
Multi-component dark matter scenarii:
vector and fermion case

Aqeel Ahmed

University of Warsaw

with Mateusz Duch, Bohdan Grzadkowski and Michal Iglicki, in progress

PLANCK 2017 – Warsaw 22 – 27 May 2017



Why multi-component dark matter scenarios?
Standard practice in dark matter model building

� A stabilizing (discrete) symmetry in the dark sector, e.g. Z2.
� Most models have one particle which is charged under this stabiliz-

ing symmetry and hence is dark matter candidate.
� If many particle are charged under this stabilizing symmetry then

the ‘lightest stable particle’ (LSP) is dark matter candidate.

Going beyond the single component dark matter

Visible Sector Dark Sector(s)
Messengers

� It is plausible to have dark sector(s) with many stable particles.
� What properties to expect from multi-component dark matter?
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MCDM: a generic example with Z2×Z′2
� Let us consider a minimal example of mcdm with a Z2×Z′2 discrete

symmetry involving χ, χ̃, φ̃ (dark-sector) and φ (messenger) .

Symmetry χ χ̃ φ̃ φ

Z2 + − − +

Z′2 − + − +

� Possible couplings allowed under a Z2×Z′2 symmetry

φ

φ

φ

gφφφ φ

χ

χ

gφχχ φ

χ̃

χ̃

gφχ̃χ̃ φ

φ̃

φ̃

gφφ̃φ̃ φ̃

χ

χ̃

gχχ̃φ̃

where we assume

α ≡ gφφφ
g∗

=
gφχχ
g∗

=
gφχ̃χ̃
g∗

, β ≡
gφφ̃φ̃
g∗

, ξ ≡
gχχ̃φ̃
g∗

where g∗ is electroweak coupling.
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MCDM: a generic example
� Four classes of processes happen among χ, χ̃, φ̃ (dark-sector) and φ.

χ

χ

φ

φ

χ̃

χ̃

φ

φ

φ̃

φ̃

φ

φ

Annihilations

χ

χ

χ̃

χ̃

χ

χ

φ̃

φ̃

χ̃

χ̃

φ̃

φ̃

Conversions

χ

φ̃

χ̃

φ

semi-Annihilations φ̃

χ

χ̃

Decays
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MCDM: Boltzmann equations for minimal example
dnχ

dt
= −3Hnχ − 〈σχχφφvMøl〉

(
n
2
χ − n̄2

χ

)
annihilation

−
[
〈σχχχ̃χ̃vMøl〉

(
n
2
χ − n2

χ̃

n̄
2
χ

n̄
2
χ̃

)
+ {χ̃→ φ̃}

]
conversion

−
[
〈σχφ̃χ̃φvMøl〉

(
nχnφ̃ − n̄χn̄φ̃

nχ̃

n̄χ̃

)
+ {φ̃↔ χ̃}

]
semi-annihilation

+ Γφ̃→χχ̃

(
nφ̃ − n̄φ̃

nχ

n̄χ

nχ̃

n̄χ̃

)
, semi-decay

dnχ̃

dt
=
dnχ

dt
[χ↔ χ̃],

dnφ̃

dt
= −3Hnφ̃ − 〈σ

φ̃φ̃φφ
vMøl〉

(
n
2
χ̃ − n̄2

χ̃

)
annihilation

−

〈σφ̃φ̃χχvMøl〉

n2
φ̃ − n

2
χ

n̄
2
φ̃

n̄
2
χ

+ {χ↔ χ̃}

 conversion

−
[
〈σχ̃φ̃χφvMøl〉

(
nχ̃nφ̃ − n̄χ̃n̄φ̃

nχ

n̄χ

)
+ {χ↔ χ̃}

]
semi-annihilation

− Γφ̃→χχ̃

(
nφ̃ − n̄φ̃

nχ

n̄χ

nχ̃

n̄χ̃

)
semi-decay
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Solving the Boltzmann Eqs. for minimal example
� Thermally averaged cross sections of the order of the electroweak scale

