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Dark matter near the resonance

2MDM ≈Mχ

thermally averaged annihilation cross-section strongly depend on
temperature

modified limits from indirect searches

applications to the self-interacting dark matter
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Standard freeze-out mechanism

Boltzmann equation

dY

dx
= −α 〈σv〉

x2
(Y 2 − YEQ), DM yield Y = n/s, α =

s(m)

H(m)

entropy s in coming volume is conserved, dimensionless parameter x = m/T

Decoupling

Γ = nEQ〈σv〉 . H(x)

xd ≈ 25 (log dependence on 〈σv〉)

Approximate solutions

1

Y∞
− 1

Y (xd)
= α

∫ ∞
xd

〈σv〉
x2

〈σv〉 = const, Y (xd)� Y∞

Y∞ ≈
xd

α〈σv〉0
generalizations 〈σv〉 ∼ x−m(1 + ax−n)
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WIMP miracle mDM ∼ 100 GeV, 〈σv〉 ≈ 2× 10−26 cm3s−1 → ΩDMh
2 ≈ 0.1

3 / 10



Annihilation near the resonance

σvrel ∼
1

(s−M2)2 + Γ2M2
≈

1

(δ + v2rel/4)2 + γ2

δ = 4m2
DM/M

2
R − 1, γ = Γ/MR

Thermal average with
Maxwell-Boltzmann distribution

σv
M-B x=20
M-B x=200

0
vrel

2

δ>0
σv
M-B x=20
M-B x=200

0
vrel

2

δ<0, γ<<|δ|

〈σv〉 =
x3/2

2
√
π

∫ ∞
0

dvrelv
2
rele
−xv2rel/4σvrel

strong temperature dependence,

〈σv〉 grows with decreasing T –
annihilation can last long after decoupling

reaches maximum when x ≈ (max[|δ|, γ])−1
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Relic abundance - approximate formulas

1

Y∞
−
�
�
�Z
Z
Z

1

Y (xd)
= −α

∫ ∞
xd

〈σv〉
x2

= −α
∫ ∞
xd

dx
1

2
√
πx

∫ ∞
0

dvrelv
2
rele
−xv2rel/4σvrel

Change the order - integral over x

erfc(vrel
√
xd/2)

vrel
≈ 1

vrel
−
√
xd
π

Approximate solution

Y∞ =
xf

α〈σv〉T=0

Y

YEQ

Y∞
(0)

Y∞
(1)

10 100 1000 104

10-12

10-10

10-8

10-6

x=m/T
Y
[x
]

δ=10-4, γ=10-3

xfxd

”Freeze-out” temperature

x−1
f =


γ(π − 2

√
2πxdγ), if γ � |δ|,

δ(2− 2
√
πxdδ), if δ � γ > 0,

δ2γ−1(2π − 4
√
πxd|δ|), if − δ � γ > 0.

effective annihilation after
decoupling

at ”freeze-out” temperature
〈σv〉 reaches its maximal value
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Application - self interacting dark matter

Properties of dark matter:

electrically neutral (non luminous)

non-baryonic (BBN)

non-relativistic (cold) (structure
formation)

weakly interacting with ordinary
matter (direct detection)

collisionless or self-interacting ?

Self-interaction strength

no effects on large scale structures

modifications on the scales of
clusters and galactic halos

CDM SIDM

Rocha+ 2013
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DM self-interaction cross section

Mean free path l = (nσ)−1 ∼ m/σself

Limit on self-interaction cross section

σself

m
<

{
1.25 cm2

g
(long − range)

0.7 cm2

g
(short− range)

Randall+ 2008

Core DM distribution in galactic halos

σself

m
& 0.1

cm2

g
∼

barn

GeV

Kuzio deNarray+ 2008 Harvey+ 2015
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Self-interaction from Higgs resonance

Abelian vector dark matter

extra complex scalar S charged under U(1)X , VEV 〈S〉 = vX

scalar mixing angle α, two mass eigenstates h1, h2

dark matter candidate U(1)X vector boson, MZ′ = gxvx ← Higgs mechanism

Resonance 2MDM ≈Mh1 = 125 GeV

decay width γ = Γh1/Mh1 = 3.2× 10−5

no invisible Higgs decays 2MZ′ > Mh1 ,

fine-tuning δ = 4M2
Z′/Mh1 − 1� γ

gx < 4π(petrubativity)

| sinα| < 0.36 (ATLAS+CMS)

σself

MZ′
< 1.1 cm2g−1

DM abundance ΩDMh
2 ∼ xf/〈σv〉0

non-resonant case 〈σv〉0 ≈ 2× 10−26 cm3s−1, xf = 20
Higgs resonance 〈σv〉0 ≈ 10−19 cm3s−1, xf = 1/(πγ) = 104

σself/MZ′ ∼ (gx sinα)4

〈σv〉0 ∼ (gx sinα)2
σself/MZ′ . 10−8 cm2g−1
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Resonance with the second scalar and bounds from indirect searches

Annihilation cross section
〈σv〉 ∝ (gx cosα sinα)2

It can be supressed by α� 1.

