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Dark matter landscape

Figure: Baudis, Laura (2025)
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≳GeV-scale dark matter

Strong bounds from direct detection for dark matter above GeV-scale

Figure: Baudis, Laura (2025)
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SENSEI (2025)

• PandaX
• SENSEI
•…

Significant efforts are ongoing to push direct 
detection to lower masses

Direct detection for Sub-GeV DM
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SENSEI (2025)

• PandaX
• SENSEI
•…

What cross-section must 
experiments achieve?

What are the target models and 
their cross-sections?

Significant efforts are ongoing to push direct 
detection to lower masses

Direct detection for Sub-GeV DM

Focus Dark matter interacts only 
hadronically at leading order
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“Model-independent” bounds from 
cosmology:

Existing Bounds on Sub-GeV DM 

Rogers, Dvorkin, Peiris (2021)

Largely have excluded by direct detection

• matter power spectrum
• suppress structure on smaller scales 

If such a large cross-section allowed 
in complete models?
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We consider the case where mediator mass ≥ 100 MeV (i.e. above the SN 
bounds) and Dark matter interacts only hadronically at leading order.

• Work in low-energy Chiral Effective Field Theory

• Nucleon bremsstrahlung, pion-DM conversion, nucleon-DM scattering

• Obtain conservative bounds on DM-nucleon cross-section from SN cooling 

argument

Fouse on low-energy phenomenology

This work: massive mediators
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DM-SM interactions
Consider interaction of the form

Table: Cox et al. (2025)
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Pseudoscalar operators 
• DM and quark masses treated as perturbations added to the QCD Lagrangian

• Match onto the low energy 푆� 3 � × 푆� 3 �/푆� 3 � Chiral Lagrangian 
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• Leading-order DM couplings to nucleons

Pseudoscalar operators 
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• Leading-order DM couplings to pions

Pseudoscalar operators 
• Leading-order DM couplings to nucleons



Zun Wang – Southeast University

Pseudoscalar operators 

I. Quark coupled

II. Gluon coupled

We consider two UV completion models

Re-expressed in  terms of ��and ��
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� = 2 ×  
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prod exp  −� 

Dark matter luminosity
Dark matter pair luminosity per sec is obtained by integrating over the entire SN core 
profile �⊙ :

Γχ
prod : Production rate of dark matter 

Γχ
abs : Absorption rate of dark matter

�: Optical depth

�=  r
�⊙∑Γχ

abs dr

Γχ
prod , Γ�

abs , � are function of r
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Upper boundLower bound

SN1987A bounds from SN cooling argument

The instantaneous luminosity in 
novel particles should not exceed 
the

to remain consistent with the 
observations of SN1987A.

� ≤ �� = 3 × 1052erg/s

Figure: Chang, Essig, McDermott (2019)

Raffelt  (1996)
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Fiducial model for the SN
Fiducial model

��

��

Core radius: �� = 10km

Neutrinosphere radius: �� > 10km

Core Temperature: T� = 30MeV

Core density: � = 3 × 1014�/��3

Proton fraction: �� = ��/�� = 0.3

Muon/Pion fraction: ��−/�− = ��−/�−/�� ∼ � 1 % 

Figure: Chaos Museum



Zun Wang – Southeast University

Fiducial model for the SN

��

��

Figure: Chaos Museum

Consider different models to evaluate systematic uncertainties

Core radius: �� = 10km
Neutrinosphere radius: �� > 10km
Core Temperature: T� = 30MeV

Core density: � = 3 × 1014�/��3

Proton fraction: �� = ��/�� = 0.3

Muon/Pion fraction: ��−/�− = ��−/�−/�� ∼ � 1 % 

Fiducial model
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SN1987A bounds

• NN bremsstrahlung

• Pion-DM conversion

Three processes are relevant in the SN core :

Production processes Processes affecting the optical depth

• Inverse NN bremsstrahlung

• Inverse pion-DM conversion

• Nucleon-DM scattering
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(1) Nucleon bremsstrahlung

� �

� �

�

� �

�

��� ≫��� ≫���

Dark matter production channel in the SN(1)

� �

� �

� �

� �
Resonance when 
�� < ��0/2 

• Sum over 16 diagrams and squared to obtain the amplitude

푁푁→푁푁��

�0

�0
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 (2) Pion-DM conversion

��−/��0 = ���−/T ∼ � 102∼3 ��−/��+ = �2��−/� ∼ � 104∼6 

• neutral pion (& positively pion) abundance is highly suppressed

Dark matter production channel in the SN(2)

• Production rate depends on the pion distribution

Only need to consider                     for production 

 �− chemical potential  ��− = �� − �� ∼ 200 MeV

�푁  →푁��
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 (2) Pion-DM conversion

Resonance when 
�� < ��0/2 

Dark matter production channel in the SN(2)
�− �  → n��



Zun Wang – Southeast University

Comparison between diff production channels

��0/2 ��0/2

�� ≲ ��0/2: Nucleon bremsstrahlung
�� ≳ ��0/2: Pion-DM conversion

Dominant
channel
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• Inverse nucleon bremsstrahlung

• Inverse pion-DM conversion

• Scattering

Optical depth

n�� → �− �  p�� → �0 �  n�� →  �0 � ��� →  �+ �

More processes are possible for absorption

N� → N�

Important when inverse processes are 
suppressed

�� → 1+��

푁푁��→ ��
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Existing constraints
DM-nucleon cross-section is spin-dependent & momentum-suppressed 
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Results: Pseudoscalar operators 
DM-nucleon cross-section is spin-dependent & momentum-suppressed 
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Summary

• Light, hadronically-interacting DM(expect 
from scalar operators) is strongly 
constrained by SN1987A

• SN Bounds are highly complementary to 
existing constraints

• Implications for future low-mass direct 
detection experiments


