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Direct Detection

• Stringent constraints on spin-independent (SI) 
interactions.

• Restricted by 


➡ Nuclear mass of the target


➡ Recoil threshold


• Less sensitivity to interactions with momentum 
or velocity suppressed cross sections.

Spin - independent
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Direct Detection

• Much weaker sensitivity to spin-dependent interactions.

SD neutron SD proton
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• DM scatters, loses energy, becomes gravitationally bound to the Sun.


• Accumulates and annihilates in the centre of the Sun.


• In equilibrium, annihilation rate proportional to the DM-nucleon scattering cross section.


• Neutrinos from DM annihilation can be detected in the Earth (Super-Kamiokande, Antares, IceCube).

DM

DM

Scattering

Scattering

Annihilation
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Image credit: Institute for Cosmic Ray Research,The University of Tokyo

Gould 1987
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• Limits on the SI cross section from DM annihilation to neutrinos much weaker than DD.

Bell, Dolan & SR arXiv: 2107.04216

Limited by 
evaporation

mevap ' 4GeV
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• Extremely efficient at capturing DM, capture probability order 1 for 


• Capture plus subsequent annihilation can heat up local NSs (10 pc)


➡Possible detection with JWST NIRCam (SNR = 5)

DM Scattering

SM
SM

DM

DM
T∞ ~1500 K

T∞ ~2200 K

1 - 2 μm
near IR

Baryakhtar et al. arXiv:1704.01577 (PRL)

Nearby, 
isolated NS

Chatterjee et al. arXiv: 2205.05048

DM capture DM annihilation
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�n� ⇠ O(10�45
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Neutrons Stars 

Inner core?: hyperons, 
kaon condensates, quarks 

Atmosphere: H, He 

Outer crust: Heavy ions, e−

Outer core: npe−μ−

Inner crust: Free  n, p, e−

• The densest stars known.


• Supported against collapse by neutron degeneracy pressure.

Image Credit: Feryal Özel

?

Equation of State (EoS)

➡ APR


➡ BSk


➡ QMC


➡ SLy, …
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P = P (⇢)

Hydrostatic Equilibrium

➡Tolman-Oppenheimer-Volkoff 
(TOV) equations 
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• Baryons


➡Strongly interacting


➡Pauli blocking 
(interacting Fermi gas)

• Leptons


➡Relativistic


➡Pauli blocking (free 
Fermi gas)

Targets
M⋆ = 1.5 M⊙

e−

μ−

p

EoS: QMC

M⋆ = 1.9 M⊙

e−

μ−

p

Λ0 + Ξ− + Ξ0

Hyperons

EoS: QMC

e−

μ−

p

M⋆ = 1 M⊙

EoS: QMC
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Scattering off a Fermi gas of interacting baryons

• Different kinematic regime from DM capture in the Sun.

➡DM accelerated to quasi-relativistic speeds


➡TOV equations and Schwarzchild metric 

Bell, Busoni, SR & Virgato, arXiv: 2004.14888

Pauli Blocking target 
initial and final statesRelativistic kinematics

DM flux

B(r) ⇠ 1� v2esc(r)
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Interaction rate

Capture rate
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• Two important effects missing in all previous calculations:


➡Momentum transfer 


➡Momentum dependence of the hadronic matrix elements


➡Nucleons undergo strong interactions, free Fermi gas is not 
a good approximation.

𝒪(10 GeV)

Nucleon couplings
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Q0 ⇠ 1GeV

Nucleon effective mass
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DM capture in Neutron Stars
Scattering off a Fermi gas of interacting baryons

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918, arXiv: 2108.02525 
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�̄� q̄q yq/⇤
2

�̄�5� q̄q iyq/⇤
2

�̄� q̄�5q iyq/⇤
2

�̄�5� q̄�5q yq/⇤
2

�̄�µ� q̄�µq 1/⇤2

�̄�µ�
5� q̄�µq 1/⇤2

�̄�µ� q̄�µ�5q 1/⇤2

�̄�µ�
5� q̄�µ�5q 1/⇤2

�̄�µ⌫� q̄�µ⌫q 1/⇤2

�̄�µ⌫�
5� q̄�µ⌫q i/⇤2

Operator Coupling Interaction Momentum 

supressed

SI ✘

SI ✔︎

SD ✔︎

SD ✔︎

SI ✘

SI, SD ✔︎

SD ✔︎

SD ✘

SD ✘

SI ✔︎
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�̄�5� q̄�5q

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918, arXiv: 2108.02525 

DM-neutron capture rate in NSs

Suppression of 
the capture rate

4 orders of 
magnitude

2 orders of 
magnitude

3 orders of 
magnitude

• Accounting for nucleon structure and strong interactions suppresses the capture rate
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�̄�5� q̄�5q  suppressedq4

