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What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!

Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



What is Dark Matter?

Evidences of dark matter

Figure 1: Rotation Curve of Galaxies

Figure 2: Bullet Cluster

Figure 3: CMB data

X EM charge neutral

X Weakly-interacting

X Still around today (stable)

X Massive (cold/non-relativistic)

WIMP

Nothing in the SM!
Purusottam Ghosh (IITG) Dark Matter(DM) August 25, 2018 2 / 19



Z2 : Singlet Scalar Higgs-Portal DM Annihilation

• Simplest possibility: φ1 as a real singlet scalar DM (of mass mφ1).
• Stability ensured by Z2 : φ1 → −φ1 .

•Minimal Higgs Portal Interaction : λann1

(
H†H

)
φ2

1 .

[Ref.: V. Sileria, A.Zee ]
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Figure 4: Direct Detection.

• SI DD cross-section :

σSIn =
(λann1 )2 f2

n
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µ2
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n

m4
h m2

φ1
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Z2 : Singlet Scalar Higgs-Portal DM Annihilation

Figure 5: Relic density allowed parameter space for real scalar DM φ1.

Non observation of DM signal from Direct Search puts strong
constraint on SI DM-neucleon cross-section.
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Z2 : Non-minimal Higgs-Portal DM Annihilation + Co-annihilation

• Minimal extension : φ1, φ2 are two real singlet scalar fields odd
under same Z2 : φi → −φi ( i = 1, 2) .

• mφ2 > mφ1

φ1 : Lightest Stable Particle (LSP) : DM candidate .

φ2 : Next Lightest Stable Particle (NLSP ) .

•Non-Minimal Higgs Portal Interaction :

λanni

(
H†H

)
φ2
i + λco−ann

(
H†H

)
φ1φ2 .

NLSP

DM(LSP )

SM

SM

Co−Annihilation
(φ1)

(φ2)

dY1
dx

= − A
x2
〈σv〉eff

(
Y 2
1 − Y

eq
1

2
)
,

A = 0.264 MPl
√
g∗ mφ1

where

〈σv〉eff = 〈σv〉ann

+〈σv〉coann
(
1 +

∆m

mφ1

) 3
2 e
−∆m

T

Co-Annihilation process only contribute to DM relic density but
do not appear in Direct Search.
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Z3 : Non-minimal Higgs-Portal DM Annihilation + Semi-annihilation
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Figure 6: Relic density allowed parameter space for Z3 invariant scalar DM.
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Z3 : Non-minimal Higgs-Portal DM Annihilation + Co-annihilation + Semi-annihilation

• Extending Z3 DM : φ1, φ2 are two complex scalar fields charged
under same Z3 : φi → ei

2π
3 φi

.

• mφ2 > mφ1 : Lightest Stable Particle (LSP) φ1 is the stable DM
candidate.

•Non-Minimal Interaction :
λanni

(
H†H

)
φ∗iφi + λco−ann

(
H†H

)
φ∗1φ2 + µiφ

3
i + µijφ

2
iφj + h.c. .

• BEQ.:
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, A = 0.264 MPl

√
g∗ mφ1

• Co-annihilation and semi-annihilation only contribute to DM relic
density.
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Z2 × Z′2 : Two Component DM Annihilation + DM-DM Conversion

• Extending the symmetry group : φ1, φ2 are two real singlet scalar
fields charged under Z2 ×Z ′2 respectively.

φ1 : (+, −) and φ2 : (+, −) .
Both φ1 and φ2 are two stable DM candidates.

• Interaction terms in the potential :

λann1

(
H†H

)
φ2

1 + λann2

(
H†H

)
φ2

2 + λ3φ
2
1φ

2
2 .

•Without DM-DM Interaction

φ2φ1
H SM

λiφ
2
iH

†H

DarkMatters

φi

φi

h

h φi

φi

h

SM

SM

•With DM-DM Interaction

H

φ2φ1
H

λiφ
2
iH

†Hλeφ
2
1φ

2
2

DarkMatters

SM

+

φi

φi

φj

φj φi

φi

h

φj

φj
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Z2 × Z′2 : Two Component DM Annihilation + DM-DM Conversion

• CBEQs for two component interacting DM:

dy1

dx
= − 1

x2

[
〈σv11→SM 〉ann(y2

1 − yEQ1

2
) + 〈σv11→22〉conv.(y2

1 −
yEQ1

2

yEQ2

2 y
2
2)

−〈σv22→11〉conv.(y2
2 −

yEQ2

2

yEQ1

2 y
2
1)

