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Outline
Preview: Dark Matter  

Detections 

Available on Amazon, 
Come with different flavors.

Neutron Stars in  
Galactic Center.

Free High Energy Colliders!!

Bounds of 
.σSI

χn(mχ)
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The DM model.

IceCube. ARIANNA 
(Projections).

Experimental results



Dark matter Detection methods

Pictures for the processes are taken from Tim Tait’s slide of KITP Snowmass2022. 
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Signature: radiations. Signature: recoiled energies.
Signature: stable SM 

( ).e+, p, γ, ν, …
Astrophysical structure 

of the Universe.

This project!



Neutron Stars in Galactic Center
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Make from neutrons: . 

Mass: , Radius: . 

(Blueshift) Escape velocity: 

      ,      (1) 

   with .       (2) 

Saturation Cross Section: 

    .    (3)

mn = 1.0 GeV
Mns ≈ 1.5 M⊙ Rns ≈ 10 km

vesc = 2χ ≈ 2.1 × 105 km/s

χ = 1 − 1 − 2GNMns/Rns

σsat = πR2
n /Nn ≈ 1.87 × 10−45 cm2

Neutron Star’s number density1 in Galactic Center:  

  (4)

nns(r) = 5.98 × 103( r
1pc )

−1.7
pc−3 (0.1pc < r < 2pc)

= 2.08 × 104( r
1pc )

−3.5
pc−3 (r > 2pc) .

1. This density is extracted from Fig. 2 of arXiv:1804.01543.



Dark Matter capture by neutron stars

/155

Dark Matter Capture Rate after Nth times [GeV]: 

. (5)CN =
πR⋆pN(τ)

1 − 2GNM⋆/R⋆

6nχ

3 π v̄
× [2v̄2 + 3v2

esc − (2v̄2 + 3v2
N)exp( −

3(v2
N − v2

esc)
2v̄2 )]

Capture rate (1 NS): .    (6) 

Total capture rate (All NSs): .  (7)

C =
∞

∑
N=1

CN

Ctot = 4π

r2=100pc

∫
r1=0.1pc

r2nnsCdr

DM velocity dispersion: . 
DM velocity (Nth-time scattering): . 
DM density profile: . 

Probability scattering N-time: 

        .

v̄
vN

nχ
pN(τ) = 2

∞

∫
0

dy
ye−yτ(yτ)N

N!

Captured!vf ≤ vesc ⇒

Figure from arXiv:1906.04204

Optical Depth: τ = 1.5
σχn

σsat

DM model.

Celestial object.
2. Rebecca K. Leane, Tim Linden, Payel Mukhopadhyay, Natalia Toro (arXiv:2101.12213).



Milky Way Galaxy
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(Credit: https://scienceblogs.com) (arXiv:1301.8241)

. (8)M(r) = MBH + 4π
r

∫
0

(ρinner + ρouter + ρdisk + ρχ)r2dr

 

(arXiv:9508025)

ρχ(r) = ρNFW(r) = mχnχ(r) =
ρ0

(r/rs)γ(1 + r/rs)3−γ
.  

 
 : Inner Slope (1-1.5).

ρ0 = 0.42 GeV/cm3 .
rs = 12.0 kpc .
γ

https://scienceblogs.com


Milky Way Galaxy
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(arXiv:1301.8241)

. (8)M(r) = MBH + 4π
r

∫
0

(ρinner + ρouter + ρdisk + ρχ)r2dr

DM velocity dispersion: .  (9)v̄(r) =
3
2

vc(r) =
3
2

GNM(r)
r

 

(arXiv:9508025)

ρχ(r) = ρNFW(r) = mχnχ(r) =
ρ0

(r/rs)γ(1 + r/rs)3−γ
.  

 
 : Inner Slope (1-1.5).

ρ0 = 0.42 GeV/cm3 .
rs = 12.0 kpc .
γ



Signal from DM annihilation in NS
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DM annihilation in NS

Mediator decays to SM particles

Equilibrium:  (10)Γann =
Γcap

2
=

Ctot

2
.

Lorentz Boost: .  (11) 
Escaping condition: .  (12)

η ≈ mχ /mZ′ 

L = ηβτm ≈ ηcτm > R⋆

Mediator live long enough! 🖖 

: Average distance from GC to detectors (Earth). 
: Signal (neutrino) spectrum. 

Signal surviving probability: . (14) 
Limit: .  (15)

D
dN/dE

Psurv = e−R⋆/L − e−D/L

L ≤ D ≈ 8.0 kpc

Differential Energy Flux (measured by ID Experiments): 

.  (13)E2 dΦ
dE

=
Γann

4πD2
× E2 dN

dE
× BR(X → SM) × Psurv .

[GeV cm−2 s−1]
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Neutrinos experimental results

Fig. 1: Differential Energy Flux of muon neutrino: Experimental upper limits and data. The 
horizontal lines for maximum fluxes from NS in GC after integrate all over the sky. 

arXiv:1707.03416 arXiv:1511.02149 arXiv:1507.08991

arXiv:1607.08006



Which DM model?
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Our  
consideration
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Dark Matter model

SU(2)L × U(1)Y × U(1)X

(16)
ℒ ⊃ −

1
4

𝒟μν𝒟μν −
ϵ
2

Bμν𝒟μν

+χ̄(iγμDμ − mχ)χ .
Kinetic mixing coupling:  
Dark photon: 
     . 
Covariant derivative: 

ϵ

𝒟μν = ∂μ𝒟ν − ∂ν𝒟μ

Dμ = ∂μ − ig2

3

∑
a=1

TaWa
μ − ig1

Y
2

Bμ − igx
X
2

𝒟μ .

Only acts on SM

Mediator can interact with DM and SM
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Dark Matter-nucleon cross section

Non-relativistic Scattering

: Mediator-DM/SM coupling. 
: Mediator-neutron coupling. 
: Mediator mass. 
: DM-neutron reduced mass.

λχ/f
bn
mZ′ 

μχn

 (17)σχn =
b2

n μ2
χn

π
 with 

bn =
λχ(λu + 2λd)

m2
Z′ 

μχn =
mχmn

mχ + mn

3. More detail in Prof. Tongyan Lin’s lecture note (arXiv:1904.07915)
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(SI) Cross Section limits

Fig. 2: SI Cross Section limits, using IceCube, Measured Astrophysical (muon) Neutrino, and ARIA projection.  
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Take home message

Neutron Stars can help us investigate Long-lived Dark 
Matter Mediator models. 
With Light -model and current IceCube result, the 
bounds for SI Cross Section of DM-neutron can be 
pushed down to  (TeV - PeV mass 
range). 
Can use other celestial objects with large number in 
Galactic Center: Brown Dwarfs, White Dwarfs, … 
Motivation for experimental results: ARIANNA, K3MNet, 
IceCube Gen2, …

Z′ 

10−46 − 10−47 cm2
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I’m searching for 
Dog-Matter too!!

Thank you for listening!
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What is the optical depth?

For multiscatter capture it is convenient to define the optical 
depth, the average number of times a dark matter particle with 
dark matter - nuclear cross section  will scatter when traversing 
the star. 

To understand the 3/2 factor in the optical depth, observe that the 
cross section for which 1 scatter occurs over a distance of 2R, 
(where R is the radius of the star) is:

σχn

arXiv:1703.04043



Capture Rate



Velocity Dispersions of NS in Galactic Center



Feynman rules



EFT: DM-nucleon scattering



Bounds from IceCube



Bounds from Data


