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Rotation curve of M33 (Cosmology Daniel Baumann)



How could we describe it?
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Model

ℒ = ℒSM −
1
4

F′￼μνF′￼μν + (Dμϕ)†(Dμϕ) − λmϕ†ϕH†H − μ2
ϕϕ†ϕ − λϕ(ϕ†ϕ)2

The extension has a  symmetrySU(2)χ



Spontaneous Symmetry Breaking

ϕ = exp (iτ ⋅
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vϕ )
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Spontaneous Symmetry Breaking

The result is  
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Fμν ⋅ Fμν +
1
4 ( gϕvϕ

2 )
2

Aμ ⋅ Aμ +
1
8

g2
ϕAμ ⋅ Aμη′￼2 +

1
4

g2
ϕvϕAμ ⋅ Aμη′￼

+
1
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(∂μη′￼)2 −
λm
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(η′￼+ vϕ)2H†H−

μ2
ϕ
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Spontaneous Symmetry Breaking

In SM we have

H = exp (iτ ⋅
ζ
v ) (

0
1

2
(v + h′￼))



Spontaneous Symmetry Breaking

Mass matrix is

M2 = (
m2

h′￼
m2

h′￼η′￼

m2
h′￼η′￼

m2
η′￼

), (h′￼

η′￼) = ( cos β sin β
−sin β cos β) (h

η)



Spontaneous Symmetry Breaking
The final lagrangian is

ℒ = −
1
4

Fμν ⋅ Fμν +
1
8

(gϕvϕ)2Aμ ⋅ Aμ +
1
2

(∂μη)2 +
1
2

(∂μh)2 −
1
2

m2
ηη2 −

1
2

m2
hh2

+Aμ ⋅ Aμ[κηη2 + κhh2 + κhηηh + 2vϕξϕ
η η + 2vϕξϕ

h h] + …



Interactions



Interactions



Boltzmann Equations

dn1

dt
+ 3Hn1 = Production and Annihilation terms



Boltzmann Equations

dn1

dt
+ 3Hn1 = 2⟨σv⟩SMSM→ii n2

SM − 2⟨σv⟩ii→SMSM n2
1 + …



Boltzmann Equations

dn1

dt
+ 3Hn1 = 2⟨σv⟩ii→SMSM (n2

eq − n2
1) + …



Boltzmann Equations

We new variables:  N ≡ n1 + n2 + n3 = 3n1, Y ≡ N/s, x ≡
mχ

T

1
1 − x

3geff
∂geff

∂x

∂Y
∂x

=
1

H(x)x ( 2
3

s⟨σv⟩ii→SMSM(Y2
eq − Y2) + …)



WIMP Solution



Forbidden Solution

1

1 − x
3geff

∂geff

∂x

∂Y
∂x

=
1

H(x)x [6
n2

h2eq

s(x)
⟨σv⟩h2h2→ii(−Y2 + Y2

eq)+
2
3

⟨σv⟩ii→SMSMs(x)(−Y2 + Y2
eq) + …]



Forbidden Solution



SIMP Solution

1

1 − x
3geff

∂geff

∂x

∂Y
∂x

=
1

H * x [6
n2

h2eq

s
⟨σv⟩h2h2→ii(−Y2 + Yeq) +

2
3

⟨σv⟩ii→SMSM(−Y2 + Y2
eq)

+( 1
9

⟨σv2⟩ijk +
2
9

⟨σv2⟩iij +
1
9

⟨σv2⟩iii) s2 (−Y3 + Y2Yeq)+⋯]



SIMP Solution



Conclusion

• Wimp: Predictive framework but strongly constrained by direct detection 
experiments.


• Forbidden: Provides a way to evade strict bounds by suppressing couplings 
to the SM.


• SIMP:Viable in the sub-GeV range, with relic density set by 3 to 2 processes 
and interesting self-interaction effects.


• Hidden vector sector: A unified setup provides all these scenarios, depending 
on the parameter space. 
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Thanks :)



Spontaneous Symmetry Breaking
The final lagrangian is

ℒ = −
1
4

Fμν ⋅ Fμν +
1
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(gϕvϕ)2Aμ ⋅ Aμ +
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(∂μη)2 +
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1

cos2 θW
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−ληη4 − λhh4 − λ1η2h2 − λ2h3η − λ3hη3 − ρηη3 − ρhh3 − ρ1η2h − ρ2h2η



Boltzmann Equations
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