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DM (collisional) searches

Dark Matter (2024) 
Cirelli, Strumia, Zupan
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DM direct (collisional) searches

Xenon-1T 

• Test Mass: ~1000 kg 

• Test time:  ~1000 day 

• Exposure:  ~  kg day106

Solar-Mass Neutron Star 

• Test Mass: ~  kg 

• Test time:  ~  day 

• Exposure: ~  kg day

2 × 1030

5.84 × 1012

1.2 × 1043

Credit:    https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents 
https://www.esa.int/ESA_Multimedia/Images/2024/03/What_is_a_neutron_star 

Exposure = Sensitivity

https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents
https://www.esa.int/ESA_Multimedia/Images/2024/03/What_is_a_neutron_star


4

DM direct (collisional) searches

Xenon-1T 

• Test Mass: ~1000 kg 

• Test time:  ~1000 day 

• Exposure:  ~  kg day106

Solar-Mass Neutron Star 

• Test Mass: ~  kg 

• Test time:  ~  day 

• Exposure: ~  kg day

2 × 1030

5.84 × 1012

1.2 × 1043

We “see” and count every event

A “point” on 
the sky 

💥

💥

💥

💥

We see only the total flux: ∝ 1/r2

Credit:    https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents 
https://www.esa.int/ESA_Multimedia/Images/2024/03/What_is_a_neutron_star 

https://www.ipmu.jp/en/20200617-XENON1T-ExcessEvents
https://www.esa.int/ESA_Multimedia/Images/2024/03/What_is_a_neutron_star
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NS is BETTER at capturing particles

Colliding with colder NS, they typically lose energy:

ΔE ≈ μEk ≈ mnv2
esc ∼ mn,

Dark matter get accelerated when falling into the NS:

Ek ≈
1
2

mDMv2
esc ∼ mDM, vesc ≈ 𝒪(0.6)c

Image from sciencenews.org

The amount of energy DM needed to lose to be trapped:

ΔEneeded ≈
1
2

mDMv2
vir ∼ 10−6mDM,
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Stringent constraints from existing NSs

Anupam Ray.(2023)
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• Core temperature is low.


• Small equilibrium velocity


• Small equilibrium orbit radius


• Strongly confined in a small region

Stringent constraints from existing NSs

For asymmetric DM, collected DM do not self-annihilate.

J. Bramante et al.(2017)

Virial 
Theorem
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• Core temperature is low. 


• Quantum pressure dominate,


• over thermal pressure—Jeans Instability,


• crossing gravity instability. 


• Reaching Chandrasekhar limit, Mch ∼
m3

pl

m2
DM

Stringent constraints from existing NSs

J. Bramante et al.(2017)

For asymmetric DM, collected DM do not self-annihilate.
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• Core temperature is low. 


• Quantum pressure dominate, 


• BH growth is faaaaast! Negligible growth 
time


• Can probe extremely low cross-sections

Mch ∼
m3

pl

m2
DM

Stringent constraints from existing NSs

J. Bramante et al.(2017)

For asymmetric DM, collected DM do not self-annihilate.
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• Core temperature is low. 


• Quantum pressure dominate, 


• BH growth is faaaaast! Negligible growth 
time


• Can probe extremely low cross-sections

Mch ∼
m3

pl

m2
DM

Stringent constraints from existing NSs
DM density Hawking


Radiation 

J. Bramante et al.(2017)

For asymmetric DM, collected DM do not self-annihilate.
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• Symmetric DM get evenly trapped and 
thermalized at the core of NS, high densities.


• DM annihilates, never reach extreme density.


• At equilibrium, DM capture  Heating Rate.⇒

Stringent constraints from existing NSs
For symmetric DM     —>     much easier to model

M. Baryakhtar et al.(2017)

Surface temperature  Cooling Rate.⇒
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• Symmetric DM get evenly trapped and 
thermalized at the core of NS, high densities.


• DM annihilates, never reach extreme density.


• At equilibrium, DM capture  Heating Rate.⇒

Stringent constraints from existing NSs

Star Cooling constraints need observation of cold NS 

Current coolest temperature ~  Kelvin4 × 104

No Existing 
Constraints

M. Baryakhtar et al.(2017)

For symmetric DM     —>     much easier to model



13

• Symmetric DM get evenly trapped and 
thermalized at the core of NS, high densities.


• DM annihilates, never reach extreme density.


