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Model

Standard Model + N-component singlet scalar ~ϕ
O(N) symmetry and Z2 symmetry: ~ϕ→ −~ϕ

Lscalar = DµH†DµH+ 1
2∂µ~ϕ ∂

µ~ϕ−V(ϕ)

Scalar Potential V(ϕ)

−µ2HH†H + λH(H†H)2 + 1
2µ
2
ϕ~ϕ
2 + 1

4!λϕ (~ϕ2)
2

+ λxH†H~ϕ2

H - Higgs doublet, 〈H〉 = (0, v/
√
2), v = 246 GeV, 〈~ϕ〉 = 0

after EWSB: m2h = 2λHv2, m2ϕ = µ2ϕ + λxv2
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Unitarity & Stability
Triviality

Theoretical Constraints - Tree Level Unitarity

m2H ¬ 8π3 v
2

|λϕ| ¬ 8π

|λx| ¬ 4π
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Theoretical Constraints - Tree Level Vacuum Stability

quartic couplings are all positive (λH, λϕ, λx > 0)

or

λx is negative and λ2x < λHλϕ/6
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Triviality - constraining couplings and cut-off

m2h = 2λHv2

Fig. 1: Running of λH for
N = 1, λϕ0 = 1, λx0 = 1,
λH0 = 1 (mh = 348GeV) and
λH0 = 1.25 (mh = 389GeV).

1-loop beta functions for the scalar sector

16π2µ
dλH

dµ
= 24λ2

H − 6y4t + 12y2tλH + 2Nλ2
x + . . .

16π2µ
dλx

dµ
= λx

(
12λH + λϕ + 8λx + 6y2t + . . .

)
16π2µ

dλϕ
dµ

= 48λ2
x +
1
3

(8+N)λ2
ϕ

yt - top quark Yukawa coupling

with initial conditions: λH(µ = MW) = λH0,

λx(µ = MW) = λx 0, λϕ(µ = MW) = λϕ 0
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Triviality - constraining couplings and cut-off

m2h = 2λHv2

Fig. 1: Running of λH for
N = 1, λϕ0 = 1, λx0 = 1, 2,
λH0 = 1 (mh = 348GeV).

1-loop beta functions for the scalar sector

16π2µ
dλH

dµ
= 24λ2

H − 6y4t + 12y2tλH + 2Nλ2
x + . . .

16π2µ
dλx

dµ
= λx

(
12λH + λϕ + 8λx + 6y2t + . . .

)
16π2µ

dλϕ
dµ

= 48λ2
x +
1
3

(8+N)λ2
ϕ

yt - top quark Yukawa coupling

with initial conditions: λH(µ = MW) = λH0,

λx(µ = MW) = λx 0, λϕ(µ = MW) = λϕ 0
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Triviality

Fig. 2: Maximum λx contour lines
for N = 1, λϕ(MW) = 0.1.

Fig. 3: Maximum and minimum λx

for mh = 125 GeV, λϕ(MW) = 0.1
for N = 1, 6, 12.

λxMAX(mh ∼ 125GeV) =

{
2 Λ ∼ 100TeV
6 Λ ∼ 1TeV
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Thermal Production of Scalars
Direct Detection
Self-Interaction Rate

Theoretical Constraints
Consistency Condition
Unitarity
Vacuum Stability
Triviality

Dark Matter Candidate
Z2 implies ~ϕ stable
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Dark Matter Candidate

Thermal Production of Dark Matter

the Boltzmann equation (f = n/T3):

df
dT = 〈σv〉

K (f2 − f2EQ), K =
√
4π3g(T)
45m2Pl

thermally averaged cross section for DM + DM → SM + SM:

〈σDM+DM→X+X′v〉 = 1
n2EQ

∫
dΓX,X′e−(EX+EX′)/T×

|MDM+DM→X+X′|2(2π)4δ4(pDM+pDM′−pX−pX′)

ΩDM = ρDM
ρcritical

= mDMn
ρcritical
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Dark Matter Candidate

Thermal Production of Scalars

the Boltzmann equation (fi = ni/T3):
dfi
dT = 〈σv〉i

K (f2i − f2EQ), K =
√
4π3gi(T)
45m2Pl

ΩDM =
∑
iΩ
i
DM = NΩiDM
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Dark Matter Abundance - Cold Dark Matter (CDM)

ΩiDMh
2(λx,mϕ,N,mh, ...) = 1.06× 109 mϕ/Tf√

g∗mPl〈σv〉
1
GeV = 0.110± 0.018

Fig. 4: λx(mϕ) for N = 1, 6, 12, mh = 130 GeV. Blue regions are allowed.
Thick black line is a unitarity constraint |λx| < 4π.
RIGHT: dashed line is a stability constraint λ2

x < λHλϕ/6 for λϕ = 8π.