Self-interaction
σself ∝ (gx cosα)4

Fermi-LAT constraints

100 200 500 1000 2000 5000 104

10-26

10-24

10-22

10-20

MZ ' [GeV]

〈σ
v〉

W
+

W
-
[c

m
3 s-

1 ] 1 cm2/g

10-2 cm2/g

10-4 cm2/g

4×10-7 cm2/g

6×10-8 cm2/g

Fermi-LAT bound

Lower bound on annihilation rate 〈σv〉
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2.2 · 102

εη
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ε ∈ {2, π} – depends on the parameters of the resonance δ, γ
η < ηmax – depends on the couplings, limited by perturbativity (VDM ηmax = 1/48)
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Summary

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

There exist approximate formulas for relic density in terms of annihilation
cross-section at low tempretures and parameters of the resonance

Self-interaction rates are limited by the indirect searches.
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BACKUP SLIDES
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Annihilation near the resonance

σvrel =
ω

s
βf

4M2Γ̄2BiBf

β̄f β̄i

1

(s−M2)2 + Γ2M2
≈ 4ω

M2β̄i

γ̄2BiBf
(δ + v2rel/4)2 + γ2

initial states mi, final states mf ,
resonance M

statistical factor ω = (2SR + 1)/(2Si + 1)2

resonance decay branching ratios Bi, Bf

phase space β = 1
8π

√
1− 4m2/s, β̄ = β|s=m

small parameters δ = 4m2
i /M

2 − 1, γ = Γ/M

Resonance peak in physical region

2mi < M, δ < 0,
Γ̄ = Γ - physical width
peak is kinematically accesible

Resonance peak in unphysical region

2mi > M, δ > 0,
Γ̄Bi/β̄ ∼ gi - coupling constant

0 |δ|
vrel

2

σv

0-δ
vrel

2

σv
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Thermally-averaged cross-sections - another case

4ω

M2β̄i

γ̄2BiBf
(δ + v2rel/4)2 + γ2

〈v2rel〉 = 6/x

Narrow resonance in physical region δ < 0, γ � |δ|
maximum of 〈σv〉 at x ≈ |δ|−1,

〈σv〉max = δ/γ〈σv〉0

σv
M-B x=20
M-B x=200

0
vrel

2

δ<0, γ<<|δ|
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Relic abundance - approximate formulas

dY

dx
= −α 〈σv〉

x2
(Y 2 −�

�Z
ZY
2
EQ )

x > xd ⇒ Y � YEQ

1

Y∞
−
�
��@
@@

1

Y (x)
= −α

∫ ∞
x

〈σv〉
x2

x > xf = (ε max[|δ|mγ])−1,
ε ∼ 1
〈σv〉 ≈ 〈σv〉0 = const

Y∞ = xf/(α〈σv〉0)

Y (0)
∞ =

1

αεmax[|δ|, γ]〈σv〉0
No dependence on xd and

〈σv〉 for x < xf

How to find ε?
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Relic abundance - approximate formulas

1

Y∞
−
�
�
�Z
Z
Z

1

Y (xd)
= −α

∫ ∞
xd

〈σv〉
x2

= −α
∫ ∞
xd

dx
1

2
√
πx

∫ ∞
0

dvrelv
2
rele
−xv2rel/4σvrel

Change of the integration order

∫ ∞

xd

exp(−xv2rel/4)
2
√
πx

dx =
erfc(vrel

√
xd/2)

vrel
≈

1

vrel

−
√
xd

π

First approximation - how to find ε?

1

Y
(0)
∞

=

∫ ∞
0

α〈σv〉0vrel
δ2 + γ2

(δ + v2rel/4)2 + γ2
=

= α〈σv〉0(δ2 + γ2)
π − 2 arctan(δ/γ)

γ
≈

≈ α〈σv〉0 ×


πγ, if γ � |δ|,
2δ, if δ � γ > 0,

2πδ2/γ, if − δ � γ > 0.

No dependence on xd
Non-resonant 1/Y∞ = α〈σv〉0/xf
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Relic abundance - approximate formulas

∫ ∞
xd

exp(−xv2rel/4)

2
√
πx

dx =
erfc(vrel

√
xd/2)

vrel
≈

1

vrel
−
√

xd

π

Second approximation - dependence on xd

1

Y
(1)
∞

= α〈σv〉0 ×


γ(π − 2

√
2πxdγ), if γ � |δ|,

δ(2− 2
√
πxdδ), if δ � γ > 0, ,

δ2γ−1(2π − 4
√
πxd|δ|), if − δ � γ > 0.
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Y∞ ∼ xf/〈σv〉0 〈σv〉0 can be many times larger than 2× 10−26 cm3g−1
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Abelian 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) (1)

V (H,S) = −µ2
H |H|2 + λH |H|4 − µ2

S |S|2 + λS |S|4 + κ|S|2|H|2 (2)

Vacuum expectation values:

〈H〉 =
vSM√

2
, 〈S〉 =

vx√
2

(3)

U(1)X vector gauge boson Vµ

Dµ = ∂µ + igxVµ

Stability condition - no mixing of U(1)X with U(1)Y ���
�XXXXBµνV
µν

Z2 : Vµ → −Vµ, S → S∗, S = φeiσ: φ→ φ, σ → −σ
Vµ acquires mass due to the Higgs mechanism in the hidden sector

MZ′ = gxvx (4)
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Abelian vector dark matter

Scalar mixing

S =
1√
2

(vx + φS + iσS) , H0 =
1√
2

(v + φH + iσH), where H =

(
H+

H0

)
(5)

M2 =

(
2λHv

2 κvvx
κvvx 2λSv

2
x

)
,

(
h1

h2

)
=

(
cosα − sinα
sinα cosα

)(
φH
φS

)
(6)

Mh1 = 125 GeV - observed Higgs particle

Higgs couplings

L ⊃ h1 cosα+ h2 sinα

v

2MWW
+
µ W

µ− +M2
ZZµZ

µ −
∑
f

mf f̄f

 (7)

18 / 10



Fermi-Lat indirect searches

Typical WIMP cross section xf ≈ 25

〈σv〉0 =
xf

25
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δ � γ ⇒ xf = 1/(2δ), ε = 2
γ � |δ| ⇒ xf = 1/(πγ), ε = π
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4πω
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(εxf )2

γB/β̄ – limited by perturbativity
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