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We live in a Dark Matter Halo

Image credit: 
ESO/L Calçada



DM Direct Detection

Erecoil ≤
2μ2

χNv2
χ

mN
∼ 𝒪(10 keV) for vχ ∼ 10−3c
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DM Direct Detection
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Are there models DD has 
difficulty probing (but where 

DM still couples to SM)?

ℒeff =
1

Λ2

mq

v
χ̄iγ5χq̄iγ5q

σSI ≃ ∝ v2
χ

Can be very small for vχ ∼ 10−3



Neutron Stars
Can we really not do direct detection in this case?  
is tiny for all we need to do is speed up the 

DM

σχn ∝ v2
χ

vχ ∼ 10−3c ⇒

put a 

sun’s worth of stuff in a city’s amount of space

vesc =
2GM

R
∼ 0.5c

M
M⊙

×
10 km

R
⇒

neutron star!⇒



Neutron Stars

End stage of life of relatively massive 
stars after using up fuel


, 


Highly degenerate


Densities of order nuclear density

M ∼ 1 − 2M⊙ R ∼ 10 km



Model Number 1

Coffey, DM, Morrissey, Raj 2207.02221



Axion(-like) Particles
Introduce DM and a complex scalar field 

ℒ ⊃ − gχϕχ̄R χL + h . c .

Scalar field develops vev 

ϕ =
f

2 (1 +
r
f ) eia/f ⇒ ℒ ⊃ mχ

a
f

χ̄iγ5χ

Coupled to SM through e.g. 
vector-like quarks 

ℒ ⊃ − yQϕQ̄RQL + h . c . ⇒
αs

4π
NQ

2
a
f

GG̃
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 is naturally “light” (  or lower here)a GeV



Axion(-like) Particles

See e.g. Bauer et al. 2012.12272
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Model Number 2

Coffey, DM, Morrissey, Raj 2207.02221



 is “small”σSI ∝ v2
χ

2.25HDM

2HDM+a

ℒ ⊃ − yχa0 χ̄iγ5χ − (iμa12a0H†
1 H2 + h . c.) −

1
2

m2
a0

a2
0

tan 2θ = −
2μa12v

m2
A − m2

a



Motivation for 2.25HDM
Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, Slatyer 1402.6703

Early work by Goodenough & Hooper; lots of 
work since, e.g. Leane & Slatyer, Lisanti et al.

Well fit by ~50 GeV DM 
annihilating to bb̄

But direct detection constraints strong in 
that mass range pseudoscalar mediator⇒



2.25HDM

2HDM+a

ℒ ⊃ − yχa0 χ̄iγ5χ − (iμa12a0H†
1 H2 + h . c.) −

1
2

m2
a0

a2
0

tan 2θ = −
2μa12v

m2
A − m2

a

 is “comfortable” at the  scalea 𝒪(10 GeV)



Scattering on Nucleons
ALP model 2HDM+a model

Velocity (and spin) dependent



Scattering on Nucleons
ALP model 2HDM+a model

Velocity (and spin) independent



Neutron Stars

Mass of DM a NS star passes through per unit time 
·M = ρχvχπR2

NS ×
(vesc/vχ)2

1 − v2
esc

∼ 1025 GeV
s

⇒ TNS ∼ 1500 K

See Baryakhtar, Bramante, Li, Linden, Raj PRL 119, 131801 (2017)
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Neutron Stars

Lmax

10-7Lmax
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n y2

χ = 10−14

Consider DM-nucleon scattering 
for a few different nuclear EoS

Capturing all DM corresponds to 
Lmax ∼ 1025 GeV

s
= 4πR2

NST4
NS ⇒ TNS ∼ 1500 K

Garani et al. 2205.05048



Neutron Stars

direct detection
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2HDM+a model

Observing NS with 
 varying Lmax

1.5 M⊙ < MNS < 2.1 M⊙



Changing gears…are there other DM models 
where neutron stars play an important role?



“Neutron portal”
(DM & Nelson)

 is interesting:  is a “dark baryon” or “dark neutron”mχ ∼ 𝒪(GeV) χ

ℒ ⊃ − gϕucdc − yϕ*dcχ − mχ χ̄χ + h . c . →
gy
m2

ϕ
ucdcdcχ + h . c . →

4πf3
π

Λ2
n̄χ + h . c .



If , 


  and  


don’t occur (Pfütner & Riisager:  stability )


 is DM candidate (matter & dark matter stable for same reason)

mp − me < mχ < mp + me

p → χe+ + … χ → pe− + …
9Be ⇒ mχ > 938.0 MeV

⇒ χ

Where else does it show up?

Neutron portal dark matter?

ℒ ⊃ − gϕucdc − yϕ*dcχ − mχ χ̄χ + h . c . →
gy
m2

ϕ
ucdcdcχ + h . c . →

4πf3
π

Λ2
n̄χ + h . c .

(DM & Nelson)



If  mχ < mn with mixing angle θ ≡
ϵ

mn − mχ

gives Brn→χγ = 1 % ( θ
5 × 10−10 )

2

( Δm
MeV )

3

Neutron portal dark matter?

ℒ ⊃ − gϕucdc − yϕ*dcχ − mχ χ̄χ + h . c . →
gy
m2

ϕ
ucdcdcχ + h . c . →

4πf3
π

Λ2
n̄χ + h . c .



Neutron decay modes

gives Brn→χγ = 1 % ( θ
5 × 10−10 )

2

( Δm
MeV )

3

Neutron Lifetime 

B 6= 0
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1% unseen 
branching

(Berezhiani; Fornal & 
Grinstein)

(Note:  if  Majorana)θ ≲ 10−20 χ Where else can it appear?



Greif, Raaijmakers, 
Hebeler, Schwenk, & 
Watts arXiv:1812.08188

Neutron stars

TOV equation: 


EoS: 

dp
dr

= −
Gϵ(r)M(r)

r2
× (GR)

p(r) = f[ϵ(r)]



DM, Nelson, Reddy, & Zhou, PRL 121, 061802; Baym et al., Motta et al., 
Mohapatra, Nussinov, et al.

Neutron stars & dark baryons



Cline & Cornell, JHEP 1807 081

Neutron stars & dark baryons: a way out?
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Cosmological/Astrophysical Implications

DM, Pospelov, Raj 2012.09865 (PRD)
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neutron star heating: |mn − mn′�| ≲ $(10 MeV) UCN searches: |mn − mn′�| < 10−18 MeV

PSR J2144-3933:
coldest NS

Cas A

future telescopes

MNS =1.5M⊙,
RNS = 12.6 km

PSR B0950+08,
PSR J0108-1431,

PSR J0437-4715,
PSR J2124-3358.

Goldman et al.
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Cosmological/Astrophysical Implications

DM, Pospelov, Raj 2105.09951 (PRL)



Neutrons Through Walls

Hostert, DM, Pospelov, & Raj (2201.02603)



Wrap up
Neutron stars offer a good opportunity to look for dark matter that has velocity-

suppressed scattering on nucleons


We considered two realistic benchmark scenarios where DM interacts with SM 
through pseudoscalar exchange: ALP & 2HDM+a mediation


Observation of NS with  could set leading constraint on these models 
even compared to terrestrial probes


Also looked at neutron portal and its effects on heating neutron stars, compared to 
terrestrial probes


Still lots to do!

TNS ≲ 1500 K


