ φ, σ → −σ
Higgs mechanism in the hidden sector MZ′ = gxvx

Higgs couplings – mixing angle α, Mh1 = 125 GeV

L ⊃ h1 cosα+ h2 sinα
v

(

2MWW
+
µ W

µ− +M2ZZµZ
µ −

∑

f

mf f̄f

)
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Resonance with a Higgs scalar

〈σvrel〉 ∝ sinα cosα Small α required by relic abundance

Resonance with the SM-like Higgs

MZ′ ≈ 125/2 GeV
decay channel h1 → Z′Z′, if open
suppressed by sin2 α and by phase space

√

1− 4M2
Z′
/M2h1 =

√
δ ≪ 1 Γh1→Z′Z′ ≪ ΓSM

Resonance with the second Higgs

MZ′ ≈Mh2/2 GeV
h2 → SMSM suppressed by sin2 α,
h2 → Z′Z′ can dominate
near threshold effects
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Velocity dependent width

Beyond Breit-Wigner approximation – resummed propagator

1

s−m2h + i ImΠh(s)

ImΠh(s)/
√
s ≈ Γnon−DM (m2h) + ΓDM (s)

ΓDM (s) ≈ ηmh
√

1− 4M2Z′/s ≈ ηmhv/2

Breit-Wigner

v-dependent
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δ=10-5, α=10-4, η=3/16 σv(s) ∼ 1
(δ+v2

rel
/4)2+(γnon−DM+ηv/2)

2

for larger T scales like 1/v2

saturates δ ∼ ηv/2

σv(s) ∼ 1
(δ+v2

rel
/4)2+γ2

for larger T scales like 1/(δv2)

saturates max[δ, γ] ∼ v2/4

13 / 17



Solutions of Boltzmann equation - v-dependent width
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earlier chemical decoupling

annihilation lasts longer
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y

yxKD=90

yEQ

1 1000 106 109

10

104

107

x

y

MDM=1 TeV, δ=10
-5, α=10-4

annihilation less effective in changing
DM temperature

〈σvrel〉 grows for smaller velocities ⇒ annihilation heats up DM

14 / 17



Self-interacting DM

Core/cusp problem

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

Possible solution

Large self-interaction cross-section

0.1
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g
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σself
MDM
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Bounds on the parameter space

Mixing angle α set by relic density
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Effects of kinetic decoupling may change the relic density by more than
order of magnitude
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Summary

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

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

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

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