
SN 1987A and the Higgs Portal Dark Matter

Huitzu Tu

Institute of Physics, Academia Sinica

December 29, 2016

Huitzu Tu @ NCTS, 29/12/2016 SN 1987A and the Higgs Portal Dark Matter



SN 1987A

[By ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA

Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory -

http://www.eso.org/public/images/eso1401a/, CC BY 4.0,

https://commons.wikimedia.org/w/index.php?curid=30512379]
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Core-Collapse Supernovae

[Janka, Hanke, Huedepohl, Marek, Mueller, Obergaulinger 2012]
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Post-Collapse Proto-Neutron Star (PNS)

[Fischer, Whitehouse, Mezzacapp, Thielemann, Liebendoerfer 2010]
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Supernova Neutrino Emission

Four main phases:

1. Collapse
2. Prompt shock propagation, release of νe burst
3. Matter accretion and mantle cooling
4. Kelvin-Helmholtz cooling of PNS star

[Janka 1993; Raffelt 1996]
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Supernova Cooling and Energy Loss Argument

[Raffelt @ Neutrinos in Astrophysics and Cosmology, NBI, 2014]
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SN 1987A and Axions
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Weinberg’s Higgs Portal Model for Dark Radiation

Lagrangian

L =
(
∂µS

†
)

(∂µS) + µ2S†S − λ(S†S)2 − g(S†S)(Φ†Φ) + LSM

where Φ is the SM Higgs doublet.

Define

S(x) =
1√
2

(〈r〉+ r(x)) e2iα(x)

Mixing angle between the radial field and the SM Higgs field

tan 2θ =
2g 〈ϕ〉 〈r〉
m2
ϕ −m2

r

Model parameters: g , mr and 〈r〉
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Weinberg’s Higgs Portal Model for Dark Radiation and
Dark Matter

Add one Dirac field

Lψ = iψ̄γ · ∂ψ −mψψ̄ψ −
fχ√

2
ψ̄cψS† − f ∗√

2
ψ̄ψcS

and assign a charge U(1)W = 1

Splits into two Majorana fermions, the lighter one is DM

Lψ =
i

2
ψ̄±γ · ∂ψ± −

1

2
m±ψ̄±ψ± −

i

4 〈r〉
(
ψ̄+γψ− − ψψ−γψ+

)
· ∂α

− fχ
2
r
(
ψ̄+ψ+ − ψ̄−ψ−

)
Model parameters now include: mχ, fχ, g , mr , and 〈r〉
Relic density set by χχ↔ rr , αα, f̄ f
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Nucleon-Nucleon Interactions

[Epelbaum, Hammer, Meissner 2009]
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Goldstone Boson Production in Proto-Neutron Star Core

Amplitude for nuclear bremsstrahlung process in one-pion exchange
(OPE) approximation∑

spins |MNN→NNαα|2 ≈ 64
(
fN gmN

m2
ϕ

)2 (
2mN fπ
mπ

)4 (q1·q2)2

(q2−m2
r )2+m2

r Γ2
r

· (−2q2)2 m2
N

(2p·q)4

{
|~k|4

(|~k|2+m2
π)2

+ |~l |4

(|~l |2+m2
π)2

+ |~k|2|~l |2−2|~k·~l |2

(|~k|2+m2
π)(|~l |2+m2

π)
+ ...

}

Energy loss rate

QNN→NNαα = S
2!

∫ d3 ~q1

2ω1 (2π)3
d3 ~q2

2ω2 (2π)3

∫ ∏4
i=1

d3 ~pj
2Ej (2π)3 f1f2(1− f3)(1− f4)

×
∑

spins |MNN→NNαα|2 (2π)4δ4(p1 +p2−p3−p4−q1−q2) (ω1 +ω2)
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Energy Loss Rate due to Goldstone Boson Emission

Nuclear bremsstrahlung processes calculated in non-degenerate (ND)
and degenerate (D) limit

Dependence on neutron fraction Xn

Dependence on PNS core temperature T
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Goldstone Boson Average Emission Energy and Mean Free
Path

Free-streaming (αN → αN) and trapping (ααNN → αα) regime

Collider bound: g < 0.011
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SN 1987A Constraint on Weinberg’s Higgs Portal Model

Consider free-streaming regime
Apply Raffelt’s criterion at T = 30 MeV, ρ = 3 · 1014 g/cm3
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Constraints from Dark Matter Direct Search Experiments
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SN 1987A Constraint on Higgs Portal Model Dark Matter

Dark matter coupling fχ fixed by Ωχh
2 = 0.11 [Anchordoqui, Denton,

Goldberg, Paul, da Silva, Vlcek, Weiler 2014]
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