〈σabcdvMøl〉 ≈
G2
F

2π
m2︸ ︷︷ ︸

∼10
−11 GeV−2

M2
abcd(α, β, ξ),

where m is the DM mass of order electroweak scale ∼ 100 GeV.
� Mabcd(α, β, ξ) are rescaled dimensionless matrix element

Mχχφφ ∼Mχ̃χ̃φφ ∝ α2, χ, χ̃ annihilation
Mφ̃φ̃φφ ∝ (α+ β)β, φ̃ annihilation

Mχχχ̃χ̃ ∼Mχ̃χ̃χχ ∝ (α2 + ξ2), conversion
Mφ̃φ̃χχ ∼Mφ̃φ̃χ̃χ̃ ∝ (αβ + ξ2), conversion

Mχφ̃χ̃φ ∼Mχ̃φ̃χφ ∼Mχχ̃φ̃φ ∝ (α+ β)ξ, semi-annihilation

� Decay width is Γφ̃→χχ̃ ∼ ξ
2 ×O(1) GeV when kinematically allowed.

Aqeel Ahmed – UW Multi-Component Dark Matter Scenarii PLANCK2017 – 5/21



Solving the Boltzmann Eqs. for minimal example
� Let us imagine there is a very weak or no direct coupling between φ̃

and visible sector φ, i.e β ≡ gφφ̃φ̃
g∗
≈ 0.

� This implies no direct annihilation of φ̃

Mφ̃φ̃φφ ∝ (α+ β)β ≈ 0 φ̃ annihilation

� However, φ̃ annihilates through semi-annihilation processes

Mχφ̃χ̃φ ∼Mχ̃φ̃χφ ∼Mχχ̃φ̃φ ∝ (α+ β)ξ semi-annihilation

� Also it could decay Γφ̃→χχ̃ ∼ ξ
2 GeV when kinematically allowed.

� Conversion processes with keep equilibrium within the dark sector

Mφ̃φ̃χχ ∼Mφ̃φ̃χ̃χ̃ ∝ (αβ + ξ2) conversion
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Two-component dark matter case
mχ = 100 GeV, mχ̃ = 250 GeV and mφ̃ = 125 GeV
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��-��
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��-��

��-�

�

x ≡ mφ̃
T x ≡ mφ̃

T

yi(x) ≡ ni(x)
s(x)

� Note for β = 0 there is no direct annihilation of the φ̃φ̃ to visible sector.
� The only way the φ̃ annihilates into the visible sector is through the

semi-annihilation processes of the type φ̃χ̃↔ χφ.
� Hence when any of the two remaining state χ or χ̃ decouples and goes

out of the equilibrium, then the φ̃ also decouples.
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Two-component dark matter
mχ = 100 GeV, mχ̃ = 150 GeV and mφ̃ = 300 GeV

� � �� �� ���
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��-��

��-��

��-��

�

� For of this point mφ̃ > mχ +mχ̃, the decay Γφ̃→χχ̃ is allowed.
� Note the contribution of φ̃ to the relic is negligible however its presence

is important for the dominant components through ξ ∼ gχχ̃φ̃ interactions.
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Three-component dark matter case
mχ = 100 GeV, mχ̃ = 75 GeV and mφ̃ = 50 GeV

� � �� �� ���

��-��

��-��

��-��

��-�

�

� � �� �� ���

��-��

��-��

��-��

��-�

�

� There are parameter regions where all three stable particles contribute
almost equally to the dark matter relic density.

� Note that conversion processes tend to bring equilibrium within the dark
sector.
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Take-home message from our generic MCDM

A minimal example

� We consider a Z2 × Z′2 discrete symmetry such that two or three
states in the dark sector [χ(−,+), χ̃(+,−) and φ̃(−,−)] are stable.

