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Dark Matter

Rotation Curve of Galaxies WMAP-PLANCK data

• Properties of DM particles:

X EM charge neutral

X Weakly-interacting

X stable and Massive

WIMP(Single and Multiparticle
nature)

• None of the SM be the suitable
candidate of Dark Matter.
• What kind of elementary
particles can be Dark Matter ?

φDM = {ψdark
Fermion, A

µdark
Boson, φ

dark
Scalar}

(dark ≡ EM charge neutral)

• Multicomponent scalar DM scenario: {φ(singlet), Φ(doublet)}
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Single component scalar DM

• φ be the real singlet scalar DM
• Z2 : φ→ −φ
• Scalar Potential:

V (φ,H) ⊃ 1

2
µφ

2φ2 +
1

2
λφhH

†Hφ2

• Relic: (annihilation)
φ φ→ SM SM

• DD: φ N → φ N ( t channel)

• Φ = (H0, H++iA0
√

2
) be the inert

doublet scalar DM. Z2 : Φ→ −Φ
• Kinetic Interaction: |DµΦ|2
• Scalar Potential: V (Φ, H)

⊃ µ2
Φ(Φ†Φ) + λ3

2 [(H†Φ)2 + h.c.]
+λ2(H†Φ)(Φ†H) + λ1(H†H)(Φ†Φ)
• Relic: (co-)annihilation
H0 H0;H0 A0;H0 H± → SM SM
• DD: H0 N → H0 N ( t channel)
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SM EW Vacuum stability with presence of Neutrinos (Type I see-saw)

SM Higgs Potential:

V (H) = −µ2
HH

†H + λH(H†H)2

Stable: µ2
H > 0 λH > 0

Unstable: µ2
H > 0 λH < 0

• One loop beta function for λH

βλH = + 27
200g

4
1 + 9

20g
2
1g

2
2 + 9

8g
4
2

−9
5g

2
1λH − 9g2

2λH + 24λ2
H

+12λHy
2
t−6y4

t

+4λHTr[Y †ν Yν ]− 2Tr[(Y †ν Yν)2]

Tr[Y †ν Yν ] : Casas-Ibarra Parametrization (ref:J.A.Casas and A.Ibarra, NPB 2001. )

Yν =
√

2

√
MR

v
O eiA

√
md
ν U

†
PMNS
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Motivation: Multipartite scalar DM

We adress the following issues:

Singlet DM: Can we allow lower DM mass region (mφ < 500 GeV)
which is excluded from direct search data (XENON 1T)?

Doublet DM: There is no Parameters space between DM mass :
80 < mH0 . 500 GeV which is underabundance (called desert
region). Can we bring back the desert region with the help of
second DM component ?

Can we achieve the absolute vacuum stability or metastability
while incorporating light neutrino mass and DM
80 . mH0 ,mφ . 500 GeV ?

Ans: Yes, one can adress all the issues with the help of Multipartite
DM framework where both scalar fields behave as two stable DM
candidate.
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Multipartite scalar DMs The Model

SM extension : Inert scalar doublet (Φ) and Real scalar singlet (φ).

Dark Matters
and Neutrinos

SU(3)C × SU(2)L × U(1)Y︸ ︷︷ ︸×Z2 × Z′2

Φ 1 2 -1 - +
φ 1 1 0 + -
Ni=1,2,3 1 1 0 + +

βλH = βSMλH + βDMλH
+ 4λHTr[Y †ν Yν ]− 2Tr[(Y †ν Yν)2]

V = V (H) + V (Φ, H) + V (φ,H) + V (Φ, φ)

V (Φ, φ) =
λc
2

(φ2)
(

Φ†Φ
)

• Stable DMs: {φ, H0}
•DM Conversion

φ

φ

H0, A0, H±

H0, A0, H±

• Neutrino Mass (Type I Seesaw) Lν = (Yν)ijlLiH̃Nj + 1
2MNijNiNj
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Multipartite scalar DMs Relic+DD outcome