• At equilibrium, DM capture  Heating Rate.⇒

Stringent constraints from existing NSs

Not Necessarily True!
M. Baryakhtar et al.(2017)

For symmetric DM     —>     much easier to model



Bigger  ?σχn

Smaller  ?σχ̃n
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Let’s allow an Asymmetric capture rate
For symmetric DM     —>     much easier to model



Enabling Constraints for Symmetric Dark Matter

Sym-DM Asym-captured
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• Capture rate:  


• Thermalization time


• Gravitationally collapsing time


• Black hole growth time 

dN
dt

∝ σχn − σχ̃n}< tage

𝒜 =
σχn − σχ̃n

σχn + σχ̃n

Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961



Example: proton-electron/positron interaction
Sym-DM Asym-captured
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ℳtree
e− = − ℳtree

e+

ℳ1−loop
e− = ℳ1−loop

e+

𝒜 =
σ(p+e−) − σ(p+e+)
σ(p+e−) + σ(p+e+)

=
ℳtree

e− ℳ1−loop
e−

(ℳtree
e− )2



Example: proton-electron/positron interaction
Sym-DM Asym-captured
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ℳtree
e− = − ℳtree

e+

ℳ1−loop
e− = ℳ1−loop

e+

𝒜 =
σ(p+e−) − σ(p+e+)
σ(p+e−) + σ(p+e+)

=
ℳtree

e− ℳ1−loop
e−

(ℳtree
e− )2

Other examples include: /  -nucleon interaction, asymmetry for hadrons, …ν ν̄

Low energy EFT 
analysis!
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EFT basis for asymmetries
For symmetric DM-nucleon operator up to dim-6

[black+brown] or [blue+red] pairs give asymmetries.

ℒint = ± (g1𝒪χ
1𝒪

n
1 ± g2𝒪χ

2𝒪
n
2)
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EFT basis for asymmetries
For symmetric DM-nucleon operator up to dim-6 ℒint = ± (g1𝒪χ

1𝒪
n
1 ± g2𝒪χ

2𝒪
n
2)

[black+brown] or [blue+red] pairs give asymmetries.
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EFT basis for asymmetries
For symmetric DM-nucleon operator up to dim-8 ℒint = ± (g1𝒪χ

1𝒪
n
1 ± g2𝒪χ

2𝒪
n
2)

[black+brown] or [blue+red] 
pairs give asymmetries.
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Let’s allow an Asymmetric capture rate
For symmetric DM     —>     much easier to model



Enabling constraints for Symmetric Dark Matter

Sym-DM asym-captured

Scalar-Scalar vs Vector-Vector

Left-handed only

Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961

𝒜 ≈
2gSSgVV

g2
SS + g2

VV

ℒ = ℒLL = gLL𝒥μ
χL𝒥nLμ

=
1
4 ((𝒥χV − 𝒥χA)

μ
(𝒥nV − 𝒥nA)μ)

=
1
4

gLL (𝒥μ
χV𝒥nVμ − 𝒥μ

χV𝒥nAμ − 𝒥μ
χA𝒥nVμ + 𝒥μ

χA𝒥nAμ)

𝒜 ≈
(4 − π) |p |2

4EχEn

22



Enabling constraints for Symmetric Dark Matter

Sym-DM Asym-captured
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Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961

Extend to lower mass and lower  
cross-sections, 

with future observations of NS in the GC

𝒜 =
σχn − σχ̃n

σχn + σχ̃n



Summary
• Neutron Stars are very good at capture DMs——A Solar-mass Lab in our universe


• When too many DM get captured, they break the NS——Black Hole formation


•   Sym-DM can now be constrained through interference between two effective 
couplings:


• DM/anti-DM generically have different cross-sections with neutron stars.


• ‘unique’ constraints at heavy mass - weak cross section region.


• A large variety of DM model can be tested.

24



Thanks!
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How to utilize the NS observation we have?

NS can easily 
capture DM,

Symmetric or 
Asymmetric?


DM annihilation in the core

SM Heat

Temperature of NS

DM accumulation

Collapse into BH

BH eats the NS

Symmetric 
DM always 
annihilate

Asymmetric 
DM build up 
and collapse 

into BHs

Easier to 
model. 

Harder to 
detect

Harder to 
model. 

