
Dark Matter 
Interactions in 
White Dwarfs

2410.13908

Jaime Hoefken Zink

HET Seminar -BNL



AGENDA

01 MOTIVATION

02 WHITE DWARFS

03 CAPTURE RATE OF 
DM

04 INTERACTIONS
Nuclei
Nucleons
Resonances
DIS

05 RESULTS

2

06 CONCLUSIONS

A BEXTRA SLIDES REFERENCES



Motivation
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Standard Model of particle physics
Successful theory, but it cannot explain…

Baryon asymmetry of the universe

Neutrino oscillations

Dominant matter component in the universe

Gravitational interactions at quantum level
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Galaxy rotation curves
Gravitational lensing
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02
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Why 
dark 

matter?
(or something that 

alters what we 
know)

CMB
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Large scale structure formation
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Going even beyond…
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Experimental 
anomalies also 
call for “dark” 
extensions of 
the SM.



We are searching for new 
particles that account for those 

problems

This is not the only kind of solution!
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How to detect DM?DM 
experiments
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Xenon



How to detect DM?DM 
experiments
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IceCube



How to detect DM?DM 
experiments
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ATLAS (LHC)



Especially very compact 
stars

STARS can be 
used as huge 
detectors for 
DM direct 
detection!
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White dwarfs
02



End of life of stars

White dwarf

0.17 - 1.33 M
☉

Black hole

Brown dwarf

13 - 80 MJ

Neutron star

1.1 - 2.3 M
☉
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End of life of stars 14

Compact objects

White dwarf

0.17 - 1.33 M
☉

Black holeNeutron star

1.1 - 2.3 M
☉

Brown dwarf

13 - 80 MJ



Density

Forces

Mass

Eq. of state

● Between 10⁶ - 10⁹ kg/m³
● Mainly composed by C or O.

● Gravitational force
● Degenerate pressure of e⁻
● Coulomb forces

● Less than ~1.4 M (Chandrasekhar limit)

● Salpeter + TOV equations 
(Tolman-Oppenheimer-Volkoff)

Main characteristics of White Dwarfs 15



Capture of DM by stars
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It started with the SOLAR COSMION (WIMP) to solve 
the solar neutrino problem and the missing mass 
problem (DM), due to their efficiency in energy 
transport.

Brief history of the 
topic

Spergel and Press (1985)
and solar neutrino problem
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Gould (1987)
and capture by the Earth (+Sun)

Faulkner and Gilliland (1985)
and solar neutrino problem

Gaisser et al. (1986)
and DM



Mass accumulation

01

What to measure?

Heating of star

01a 01b
Gravitational 

effects
Emission of SM 

particles

02



DM

WD
u

CAPTURE MECHANISM 19

w² = 1 - gtt + gtt u²

Gravitational force

v

Interaction rate

Ω⁻ (w)  ≡ ∫0
ve dv R⁻ (w→v) 

:: probability / time ::

What happens?



DM

WDu

CAPTURE MECHANISM 20

w² = 1 - gtt + gtt u²

Gravitational force
vR⁻ ∝ dσ/dv

Ω⁻ ∝ σ(v<ve)

What happens?



DM

WD

u

(in the Optically Thin Limit)
CAPTURE MECHANISM 21

w² = 1 - gtt + gtt u²

Gravitational force v

What happens?



DM

WDu

What happens as you reach a cross section threshold (σth)?
(out of the Optically Thin Limit)

CAPTURE MECHANISM 22

w² = 1 - gtt + gtt u²

Gravitational force
v

What happens?



Interactions
Modelling the cross sections
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BSM MODELS

VECTOR, Dark photon

24

SCALAR



WHAT INTERACTIONS COULD TAKE PLACE?

DIS

NUCLEAR

RESONANT
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NUCLEON



Non-relativistic and Fermi-Symmetrized 
Woods-Saxon  approaches

Interactions with nuclei

Non relativistic approach
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Regime

Quantum operators

Matrix elements

Operators

● Non-relativistic, so that we can use Galilean invariance.
● We will use the relative velocity:  v = pχ/mχ - pN/mN.
● We also need the transverse 3-momentum: q.

