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Outline:
Two-component DM: scalar + fermion

relic abundance in two-component DM scenario
(the Boltzmann equation)

numerical solutions
approximate analytical solutions

theoretical constraints
WMAP constraints
direct detection constraints
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a Dark Matter candidate?

DM: stable, neutral, weakly
interacting, massive
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arxiv:1012.4587

stability: global symmetry (Z2, . . . )

DM: stable, neutral, weakly
interacting, massive
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Profumo S. et al. (arXiv:0907.4374),
Gelmini G. (hep-ph/0310022),
Zurek K. (arXiv:0811.4429),
Ma et al.. (arXiv:1308.4177),
Semenov V.A. (arXiv:1306.3210),
Khlopov M. et al., Heikinheimo M et al.,
Duerr M. et al. (arXiv:1207.3318) and others
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SYMMETRY > Z2
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Scalar + Fermionic Dark Matter

singlet scalar field ϕ
+

singlet Majorana fermion ν
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Scalar + Fermionic Dark Matter - Lagrangian

SYMMETRY: Z2 × Z′2
L = LSM + LDM

m2
ϕ > λxv2

LDM =
1
2
∂µϕ∂

µϕ +
1
2
ν̄i/∂ν +

1
2
ν̄hi/∂νh

−1
2
µ2
ϕϕ

2 − λϕ
4!
ϕ4 − λxϕ

2H†H

+
1
2

mνν
TCν +

1
2

Mhvν
T
h Cνh

+gν ννh ϕ

scalar ϕ
Z2: ϕ→ −ϕ
Z′2: ϕ→ −ϕ

neutrino ν
Z2: ν → +ν
Z′2: ν → −ν

neutrino νh
Z2: νh → −νh
Z′2: νh → +νh
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Theoretical constraints
Z2-consistency requirement

m2ϕ > λxv2

Tree-level unitarity (scalar-scalar scatterings)

|λϕ| < 8π
|λx| < 4π

Perturbativity

|λϕ| < 4π
|λx| < 4π
|gν | < 4π

Tree-level vacuum stability

λϕ > 0

λx > −
√

λϕλH
6
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Scalar + Fermionic Dark Matter - Interaction with SM

Lint = −λxϕ
2H†H + gν ννh ϕ
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Evaluating DM Relic Abundance

isotropic and homogenous Universe (FLRW metric)
f̃(E, t) - phase space density

the Boltzmann Equation

L̂[̃f] = Ĉ[̃f]

L̂[̃f] - Liouville operator, gravitational effects,
Ĉ[̃f] - Collision operator, includes creation-annihilation, decay, . . .
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Evaluating DM Relic Abundance

Thermally averaged cross section

for annihillations X + X̄→ Y + Ȳ

< σXX̄→YȲ v > =
(2π)4

nEQX
2

∫
dΠXdΠX̄dΠYdΠȲ ×

|M|2δ4(pX + pX̄ − pY − pȲ)e−(EX+EX̄)/T

the Boltzmann Equation

L̂[̃f] = Ĉ[̃f]

L̂[̃f] - Liouville operator, gravitational effects,
Ĉ[̃f] - Collision operator, includes creation-annihilation, decay, . . .
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Scalar + Fermionic Dark Matter

fϕ = nϕ
T3 fν = nν

T3 K =
√
4π3g(T)
45m2Pl

nEQx =
∫ gx

(2π)3
d3p
2E

1
eE/T±1

the Boltzmann equations

f ′ϕ =
〈σϕϕ→SMSMv〉

K

(
f2ϕ − fEQϕ

2
)

+
〈σϕϕ→ννv〉

K
f2ϕ −

〈σνν→ϕϕv〉
K

f2ν

f ′ν =
〈σνν→ϕϕv〉

K
f2ν −

〈σϕϕ→ννv〉
K

f2ϕ

where

〈σνν→ϕϕv〉 = 〈σϕϕ→ννv〉
fEQϕ
2

fEQν 2
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Scalar + Fermionic Dark Matter
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case B: mj=105 GeV mΝ=100 GeV

BLACK: 〈σϕϕ→SMSMv〉/K, GREEN: 〈σϕϕ→ννv〉/K,
RED: 〈σνν→ϕϕv〉/K

CASE A,B : σ(T) = 〈σϕϕ→SMSMv〉/K = const +O(T)

CASE A : σA(T) = 〈σνν→ϕϕv〉/K = αT +O(T2)

CASE B : σB(T) = 〈σϕϕ→ννv〉/K = a + bT + cT2 +O(T3)
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Scalar + Fermionic Dark Matter