• Stable DM components : ΩDMh
2 = ΩH0h2 + Ωφh

2

• Direct Detection:
σDD

eff (φ) =
(
Ωφ/ΩDM

)
σ{φ−n} σDD

eff (H0) =
(
ΩH0/ΩDM

)
σ{H0−n}

Presence of interacting multicomponent DM scenario, the mass
region 80 . mH0 ,mφ . 500 GeV of both scalar singlet and inert
doublet is allowed from relic and direct search bounds.
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Multipartite scalar DMs High Scale Validity:

β
(1)
λH

= + 27
200g

4
1 + 9

20g
2
1g

2
2 + 9

8g
4
2 − 9

5g
2
1λH

−9g2
2λH + 24λ2

H + 12λHy
2
t − 6y4

t

+2λ2
1 + 2λ1λ2 + λ2

2 + λ2
3

+1
2λ

2
φh

+4λHTr[Y †ν Yν ]− 2Tr[(Y †ν Yν)2]

small values of λ1 (i.e. small
mH± −mH0)are discarded due
to stability.

large values of λ1 (i.e. large
mH± −mH0)are discarded by
perturbative limits.
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Multipartite scalar DMs Collider aspects

Signal :: p p→ H+ H−, (H− → `− ν` H0), (H+ → `+ ν` H0) ` = e, µ

• mH± −mH0 > mW±

BPs m
H± −mH0 { λ1, λ2, λ3 } { MR, Tr[Y †ν Yν ] } Validity Scale (µ)

BPD1 106 (> mW ) { 1.024, − 0.7588, − 0.2571 } {108, 0.5} 1010

BPD2 143 (> mW ) { 1.538, − 1.354, − 0.1718 } {106, 0.5} 108
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Conclusions

The presence of DM-DM interactions enlarge the available
parameter space significantly (by reviving the below 500GeV mass
region for both the DM candidates).

At the same time absolute EW vacuum can be achieved even in
presence neutrinos.

The inert scalar doublet DM can also produce leptonic collider
signature at LHC.
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Stability

In oder to get the potential bounded from below, the quartic couplings
of the potential (H,Φ, φ) must have to satisfy following co-positivity
conditions following ,

CPC{1, 2, 3} : λH(µ) ≥ 0, λΦ(µ) ≥ 0, λφ(µ) ≥ 0,

CPC{4, 5} :
(
λ1(µ) + λ2(µ)± λ3(µ)

)
+
√
λH(µ)λΦ(µ) ≥ 0,

CPC{6, 7} : λ1(µ) + 2
√
λH(µ)λΦ(µ) ≥ 0, λφh(µ) +

√
2

3
λH(µ)λΦ(µ) ≥ 0,

CPC8 : λc(µ) +

√
2

3
λΦ(µ)λφ(µ) ≥ 0 ,

(1)
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Tree Level Unitarity

Next we turn to the constraints imposed by tree level unitarity of the
theory, coming from all possible 2→ 2 scattering amplitudes as follows
as :

|λH | < 4π, |λΦ| < 4π,

|λc| < 8π, |λφh| < 8π,

|λ1| < 8π, |λ1 + 2(λ2 + λ3)| < 8π

|λ1 + λ2 + λ3| < 8π, |λ1 − λ2 − λ3| < 8π,

|(λΦ + λH)±
√

(λ2 + λ3)2 + (λH − λΦ)2| < 8π,

and |x1,2,3| < 16π .

where x1,2,3 be the roots of the following cubic equation

x
3

+ x
2
(−12λH − 12λΦ − λφ) + x(−16λ

2
1 − 16λ1λ2 − 16λ1λ3 − 4λ

2
2 − 8λ2λ3 − 4λ

2
3 − 4λ

2
c

+ 144λHλΦ + 12λHλφ + 12λΦλφ − 4λ
2
φh) + 16λ

2
1λφ + 16λ1λ2λφ + 16λ1λ3λφ − 32λ1λcλφh

+ 4λ
2
2λφ + 8λ2λ3λφ − 16λ2λcλφh + 4λ

2
3λφ − 16λ3λcλφh + 48λ

2
cλH − 144λHλΦλφ + 48λΦλ

2
φh

= 0
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High Scale Validity of allowed parameter space