]
dy2

dx
= − 1

x2

[
〈σv22→SM 〉ann(y2

2 − yEQ2

2
)− 〈σv11→22〉conv.(y2

1 −
yEQ1

2

yEQ2

2 y
2
2)

+〈σv22→11〉conv.(y2
2 −

yEQ2

2

yEQ1

2 y
2
1)

]
where

yEQi (x) = 0.03828MPl
g√
g∗
x

3
2mφi(

mφi

µ
)

3
2 e
−x(

mφi
µ

)

yi = 0.264MPl
√
g∗µYi, where Yi =

nφi
s .
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Z2 × Z′2 : Two Component DM Annihilation + DM-DM Conversion

• Solution of CBEQs : Freez-out of DM

• Modified Equillibrium:

dy1

dx
= −

〈σv11→SM 〉 + 〈σv11→22〉
x2

[y
2
1 − h

EQ
1

2
];

h
EQ
1

2
= y

EQ
1

2
[

〈σv11→SM 〉
〈σv11→SM 〉 + 〈σv11→22〉

+
〈σv11→22〉

〈σv11→SM 〉 + 〈σv11→22〉
(
y2

y
EQ
2

)
2
]
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dy1

dx
= −

〈σv11→SM 〉 + 〈σv11→22〉
x2

[y
2
1 − h

EQ
1

2
];

h
EQ
1

2
= y

EQ
1

2
[

〈σv11→SM 〉
〈σv11→SM 〉 + 〈σv11→22〉

+
〈σv11→22〉

〈σv11→SM 〉 + 〈σv11→22〉
(
y2

y
EQ
2

)
2
]
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Z2 × Z′2 : Two Component DM Annihilation + DM-DM Conversion

• Relic density of Individual DM component in two component setup:

Ωih
2 =

854.45× 10−13

√
g∗

mφi

µ
yi[

µ

mφi

x∞],

where yi be the solution of CBEQs.
• Total Relic density : ΩDMh

2 = Ω1h
2 + Ω2h

2 .

•Effective SI DD cross section of Individual DM component:

φi
φi

n n

h

σieff =
(

Ωih
2

ΩDMh2

)
(λanni )2 f2

n

4π
µ2
n m2

n

m4
h m2

φi

,

(i = 1, 2)
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Z2 × Z′2 : Two Component DM Annihilation + DM-DM Conversion

Due to DM-DM conversion the heavier component can evade direct
search limit in a large parameter space satisfying relic density.
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Z3 × Z′3 : Two Component DM Annihilation + Semi-Annihilation + DM-DM Convsn.

Two component DM in Z3 and Z ′3 symmetry: Complex scalar φ1 and
φ2, transforming under Z3 ×Z ′3:

φ1 : (e+i 2π
3 , 1) and φ2 : (1, e+iπ

3 ) .

Both φ1 and φ2 are the two stable DM candidates.

• Interaction :
λanni (φ∗iφi)(H

†H) +µi(φ
3
i+h.c) + λe(φ

∗
1φ1 + φ∗2φ2)2

• The coupled Boltzmann equations for this two component DM case :

dy1

dx
= −〈σv11→SM 〉ann(y

2
1 − y

eq
1

2
)−

1

2
〈σv11→1SM 〉semiann(y

2
1 − y1y

eq
1 )

−〈σv11→22〉conv.[y
2
1 −

( yeq1
y
eq
2

)2
y
2
2 ] + 〈σv22→11〉conv.

[
y
2
2 −

( yeq2
y
eq
1

)2
y
2
1

]
,

dy2

dx
= −〈σv22→SM 〉ann(y

2
2 − y

eq
2

2
)−

1

2
〈σv22→2SM 〉semiann(y

2
2 − y2y

eq
2 )

+〈σv11→22〉conv.[y
2
1 −

( yeq1
y
eq
2

)2
y
2
2 ]− 〈σv22→11〉conv.

[
y
2
2 −

( yeq2
y
eq
1

)2
y
2
1

]
, .
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Z3 × Z′3 : Two Component DM Annihilation + Semi-Annihilation + DM-DM Convsn.

The heavier component is allowed in a larger parameter space due to
DM-DM conversion. The lighter one here enjoys semi-annihilation to
evade direct search in the vicinity of mh.
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Summary

The choice of different symmetries allow us to realize new types of
annihilation process like Co-Annihilation, semi-annihilation,
resonant semi-annihilation and DM-DM conversion .

These number changing processes in DM sector contribute to relic
density but not to direct search
So they can help making DM models long lived in direct search
experiments.
The same processes can also help fermionic or vector boson DM to
evade direct search bound.
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