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Problems with CDMΛ

• Small Scale Structure Problems in CDM: Core-Cusp, 
Too Big to fail, Missing Satellite Problem 

• Consistency with Observations: SIDM allows solutions 
by allowing dark matter to scatter off itself, softening 
density profiles in galaxy centers, provided the interaction 
cross-section is in the range of  

• A window to dark sector physics: SIDM suggests that DM 
could have rich hidden sector dynamics, such as dark 
forces or mediators, opening avenues in model building 
and connecting to other puzzles like dark radiation or 
neutrino masses.

Λ

σ/m ∼ 1 cm2/gm

Why SIDM is a compelling scenario?
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Low DM mass
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Low DM mass

arXiv: 2104.07634
gD = = yχ⟨σv⟩ ∼ 3 × 10−26cm3/s



U(1)D
Dark gauge symmetry
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U(1)D
Dark gauge symmetry

ℒ𝒫 ⊃ − yϕχνS + h . c .
• Should the radiation be charged under the gauged ? 

• Charge: Can thermalize with the SM bath -> phenomenology? 

• No-charge: No thermalization, small  introduces extra dark radiation in the late Universe.
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U(1)D
Dark gauge symmetry

1. Considering un-charged dark radiation, 

2. The scalar  and the dark matter candidate  have the same charge for 
Lorentz invariance. 

3.  do no obtain vev (vacuum expectation value)

ϕ χ

ϕ

ℒ𝒫 ⊃ − yϕχνS + h . c .
• Should the radiation be charged under the gauged ? 

• Charge: Can thermalize with the SM bath -> phenomenology? 

• No-charge: No thermalization, small  introduces extra dark radiation in the late Universe.
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Model
ℒ ⊃ (Dμϕ)⋆(Dμϕ) + ℒ𝒵−𝒳 − mχ χχ + ℒ𝒫 − V(ϕ, Φ)

V(ϕ, Φ) = − μ2
hΦ†Φ + λh(Φ†Φ)2 + μ2

ϕ |ϕ |2 + λϕ |ϕ |4 + λhϕ |ϕ |2 (Φ†Φ)

jμ
X = gd χγμχ !

Φ : SM Higgs Doublet
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Field redefinition



Field redefinition

• Diagonalization of the mass terms of  and , requires another orthogonal matrix 
of dim 2, with an angle , which in turn depends on .

X′￼ Z′￼

η ϵ



X-SM interactions
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Chemical Decoupling

λhϕ ≥ 𝒪(10−5)

 maintains kinetic 
equilibrium due to 
strong  
interactions.

ϕ

ϕb ↔ ϕb

 equilibration with the 
SM bath
ϕ

 plays a role if the  
relic comes from the 
SM bath or a Hidden 
sector bath.

mϕ ϕ
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Relevant Processes 
Simplified
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fraction of the total DM relic density



Equations

dρνS

dx
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4βρνS

x
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Neff

• In SM, , any positive deviation 
from this indicated the presence of 
additional relativistic energy density 

• The parameters which contribute to the 
total energy density of the dark radiation 
is given below

Neff = 3.046

{mϕ, y, gd}

dillution abundance



Neff Scan

 
implies smaller 
annihilation rate 
than that of 

 

mϕ = 80 GeV

mϕ = 10 GeV

Larger annihilation rate, 
in turn, implies smaller 
yield of abundance.

Hence, lesser ΔNeff
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Free-Streaming Length

λfs = ∫
τ

τdec

dτ′￼ vχ(t(τ′￼))

= ∫
a

adec

da′￼

a′￼

1
a′￼H(a′￼)

p

p2 + a′￼2m2
χ

= ∫
a

adec

da′￼

a′￼

1
a′￼H(a′￼)

1

1 + (a′￼/anr)2

H(a) ≈ H0 Ωra−4 + Ωma−3

Here, p is the co-moving 
momentum
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Assuming

λfs =
vkick(Γϕ)−1

ad
ln (
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ad ≪ anr < aeq

vkick =
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χ

m2
ϕ + m2

χ

Free-Streaming Constraint
t ∼ a2 (Radiation Domination)
t ∼ a3/2 (Matter Domination)
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Conclusion
• The model features a late decaying scalar that generates both the dark matter relic density, and observable , 

provided it decays before BBN and CMB.  

• DM stability is ensured by an unbroken  symmetry, with the dark photon  gaining mass via Stueckelberg 
mechanism. 

• The dark photon mediates velocity dependent DM self-interactions, enabling 1 , relevant for small-
scale structure. 

• DM annihilation (secluded) is s-wave dominated; low DM mass leads to over-annihilation. However,  relic can be 
larger for larger mass (free parameter). 

• The  mass is constrained by noting that the total relic due to both  and  matches the correct relic due to . This 
mass is not large enough to produce a significant dark radiation.  must decay after BBN and before 
recombination, during which the energy density of  grows relative to that of radiation. 

• Despite imparting large kick velocity at late time, the resulting DM becomes non-relativistic  early enough to 
preserve structure formation.

ΔNeff

U(1)D Xμ

σ/mχ ∼ cm2/gm

ϕ

ϕ ϕ χ χ
ϕ

ϕ
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