EFT operators

unsuppressed�̄� q̄q
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Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2108.02525 

Pauli blocking 
 transfer > baryon q kF

Multiple Scattering 
 transfer in single collision 
not sufficient for capture

q
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NS sensitivity to SI DM-nucleon scattering cross section
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�̄� q̄q
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NS
Sensitivity

Neutrons
Protons

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2108.02525 
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�̄�µ�
5� q̄�µ�5q

NS
Sensitivity

Neutrons

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2108.02525 
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• Capture

DM Thermalisation in NSs

1st stage: 

 scatteringsN1

Scatterings
DM

DM

• Further scatterings

Scattering

• Thermalised

2nd stage: 

 scatteringsN2

DM
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ttherm ' ttherm2

<latexit sha1_base64="dmJqZD1HiCIayemr2cWfViESh6Q=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIeWGyhNlJJxkyO7vOzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHcFseDauO63k1tZXVvfyG8WtrZ3dveK+wcNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYxup37zCZXmkayZcYx+SAeS9zmjxkoPtW7aUSHBx0m3WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10dvGEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLT90mPK2RGjC2hTHF7K2FDqigzNqSCDcFbfHmZNM7K3mX54v68VLnJ4sjDERzDKXhwBRW4gyrUgYGEZ3iFN0c7L8678zFvzTnZzCH8gfP5A2q4kMQ=</latexit>

Teq
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DM Thermalisation in NSs

• After  scatterings DM reaches 
equilibrium temperature 


N1 + N2
Teq

<latexit sha1_base64="DjePgSoxGILxQ348ynNf3KrrpFQ="></latexit>

ttherm '
N2X

n=N1

1

��(Kn)
.

• Thermalisation time (Pauli Blocking)


➡Sum of average time between collisions


➡Final energy transfer = 
Teq

Bertoni, Nelson & Reddy, arXiv: 1309.1721

Bell, Busoni, SR & Virgato, in preparation

1000 K

10000 K
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DM Thermalisation in NSs
• Momentum suppressed interactions

Bell, Busoni, SR & Virgato, in preparation

 suppressedq4 suppressedq2

1000 K
1000 K
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DM Thermalisation in NSs
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�̄�5� q̄�5q  suppressedq4

EFT operators

unsuppressed�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>

Bell, Busoni, SR & Virgato, in preparation

• Captured DM thermalises in ~ 1 Myr (unsuppressed interactions)
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Capture and Annihilation Equilibrium
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N�(t) =

r
C

A
tanh

✓
t

teq

◆

<latexit sha1_base64="pgVpZncTAu7X0Q2zUkLhu0dpKsI="></latexit>

• Number of accumulated DM particles depends on the capture, evaporation and annihilation rates

teq =
1p
CA

<latexit sha1_base64="ya4nnDQEadqaDCQOBZD4naVGHDo=">AAACA3icbVDLSsNAFJ34rPUVdaebYBFclUQquhGq3bisYB/QhDKZTtqhk0dnboQyBNz4K25cKOLWn3Dn3zhts9DWAxcO59zLvff4CWcSbPvbWFpeWV1bL2wUN7e2d3bNvf2mjFNBaIPEPBZtH0vKWUQbwIDTdiIoDn1OW/6wNvFbD1RIFkf3ME6oF+J+xAJGMGipax5CV9FRduUGAhPlZMqVIwGqdp1lXbNkl+0prEXi5KSEctS75pfbi0ka0ggIx1J2HDsBT2EBjHCaFd1U0gSTIe7TjqYRDqn01PSHzDrRSs8KYqErAmuq/p5QOJRyHPq6M8QwkPPeRPzP66QQXHqKRUkKNCKzRUHKLYitSSBWjwlKgI81wUQwfatFBlinATq2og7BmX95kTTPyk6lfH5XKVVv8jgK6Agdo1PkoAtURbeojhqIoEf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP93smFA=</latexit>

dN�

dt
= C � EN� �AN2

�

<latexit sha1_base64="WzLd2glAs0NUoUxkISBlVx1pPUs=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARRGhJSkU3QrUIrqSCrYUmhslk0g6dXJiZCCXkHdz4Km5cKOLWjTvfxmmbhbb+MPDxn3M4c343ZlRIw/jWCguLS8srxdXS2vrG5pa+vdMRUcIxaeOIRbzrIkEYDUlbUslIN+YEBS4jd+6wOa7fPRAuaBTeylFM7AD1Q+pTjKSyHP3I8nyOcOpdOxYe0Cz1ZHYGm5VLODUq5znc1xy9bFSNieA8mDmUQa6Wo39ZXoSTgIQSMyREzzRiaaeIS4oZyUpWIkiM8BD1SU9hiAIi7HRyUwYPlONBP+LqhRJO3N8TKQqEGAWu6gyQHIjZ2tj8r9ZLpH9qpzSME0lCPF3kJwzKCI4Dgh7lBEs2UoAwp+qvEA+QykiqGEsqBHP25Hno1KpmvXp8Uy83LvI4imAP7INDYIIT0ABXoAXaAINH8AxewZv2pL1o79rHtLWg5TO74I+0zx/qE5zm</latexit>