● NR operators: IdχN, iq/mN, v⊥, sχ, sN.
● They act on the tensor product space of χ and N: |pχ,jχ>, |pN,jN>

Ingredients 27



General Hamiltonian
28

We need to build this in 
position space



Results using the nuclear shell model
INDUSTRY VALUE CURVE STRATEGIC MOVE
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y = (bq/2)²
b = (41.467/(45A−1/3 − 25A−2/3 ))1/2



From HE theory to a NR one: expansion of bispinors
INDUSTRY VALUE CURVE STRATEGIC MOVE
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P ≡ p + p’



From HE theory to a NR one: dark photon
INDUSTRY VALUE CURVE STRATEGIC MOVE
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From HE theory to a NR one: scalar
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Non-relativistic and Fermi-Symmetrized 
Woods-Saxon  approaches

Interactions with nuclei

Fermi-Symmetrized Woods-Saxon  approach

33



Richard Helm, 1956
Inelastic and Elastic Scattering of 18'7-Mev Electrons from 

Selected Even-Even Nuclei
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Fermi Symmetrized Woods-Saxon
Woods-Saxon nuclear potential (1954). V0: 

potential depth, R: nuclear radius, a: surface 
diffuseness parameter, r: radial distance

Fermi symmetrized function, to account for nuclear 
surface. c:  parameter related to the half-density 

radius.

Fourier-Bessel 
parametrization

Nucleus: hard sphere with a diffuse surface layer 
(thickness: s)

Nucleus: smooth density distribution…

Nucleus: modeled as a series expansion in 
spherical Bessel functions

From Born 
approximation



Comparison of form factors for 12C

Source: 2206.07100v3
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For the scalar, the expression is simpler:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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For the dark photon, the differential cross section has a similar expression, with a 
different σ0



Interactions with nucleons

Elastic scattering, Z’
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We can follow a similar approach as with the SM:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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SM currents

We need an expression for the Z’Q 
current in terms of the SM currents 
we have already measured…



In terms of SM form factors…
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Form factors
INDUSTRY VALUE CURVE STRATEGIC MOVE
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nuclear magneton

Sachs electric 
and magnetic 
form factors

Dipole function

F1: Dirac ff
F2: Pauli ff
GA: axial ff

GP: pseudoscalar ff
μp = 2.79 μN, μn = -1.91 μN

The cross section is 
straightforwardly 
found (if you’re a 

particle physicist) 



Interactions with nucleons

Elastic scattering, Φ
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Here the process is more complicated…
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Interactions through resonances

Production of π + N through Δ- and N- resonances
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Gell-Mann (1964)
Non-relativistic model for baryons 

and mesons
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FKR (1971)
Relativistic quark model

Greenberg (1964)
Paraquark model of baryons and 

mesons

Rein, Sehgal (1981)
Massless lepton excitation of 

baryon resonances

Berger, Sehgal (2007)
Massive lepton excitation of baryon 

resonances

HHR (2024)
Double massive DM excitation of 

baryon resonances



HOW TO COMPUTE THE CROSS SECTIONS
Short-version recipe

2. FORM FACTORS

Compute the cross section: χ N → χ N*. Turn the δ(W - 
M) into a Breit-Wigner factor to account for the decay of 
the N*:

4. COMPUTE CROSS SECTION

We compute the vector 
V as the one involved in 
the transition N→ N* for 
each combination of 
DM-spins in RES frame.

1. VECTOR

Sum  the 
contributions for the 
18 resonances (L2I,2J). 
Equal L and J 
interfere.

3. SUM RESONANCES
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We compute the amplitudes 
using the FKR model (4D 
harmonic oscillator 
Hamiltonian)) with a suitable 
interaction for every possible 
hadronic spin transition.

 ½

-½

 ³/2

 ½
-½
-³/2

f-3

f-1

f0+

f0-

f+1

f+3

Then, we are also considering the attached process: 
N* → N π, so that N* is nearly on-shell.



The process has to be done in the channels:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Prediction of Rein-Sehgal model for neutrinos: ν p → μ⁻ Δ⁺⁺



Just to see how it looks like… For the dark photon:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Just to see how it looks like… For the scalar:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Deep inelastic scattering (DIS)

Partonic approach
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DIS and partons
50

Partonic approach

Due to asymptotic freedom, 
interaction among quarks in a 
nucleon can be neglected and 
they can be considered to carry 
a “part” of the momentum of the 
nucleon: ξpN.