Take-home message

� When for a given dark matter species the standard annihilation chan-
nel is suppressed then its abundance might be very sensitive to the
presence of other ingredients of the dark sector, even if their direct
contributions to the total abundance are negligible.
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VFDM: a vector and fermion dark matter

Visible Sector
GSM

Dark Sector
U(1)XHiggs portal

� Gauge symmetry: SU(3)c × SU(2)L × U(1)Y︸ ︷︷ ︸
GSM

×U(1)X

� Visible sector (SM) fields are not charged under U(1)X .
� Matter content in the dark sector:

a complex scalar S , a Dirac fermion χ and a gauge boson Xµ

� Charges under gauge symmetry: S : (1, 1, 0, 2), χ : (1, 1, 0, 1)

� Higgs mechanism in the dark sector: 〈S〉 generates a mass for Xµ.
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VFDM: a vector and fermion dark matter
� Lagrangian for our VFDM model:

L = LSM + LDS + Lint

� LSM is the SM Lagrangian.
� Dark sector Lagrangian is

LDS =− 1

4
FXµνFµνX +

(
DµS

)∗DµS + µ2
S |S|2 − λS |S|4

+ χ̄
(
i /D −mD

)
χ− 1√

2

(
yS∗χᵀCχ+ h.c.

)
,

where Dµ = ∂µ + igXXµ with gauge coupling gX .
� Interaction Lagrangian (Higgs portal):

Lint = −κ|S|2|H|2

� Note that the dark-sector has a charge conjugate symmetry C:

Xµ
C−→ −Xµ, S

C−→ S∗, χ
C−→ χc ≡ −iγ2χ

∗
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Higgs portal
� Scalar potential for our model:

V (H,S) = −µ2
H |H|2 + λH |H|4 − µ2

S|S|2 + λS|S|4 + κ|H|2|S|2

� Gauge symmetry is broken spontaneously by the VEVs of Higgs doublet
Hᵀ = (0, v + h)/

√
2 and scalar S = (vX + φ)/

√
2.

� Physical scalars h and φ mix and are diagonalized by the orthogonal
rotational matrix R:(

h1

h2

)
= R−1

(
h
φ

)
, where R =

(
cosα − sinα
sinα cosα

)
,

with masses (m2
h1
,m2

h2
).

� The scalar h1 as the SM-like Higgs with mass mh1
= 125 GeV.
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Fermion mixing and Majorana states

� After the SSB the dark sector Dirac fermion χ acquires mass yvX
through the Yukawa interaction along with its Dirac mass mD .

� We diagonalize the Dirac fermion into mass eingenbases by defining
the following two self-conjugate (Majorana) states:

ψ+ ≡
1√
2

(
χ+ χc

)
, ψ− ≡

1

i
√

2

(
χ− χc

)
with the mass eigenvalues: m± = mD ± yvX .
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Dark sector interactions and discrete symmetries
� Dark sector interaction Lagrangian:

Ldark-int =
√

2vXg
2
XXµX

µφ+ g2
XXµX

µφ2

− i

2
gX
(
ψ̄+γ

µψ− + ψ̄−γ
µψ+

)
Xµ −

y

2

(
ψ̄+ψ+ + ψ̄−ψ−

)
φ

Discrete symmetries: Z2 × Z′2
Symmetry Xµ ψ+ ψ− φ

Z2 − + − +

Z′2 − − + +

� Most important interaction under Z2 × Z′2:

Xµ(−,−)

ψ+(+,−)

ψ−(−,+)

− i
2gX

(
ψ̄+γ

µψ− + ψ̄−γ
µψ+

)
Xµ
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VFDM: solving Boltzmann equations
� After solving the Boltzmann equations we calculate the present relic

density of the dark species as,

Ωih
2 =

h2s0

ρcr
miYi = 2.742× 108

( mi

GeV

)
Yi

� s0 is the total entropy density today, ρcr is the critical density, mi is the
mass of the dark particle and Yi is the yield of the dark particle today.

� Total dark matter relic density is a sum of the individual relics, i.e.