• When evaporation is negligible

where

�ann =
1

2
AN2

�

<latexit sha1_base64="vhwX3gv+PeP7VC2Ys/wyirQYpeo=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIU3Qg+FrqSCrYKTQw304kdOjMJMxOhhK7d+CtuXCji1i9w5984fSx8HbhwOOde7r0nzjjTxvM+nYnJqemZ2dJceX5hcWnZXVlt6jRXhDZIylN1HYOmnEnaMMxwep0pCiLm9Crungz8qzuqNEvlpellNBRwK1nCCBgrRe5GcApCQFSAlH18gINEAfFr+AifRwHpsJta5Fa8qjcE/kv8MamgMeqR+xG0U5ILKg3hoHXL9zITFqAMI5z2y0GuaQakC7e0ZakEQXVYDF/p4y2rtHGSKlvS4KH6faIAoXVPxLZTgOno395A/M9r5SbZDwsms9xQSUaLkpxjk+JBLrjNFCWG9ywBopi9FZMO2DCMTa9sQ/B/v/yXNGtVf6e6e7FTOTwex1FC62gTbSMf7aFDdIbqqIEIukeP6Bm9OA/Ok/PqvI1aJ5zxzBr6Aef9C6gOmPY=</latexit>

Annihilation rate:

m� & mevap

<latexit sha1_base64="rtTY02VphPWXfn1wQK4tn5Tb1HE=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJpKLLohuXFewDmhAm02k7dCYJM5NCCdn4K25cKOLWz3Dn3zhts9DWAwOHc87lzj1hwpnSjvNtldbWNza3ytuVnd29/QP78Kit4lQS2iIxj2U3xIpyFtGWZprTbiIpFiGnnXB8N/M7EyoVi6NHPU2oL/AwYgNGsDZSYJ+IwCMjhryhNiGBRJDRCU7ywK46NWcOtErcglShQDOwv7x+TFJBI004VqrnOon2Myw1I5zmFS9VNMFkjIe0Z2iEBVV+Nj8gR+dG6aNBLM2LNJqrvycyLJSaitAkBdYjtezNxP+8XqoHN37GoiTVNCKLRYOUIx2jWRuozyQlmk8NwUQy81dERlhiok1nFVOCu3zyKmlf1tx67eqhXm3cFnWU4RTO4AJcuIYG3EMTWkAgh2d4hTfryXqx3q2PRbRkFTPH8AfW5w/a3JaX</latexit>

• If t � teq

<latexit sha1_base64="SnpnCeE4IaBfvHnnJ3k0vctXTks=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA7md0MmX040yuEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1093lp1JotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskU422WyET1fKq5FDFvo0DJe6niNPIl7/rj25nffeJKiyR+wEnKvYiGsQgEo2gkF4kbhgQHOX+cDqo1u27PQVaJU5AaFGgNql/uMGFZxGNkkmrdd+wUvZwqFEzyacXNNE8pG9OQ9w2NacS1l89vnpIzowxJkChTMZK5+nsip5HWk8g3nRHFkV72ZuJ/Xj/D4NrLRZxmyGO2WBRkkmBCZgGQoVCcoZwYQpkS5lbCRlRRhiamignBWX55lXQu6k6jfnnfqDVvijjKcAKncA4OXEET7qAFbWCQwjO8wpuVWS/Wu/WxaC1Zxcwx/IH1+QOwzJF5</latexit>

capture - annihilation equilibrium
<latexit sha1_base64="JuixQY+SNPYwbcAOb4W1e3MdEpo=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0HQJuyKqI0QTKFlBPOAbAh3J7PJkJnZZWZWCEtqG3/FxkIRW7/Azr9x8ig0euDC4Zx7ufeeMOFMG8/7cnILi0vLK/nVwtr6xuaWu71T13GqCK2RmMeqGYKmnElaM8xw2kwUBRFy2ggHlbHfuKdKs1jemWFC2wJ6kkWMgLFSx90PrkEI6GQg5Qhf4iBSQPwTXDkKNOsJOC503KJX8ibAf4k/I0U0Q7XjfgbdmKSCSkM4aN3yvcS0M1CGEU5HhSDVNAEygB5tWSpBUN3OJq+M8KFVujiKlS1p8ET9OZGB0HooQtspwPT1vDcW//NaqYku2hmTSWqoJNNFUcqxifE4F9xlihLDh5YAUczeikkfbBjGpjcOwZ9/+S+pn5T8s9Lp7WmxfDWLI4/20AE6Qj46R2V0g6qohgh6QE/oBb06j86z8+a8T1tzzmxmF/2C8/ENdJ+Y1A==</latexit>