LEFT: dashed line is for consistency condition λx < m2
ϕ/v

2.
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Dark Matter Candidate
- Feebly Interacting Dark Matter (FIDM)

n〈σv〉 = Γ� H
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Dark Matter Abundance - FIDM

Fig. 5: RIGHT: Thermally averaged cross section and

LEFT: solutions to Boltzman equation with initial condition f(T =∞) = 0

for λx = 10−13, 10−11, 10−9. Splitting comes from mh = 100, 130, 160 GeV.

Green curve is the equilibrium density fEQ.
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Dark Matter Abundance - FIDM

Thermal Production of Dark Matter

the Boltzmann equation (f = n/T3):

df
dT = 〈σv〉

K (f2 − f2EQ), K =
√
4π3g(T)
45m2Pl

for f2 � f2EQ:

df
dT ∼ −

〈σv〉
K f2EQ, Ω =

mϕfϕ(Tγ)T3γ
ρcrit
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Dark Matter Abundance - FIDM

Ωh2 =
mϕfϕ(Tγ)T3γ

ρcrit
= 0.11± 0.018

Fig. 6: Solutions to Boltzman equation in FIDM case, mh = 130 GeV,

N = 1, 12.
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Direct Detection

DM+N→ DM+N

CRESST-II XENON 100

Aleksandra Drozd http://phd-mpd.fuw.edu.pl/



Model
Theoretical Constraints

Cosmological Constraints

Thermal Production of Scalars
Direct Detection
Self-Interaction Rate

Direct Detection

DM+N→ DM+N

σDM+N→DM+N = 1
π

λ2xm
2
N(
∑
q f
N
q )
2

m4hm
2
ϕ
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Direct Detection
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Direct Detection - XENON 100

Fig. 7: Forbidden parameters (mϕ, mh) for N = 1, 6, 12 (blue, yellow, red)

in CDM case.
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Direct Detection
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Direct Detection - CRESST
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Branching Ratio h→ ϕϕ

BRh→ϕϕ =
Γh→ϕϕ

Γh→SM+Γh→ϕϕ

Γh→ϕϕ ∝ Nλ2
x
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Direct Detection - CRESST
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Direct Detection - CRESST

consistency constraint:

λx < m2ϕ/v
2

stability constraint for negative λx:

λ2x < λϕλH/6
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Self-Interaction Rate

Steinhardt & Spergel: Phys.Rev.Lett.84:3760-3763, 2000

σϕϕ→ϕϕ
mϕ

= (2.05× 103 − 2.57× 104)GeV−3

Governato et.al., arXiv:1202.0554 [astro-ph.CO]
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Conclusions

1. Strongest theoretical constraints on |λx|:
vacuum stability ⇒ λ2x < λHλϕ/6
µ2ϕ > 0 ⇒ λx < m2ϕ/v

2

2. XENON 100 constraints on CDM:
- mh ∼ 2mϕ & |λx| < 0.1 for large number of scalars.

3. CRESST constraints on CDM:
- agree with predictions within singlet-scalar model
- Higgs not observable in LHC

4. Steinhardt and Spergel bound implies very light
(below 50 MeV) and feebly coupled singlet scalars.
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Triviality

Fig. 2: Maximum λx contour lines
for N = 1, λϕ(MW) = 0.1.

Fig. 3: Maximum and minimum λx

for Λ = 10 TeV, λϕ(MW) = 0.1 for
N = 1, 6, 12.

λxMAX(mh ∼ 125GeV) =

{
2 Λ ∼ 100TeV
6 Λ ∼ 1TeV
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DIRECT DETECTION
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