Ωtoth
2 =

∑
i

Ωih
2, Ωobsh

2 =0.1197± 0.0022 (PLANCK)

� To calculate matrix element squared we employed CalcHEP [arXiv:1207.6082].
� For thermal averaging of cross-sections and solutions of the Boltzmann

equations we have developed a dedicated C++ code.
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VFDM: solving Boltzmann equations

� We adopt the following two strategies:
Strategy-A: y � 1 (m+ � m−)

I In this case one expects fast ψ±ψ± annihilation and so that Xµ may
dominate the dark matter abundance.

Strategy-B: y � 1 (m+ ' m−)

I Small y implies suppressed ψ±ψ± annihilation, so ψ± dominates the
dark matter abundance.
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VFDM: Strategy-A
mX =100 GeV, m−=200 GeV, and m+ =800 GeV

●

●

●

●

●

●
● ● ● ● ● ● ● ●

■

■
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

●

●

●

●

●
● ● ● ● ● ● ● ● ●

■
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

� A 2CDM case: Xµ and ψ− are stable.
� Comparison with micrOMEGAs 4.3 is O(10%) or less.
� Note that for left (right) plot the coupling gX is for 0.2(1) determines

interesting aspects of dynamics of dark matter evolution.
(in the generic setup gX corresponds to ξ)
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VFDM: Strategy-A
mX =200 GeV, m−=100 GeV, and m+ =500 GeV

●

●
● ● ● ● ● ● ● ●

■

■

■

■

■
■ ■ ■ ■ ■

●

●
● ● ● ● ● ● ●

■

■

■

■
■ ■ ■ ■ ■

� A 2CDM case: Xµ and ψ− are stable.
� Comparison with micrOMEGAs 4.3 is O(10%) or less.
� Note that for left (right) plot the coupling gX is for 0.1(1) determines

interesting aspects of dynamics of dark matter density evolution (in the
generic setup gX corresponds to ξ ∝ gχχ̃φ̃)
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VFDM: Strategy-B
mX = 50 GeV, mψ− = 40 GeV, and mψ+

= 40.1 GeV

●
●

●

●

●

●

●
● ● ● ● ● ● ● ●

■

■
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

●

●

●

●

●

●

●

● ● ● ● ● ● ●

■

■
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

� A 3CDM case, Xµ, ψ+ and ψ− are stable.

� Comparison of the 3CDM with micrOMEGAs 4.3 with the dominant com-
ponent is O(10%) but with the subdominant component it could be up
to few times.
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Summary
� We showed that presence of a second/third component could play a very

crucial role in the dark matter evolution.

� A dark matter – with very very weak (or zero) coupling with the SM –
could constitute the observed relic density through semi-annihilations.

� We consider a simple BSM model where a vector and Majorana fermion(s)
are dark matter particles.

� mcdm scenarios have many interesting features and opens up interesting
model building possibilities.

Thank You!
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Backup slides
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Theoretical and experimental constraints
� Scalar potential for our model:

V (H,S) = −µ2
H |H|2 + λH |H|4 − µ2

S|S|2 + λS|S|4 + κ|H|2|S|2

� Tree-level positivity or stability of scalar potential implies

λH > 0, λS > 0, κ > −2
√
λHλS

� Perturbativity puts upper bounds

λH < 4π, λS < 4π, κ < 4π

� Higgs-gauge boson coupling: cosα = gh1V V /g
SM
h1V V

0.85 < cosα < 1

� Invisible Higgs decays put bounds on decay processes

h1 → XX, h1 → h2h2, h1 → ψ±ψ±
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Input Parameters
� Free parameters in the Lagrangian are 8:

µH , µS , λH , λS , κ, gX , mD, y

� After fixing SM Higgs mass and Higgs vev to mh1
= 125 GeV and

vsm = 246 GeV, we are left with 6 free parameters.
� We trade the remaining 6 parameters with more “physical parameters”,

namely:
mX , m+, m−, gX , κ, sinα.