Easier to 
detect 

(existing)
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Back up slides



Sym-DM Asym-captured
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Properties of tree-level EFT

ℒint = ± (g1𝒪χ
1𝒪

n
1 ± g2𝒪χ

2𝒪
n
2)

𝒪ψ = ψ̄[anything]ψ

 Charge conjugation of DM :                             taking    Cχ : χ χ ↔ χ̃

 Charge conjugation of nucleon n:                      taking    Cn : n ↔ ñ

   Parity conjugation of DM and nucleon:             taking  P : ψL ↔ ψR

DM are virially unpolarized
Nucleons are thermally unpolarized



Sym-DM Asym-captured
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 and -violationCχ CχP

Cχ

CχP

DM are virially unpolarized
Nucleons are thermally unpolarized



Sym-DM Asym-captured
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Properties of EFT

ℒint = ± (g1𝒪χ
1𝒪

n
1 ± g2𝒪χ

2𝒪
n
2)

Breaking  and  indicate opposite parity and same parity between 1,2Cχ CχP Cχ− P−

 Charge conjugation of DM :                             taking    Cχ : χ χ ↔ χ̃

 Charge conjugation of nucleon n:                      taking    Cn : n ↔ ñ

   Parity conjugation of DM and nucleon:             taking  P : ψL ↔ ψR

𝒪ψ = ψ̄[anything]ψ



Sym-DM Asym-captured
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Properties of EFT

ℒint = ± (g1𝒪χ
1𝒪

n
1 ± g2𝒪χ

2𝒪
n
2)

Breaking  and  indicate opposite parity and same parity between 1,2Cχ CχP Cχ− P−

 Charge conjugation of DM :                             taking    Cχ : χ χ ↔ χ̃

 Charge conjugation of nucleon n:                      taking    Cn : n ↔ ñ

   Parity conjugation of DM and nucleon:             taking  P : ψL ↔ ψR

𝒪ψ = ψ̄[anything]ψ
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One curious observation

• Group(1): vanishing asymmetry: 
 

• Group(2): suppressed asymmetry:

𝒪χ
S𝒪

n
S ⊗ 𝒪χ

T𝒪n
T; 𝒪χ

P𝒪n
P ⊗ 𝒪χ

T𝒪n
T; 𝒪χ

A𝒪n
A ⊗ 𝒪χ

V𝒪n
V;

𝒪χ
V𝒪n

A ⊗ 𝒪χ
A𝒪n

V; 𝒪χ
Tϵ𝒪n

T ⊗ 𝒪χ
P𝒪n

S; 𝒪χ
Tϵ𝒪n

T ⊗ 𝒪χ
S𝒪

n
P,

𝒪χ
P𝒪n

P ⊗ 𝒪χ
V𝒪n

V; 𝒪χ
V𝒪n

A ⊗ 𝒪χ
P𝒪n

S; 𝒪χ
V𝒪n

A ⊗ 𝒪χ
S𝒪

n
P; 𝒪χ

Tϵ𝒪n
T ⊗ 𝒪χ

A𝒪n
V;

Asymmetry from Lagrangian preserving  are either suppressed or vanishing.Cn
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ℒint ⊃ yL (ūL χ) Φu
L + yR (ūR χ) ΦR + B H̃† (

Φu
L

Φd
L)(ΦR)∗ + h.c.

Example UV model-1

Two additional “squark”

ℒ(u)
eff =

|yL |2

mΦu
L
|ΔmL |

(ūL χ)( χ̄uL) +
|yR |2

mΦR
|ΔmR |

(ūR χ)( χ̄uR) +
yLy∗

R Bv
mΦu

L
mΦR

|ΔmLΔmR |
(ūL χ)( χ̄uR) + h.c. .

Integrate out the scaler mediator
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Example UV model-1

Fierz Transformation

ℒ(u)
eff =

y2

4mΦ |Δm | [(ūγμγ5u)( χ̄γμγ5χ) − (ūγμu)( χ̄γμχ)] +

y2Bv
4m2

Φ |Δm |2 [(ūu)( χ̄χ) − (ūiγ5u)( χ̄iγ5χ) +
1
2

(ūσμνu)( χ̄σμνχ)] .

𝒜 ≈
(6cAcT + 2cVcS)

Bv
mΦ |Δm |

3c2
A + c2

V + c2
S ( Bv

mΦ |Δm | )
2

+ 3c2
T ( Bv

mΦ |Δm | )
2 .
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Example UV model-2

A dark “Higgs” mixing with Higgs
𝒜 ≈

2gSSgVV

g2
SS + g2

VV
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Example UV model-3

A heavy dark gauge
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Example UV model-3

M. Cirelli et al.(2005)



Main Story
• Neutron Star is a very strong Dark Matter Collector.


• Collected DM can build up into extremely high densities. 


• Asymmetric (can’t self-annihilate) DM can turn NSs into Black Holes.


• Strong constraints for heavy asymmetric dark matter


• Symmetric DM, however do self-annihilate


• Also strong constraints for symmetric DM, with asymmetric capture.


• Work with Zhen Liu, Maxim Pospelov, Sanjay Reddy. arXiv: 2508.04961
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