CASE A,B : σ(T) = 〈σϕϕ→SMSMv〉/K = const +O(T)

CASE A : σA(T) = 〈σνν→ϕϕv〉/K = αT +O(T2)

CASE B : σB(T) = 〈σϕϕ→ννv〉/K = a + bT + cT2 +O(T3)

errors

mϕ < mν : δAϕ ' 2.3% δAν ' 1.4%

mϕ > mν : δBϕ ' 6.3% δBν ' 2.6%
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f ′ϕ = σ(T)
(
f2ϕ − fEQ

ϕ
2)+ σA(T)

[(
fEQ
ν

fEQ
ϕ

)2

f2ϕ − f2ν

]

f ′ν = σA(T)

[
f2ν −

(
fEQ
ν

fEQ
ϕ

)2

f2ϕ

]

σ(T) = 〈σϕϕ→SM SMv〉/K
σA(T) = 〈σνν→ϕϕv〉/K
σB(T) = 〈σϕϕ→ννv〉/K

case A : mϕ < mν
case B : mϕ > mν

f ′ϕ = σ(T)
(
f2ϕ − fEQ

ϕ
2)+ σB(T)

[
f2ϕ −

(
fEQ
ϕ

fEQ
ν

)2

f2ν

]

f ′ν = σB(T)

[(
fEQ
ϕ

fEQ
ν

)2

f2ν − f2ϕ

]
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fν(TCMB) ∼
2

σA(Tνf )T
ν
f

fϕ(TCMB) ∼
rf

σ(TCMB)Tϕf

u+ tanh(rf)
1+ u tanh(rf)

where

rf = 2
Tϕf
Tνf

√
σ(TCMB)

σA(Tϕf )
, u =

cϕmϕ
rfT

ϕ
f

σ(T) = 〈σϕϕ→SM SMv〉/K
σA(T) = 〈σνν→ϕϕv〉/K

case A : mϕ < mν
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Scalar + Fermionic Dark Matter - solving BEQ

fΝ
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CASE A, mj = 100 GeV, mΝ=120 GeV
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CASE B, mj = 120 GeV, mΝ=100 GeV
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CASE A, mj = 100 GeV, mΝ= 400 GeV
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CASE B, mj = 400 GeV, mΝ=100 GeV
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Scalar + Fermionic DM - WMAP constraint

mΝ =110

mΝ =120

mΝ =130

mΝ =145

mj =150

.5 1 5 10

10-6

10-3

1

103

106

T @GeVD

W
Ν

CASE B, mj = 150 GeV, mΝ=145, 130, 120, 110 GeV

RIGHT: Solutions to the BEQs: fϕ (dashed black line), fEQϕ (solid black line) and fν .

Yellow lines: WMAP 3σ limit on DM abundance.
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Constraining the parameter space

Parameters: mϕ, mν, λx, gν, Mhv
Mhv = mϕ + mν + 10GeV

4 independent parameters!

Lint = −λxϕ2H†H + gν ννh ϕ

Scanned parameter space:
mϕ,mν= 10 GeV - 10 TeV

λx = 10−3 - 4π;
gν = 0.1 - 4π;

Ωtotal = 0.114± 3σ;
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Points satisfying the WMAP data without a lower bound on Ω; other parameters randomly

chosen. Left panel: green circles (dark green squares) correspond to case A (case B) solutions.

Right panel: orange circles (dark orange squares) correspond to Ωϕ < Ων ( Ωϕ > Ων).

Aleksandra Drozd http://www.fuw.edu.pl/∼mpd/



What we did:
discussed the minimal extension of SM that provides
two-component Cold Dark Matter with Z2 × Z′2 symmetry
discussed the DM density using the B. EQs
found approximate analytical solutions of the the B. EQs
constraied the parameter space by theoretical bounds,
WMAP and direct detection

Conclusions:

scalars cannot be much heavier than neutrinos (∼ 20%)
we need large values of gν (∼>1) to satisfy WMAP
XENON100 bound favours

points with heavy scalars, mϕ > 3 TeV and mν > mϕ

very small λx (resonance region, mϕ ∼ mHiggs/2)

Aleksandra Drozd http://www.fuw.edu.pl/∼mpd/



Thank you for your attention !
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Scalar + Fermionic DM - all constraints satisfied
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2 D

Plot of the cross section σDM−N = σ
ϕ
DM−N + σνDM−N as a function of ϕ for points satisfying

the WMAP data upper bound. Green circles (dark green squares) correspond to case A (case

B) solutions. The red line shows the XENON100 data, and the two islands in blue indicate 1

and 2σ CRESST-II results.