RG Running

Step I: mt → MR

βc = βSMc + βΦ
c + βφc

Step II:
MR → µ(> MR)

βc = βSMc + βΦ
c + βφc + βνc

1. Check Stability : λH(µ) > 0

2. Perturbativity at µ(> MR) :
λi(µ) ≤ 4π , |yt(µ)| ≤

√
4π

|gi| ≤
√

4π, Tr[Y †ν Yν ] ≤ 4π .

3. Unitarity |M2→2| < 8π

4. Co-positivity conditions
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Direct Search Cross-section: Tree level

H0 H0

NN

h

φ φ

NN

h

Figure 1: Spin independent direct detection processes for IDM (left) and scalar singlet DM
(right).

The SI DD cross section for H0 (σH0) and for φ (σφ) at tree level turn
out to be :

σeff, tree
H0 =

( ΩH

ΩDM

)λ2
Lf

2
N

π

µ2
H0,Nm

2
N

m4
hm

2
H0

, σeff, tree
φ =

( Ωφ

ΩDM

)λ2
φhf

2
N

4π

µ2
φ,Nm

2
N

m4
hm

2
φ

,
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Direct Search Cross-section: NLO for ID DM

In presence of loop effects, the coupling (λL) that enters into σeff
H0 gets

replaced by λeff
L = λL + δλL where δλL takes into account the loop

contributions effectively. Following this, we rewrite σeff
H0 as

σeff, 1 loop
H0 = σeff, tree

H0 (1 + κ),

Ref. arXiv:1302.1657
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Direct Search Cross-section: NLO for ID DM
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CBEQs

dYNi

dx
= −0.264MPl

√
g∗

µ

x2

[∑
j

{
〈σv

NiNj→SM
〉
(
YNiYNj − Y

EQ
Ni

Y
EQ
Nj

)

+〈σv
NiNj→SS

〉
(
YNiYNj −

Y
EQ
Ni

Y
EQ
Nj

Y
EQ
S

2
Y

2
S

)
Θ(mNi +mNj − 2mS)

−〈σv
SS→NiNj

〉
(
Y

2
S −

Y
EQ
S

2

Y
EQ
Ni

Y
EQ
Nj

YNiYNj

)
Θ(2mS −mNi −mNj )

}

+〈σv
NiN

±→SM 〉
(
YNiYN± − Y

EQ
Ni

Y
EQ

N±

)]
,

dYS

dx
= −0.264MPl

√
g∗

µ

x2

[
〈σvSS→SM 〉

(
YS

2 − Y EQ
S

2
)

+
∑
i,j

{
− 〈σv

NiNj→SS
〉
(
YNiYNj −

Y
EQ
Ni

Y
EQ
Nj

Y
EQ
S

2
Y

2
S

)
Θ(mNi +mNj − 2mS)

+〈σv
SS→NiNj

〉
(
Y

2
S −

Y
EQ
S

2

Y
EQ
Ni

Y
EQ
Nj

YNiYNj

)
Θ(2mS −mNi −mNj )

]
,

(2)
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Direct Search

R = nt〈v〉nφσDD

=

(
nt〈v〉ρc
mφ

)
Ωφσ

DD .

where nt = N
A with N is Avogadro number and A is atomic mass of the

target. Then for the two component case:

R =

(
nt〈v〉ρc
mφ

)
ΩTσ

SI
T =

(
nt〈v〉ρc
mφ1

)
Ω1σ

DD
1 +

(
nt〈v〉ρc
mφ2

)
Ω2σ

DD
2 ,

=

(
nt〈v〉ρc
mφ1

)
[Ω1σ

DD
1 +

mφ1

mφ2

Ω2σ
DD
2 ]

∴ σSIT =
Ω1

ΩT
σDD1 +

Ω2

ΩT

(
mφ1

mφ2

)
σDD2 .
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