� Lagrangian parameters could be expressed in terms of physical ones as

m2
h2

= m2
h1

+
2κvXv

sin(2α)
, vX =

mX

gX
,

λH =
m2
h1

cosα+ κvXv sinα

2v2 cosα
, λS =

m2
h1

sinα+ κvXv cosα

2v2
X sinα

,

y =
gX(m+ −m−)

2mX
, mD =

m+ +m−
2
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Annihilation, semi-annihilation and conversion
X

X

hi

V

V

X

X

hi

f

f̄

X

X

hk

hi

hj

X

X

hi

hj

X

X

X + cross term

hi

hj

ψ−

ψ−

hi

V

V

ψ−

ψ−

hi

f

f̄

ψ−

ψ−

hk

hi

hj

ψ−

ψ−

ψ− + cross term

hi

hj

ψ−

ψ+

X

X

hi

X

ψ+

ψ−

hi

ψ−

X

ψ+

ψ+

ψ−

hi

X

ψ+

X

hi

ψ−

ψ−

ψ+

ψ+

X

hi

X

X

hi

ψ±

ψ±

X

X

ψ∓ + cross terms

ψ±

ψ±

� Note there is a clear correspondence between dark matter components
consider in the generic discussion above and those that are present in
our vector-fermion model:

φ̃↔ Xµ, χ̃↔ ψ+, χ↔ ψ−
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Boltzmann equations for VFDM model
dnX
dt

= −3HnX − 〈σXXφφvMøl
〉
(
n
2
X − n̄2

X

)
− 〈σXψ+ψ−hi

vMøl 〉
(
nXnψ+ − n̄X n̄ψ+

nψ−

n̄ψ−

)

− 〈σXψ−ψ+hi
vMøl 〉

(
nXnψ− − n̄X n̄ψ−

nψ+

n̄ψ+

)
− 〈σXhiψ+ψ−

vMøl 〉n̄hi

(
nX − n̄X

nψ+nψ−

n̄ψ+ n̄ψ−

)

− 〈σXXψ+ψ+
vMøl 〉

n2
X − n̄2

X

n
2
ψ+

n̄
2
ψ+

− 〈σXXψ−ψ−
vMøl 〉

n2
X − n̄2

X

n
2
ψ−

n̄
2
ψ−


+ Γψ+→Xψ−

(
nψ+ − n̄ψ+

nX
n̄X

nψ−

n̄ψ−

)
,

dnψ−

dt
= −3Hnψ−

− 〈σψ−ψ−φφ
vMøl 〉

(
n
2
ψ−
− n̄2

ψ−

)
− 〈σψ−ψ+Xhi

vMøl 〉
(
nψ−

nψ+
− n̄ψ−

n̄ψ+

nX
n̄X

)
− 〈σXψ−ψ+hi

vMøl 〉
(
nXnψ− − n̄X n̄ψ−

nψ+

n̄ψ+

)
− 〈σψ−hiXψ+

vMøl 〉n̄hi

(
nψ−

− n̄ψ−

nψ+

n̄ψ+

nX
n̄X

)

− 〈σψ−ψ−XX
vMøl 〉

(
n
2
ψ−
− n̄2

ψ−

n
2
X

n̄
2
X

)
− 〈σψ−ψ−ψ+ψ+

vMøl 〉

n2
ψ−
− n̄2

ψ−

n
2
ψ+

n̄
2
ψ+


+ Γψ+→Xψ−

(
nψ+

− n̄ψ+

nψ−

n̄ψ−

nX
n̄X

)
,

dnψ+

dt
=
dnψ−

dt
[ψ− ↔ ψ+]
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VFDM: Scanning the parameter space
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� The left plot shown scan of parameter space for our strategy-A, where
Xµ, and ψ− are stable.

� The right plot shows the same but for the strategy-B and we have 3CDM,
i.e. Xµ, ψ+ and ψ− are stable.

� Horizontal gray line is the observed DM relic density by PLANCK
satellite Ωobsh

2 =0.1197± 0.0022.
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