�ann =
1

2
C(�)

<latexit sha1_base64="sjrDtwy0qg7FUUh1QJ1r9UMqBto=">AAACC3icbZC7SgNBFIZn4y3G26qlzZAgxCbsircyaGNnBHOBbAizk5NkyMzuMjMbCMv2Nr6KjYUitr6AnW/jJNlCE38Y+PjPOZw5vx9xprTjfFu5ldW19Y38ZmFre2d3z94/aKgwlhTqNOShbPlEAWcB1DXTHFqRBCJ8Dk1/dDOtN8cgFQuDBz2JoCPIIGB9Rok2Vtcuim4CYxKlnmICJx4lHN+lZdcxLAWGRnrStUtOxZkJL4ObQQllqnXtL68X0lhAoCknSrVdJ9KdhEjNKIe04MUKIkJHZABtgwERoDrJ7JYUHxunh/uhNC/QeOb+nkiIUGoifNMpiB6qxdrU/K/WjnX/qpOwIIo1BHS+qB9zrEM8DQb3mASq+cQAoZKZv2I6JJJQbeIrmBDcxZOXoXFacS8q5/dnpep1FkceHaEiKiMXXaIqukU1VEcUPaJn9IrerCfrxXq3PuatOSubOUR/ZH3+AIUamhE=</latexit>

mevap ⇠ O(10eV) Bell, Busoni, SR & Virgato, 

arXiv: 2010.13257

<latexit sha1_base64="6HuxZj1PckNSyhcK2VvJeEyk80U="></latexit>

A ' h�annv�i
(2⇡)3/2r3�
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<latexit sha1_base64="KC4NV3yyZfaopM/rNG2x3l61QLg=">AAACJXicbZBLS8NAEMc39VXrq+rRy2IRBLUk4uvgoejFYwX7gKaWzXbTLN1kw+5EKaFfxotfxYsHiwie/Cpu0x60OjDLj//MMDt/LxZcg21/Wrm5+YXFpfxyYWV1bX2juLlV1zJRlNWoFFI1PaKZ4BGrAQfBmrFiJPQEa3j963G98cCU5jK6g0HM2iHpRdznlICROsVLlwY8S8V7ARCl5CMG1yMqheEh9jLyDNGMqCE35vcH4+eoUyzZZTsL/BecKZTQNKqd4sjtSpqELAIqiNYtx46hnRIFnAo2LLiJZjGhfdJjLYMRCZlup9mVQ7xnlC72pTIZAc7UnxMpCbUehJ7pDAkEerY2Fv+rtRLwL9opj+IEWEQni/xEYJB4bBnucsUoiIEBQhU3f8U0IIpQMMYWjAnO7Ml/oX5cds7Kp7cnpcrV1I482kG7aB856BxV0A2qohqi6Am9oDc0sp6tV+vd+pi05qzpzDb6FdbXN8KtpWE=</latexit>

�� ! tt̄, bb̄, cc̄,⇡+⇡�
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DM Annihilation in NSs

• If DM has not yet thermalized


• Annihilation final states


• Annihilation to leptons


➡Model dependent


➡Pauli blocked


Bell, Busoni, SR & Virgato, in preparation

�̄�µ�
5� q̄�µ�5q

<latexit sha1_base64="8VHhzCXtt+Z1aYoSofAiEcgWuTc="></latexit>

teq =
1p
CA

✓
ttherm + t

t

◆ ↵
2(2+n)



><Sandra Robles (Fermilab)DM CAPTURE IN NEUTRON STARS 22

DM-induced Heating of NSs

Bell, Busoni, SR & Virgato, in preparation

�̄�5� q̄�5q  suppressedq4�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>

unsuppressed

EFT operators

• Capture-annihilation equilibrium reached in ~1 yr (s-wave) up to 100 kyr (p-wave).
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Summary
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• Improved calculation of the DM capture in neutron stars for (non-)relativistic, degenerate targets.


➡Strong interactions in NSs require treatment beyond the free Fermi gas approximation.


• Neutron stars could constrain different types of interactions, including those that are velocity and 
momentum suppressed.


• Captured DM would thermalise in ~ 1 Myr (unsuppressed interactions), momentum suppressed 
operators will need longer than the age of the Universe.


• Capture-annihilation equilibrium reached for all interactions in ~1 yr up to 100 kyr.


• Constraining DM interactions using DM-induced anomalous heating of neutron stars require


➡Observation of old (cold) neutron stars.


➡Better understanding of the cooling process in neutron stars.
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Thank you for your 
attention!