Feynman, "Very High-Energy Collisions of 
Hadrons”, 1969.



Main variables and ingredients:
INDUSTRY VALUE CURVE STRATEGIC MOVE
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ξ → x  (high energies)



Cross sections
INDUSTRY VALUE CURVE STRATEGIC MOVE
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Scalar

Vector



Benchmark 
points to 
study

Vector
Light mediator

01 02 03
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mZ’
100 MeV

mχ
100 MeV

ε = 10⁻⁵
gD = 0.1

mZ’
10 GeV

mχ
100 MeV

ε = 10⁻⁵
gD = 0.1

mΦ
1 GeV

mχ
100 MeV

gNΦ = 10⁻⁵
gD = 0.1

Vector
Heavy mediator

Scalar
Heavy mediator



BP 1
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Light 
vector



BP 2
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Heavy 
vector



BP 3
56

Heavy 
scalar



Results
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BP 1
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Light 
vector



BP 2
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Heavy 
vector



BP 3
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Heavy 
scalar



Conclusions
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What was shown

What we found

Pheno tasks

Future prospects

● Mechanism of capture rate of dark particles in WDs.
● DM - N (SM) cross sections (vector/scalar).
● Capture rate density (sensitivity) for different energies.

● The least energetic DM is easier to capture (under same 
fluxes)

● For a vector mediator, resonant and DIS scatterings could 
also  be visible for high fluxes.

CONCLUSIONS 62

● Test sensitivity for different fluxes.
● FInd limits on WD lifetimes to set bounds on the different 

DM models.

● Study these effects in neutron stars, red giants…
● Compute the capture of kinetic energy and the heating of 

old stars.



THANK YOU



Extra slides
A



WD accelerating DM 65

I II

uχ ω

1

2

3

4



References
B



White dwarfs
● Shapiro, S. L., & Teukolsky, S. A. (2008). Black holes, white dwarfs, and neutron 

stars: The physics of compact objects. John Wiley & Sons.
● Salpeter, E. E. (1961). Energy and pressure of a zero-temperature plasma. 

Astrophysical Journal, vol. 134, p. 669, 134, 669.
● Mathew, A., & Nandy, M. K. (2017). General relativistic calculations for white dwarfs. 

Research in Astronomy and Astrophysics, 17(6), 061.

References 67

DM capture rate
● Spergel, D. N., & Press, W. H. (1985). Effect of hypothetical, weakly interacting, 

massive particles on energy transport in the solar interior. Astrophysical Journal, 
Part 1 (ISSN 0004-637X), vol. 294, July 15, 1985, p. 663-673., 294, 663-673.

● Silk, J., Olive, K., & Srednicki, M. (1985). The photino, the sun, and high-energy 
neutrinos. Physical Review Letters, 55(2), 257.

● Srednicki, M., Olive, K. A., & Silk, J. (1987). High-energy neutrinos from the sun and 
cold dark matter. Nuclear Physics B, 279(3-4), 804-823.

● Griest, K., & Seckel, D. (1987). Cosmic asymmetry, neutrinos and the sun. Nuclear 
Physics B, 283, 681-705.

● Gould, A. (1987). Resonant enhancements in weakly interacting massive particle 
capture by the earth. Astrophysical Journal, Part 1 (ISSN 0004-637X), vol. 321, Oct. 
1, 1987, p. 571-585., 321, 571-585.

● Busoni, G., De Simone, A., Scott, P., & Vincent, A. C. (2017). Evaporation and 
scattering of momentum-and velocity-dependent dark matter in the Sun. Journal 
of Cosmology and Astroparticle Physics, 2017(10), 037.



68

DM capture rate
● Bell, N. F., Busoni, G., & Robles, S. (2018). Heating up neutron stars with inelastic 

dark matter. Journal of Cosmology and Astroparticle Physics, 2018(09), 018.
● Bell, N. F., Busoni, G., Robles, S., & Virgato, M. (2020). Improved treatment of dark 

matter capture in neutron stars. Journal of Cosmology and Astroparticle Physics, 
2020(09), 028.

● Bell, N. F., Busoni, G., Ramirez-Quezada, M. E., Robles, S., & Virgato, M. (2021). 
Improved treatment of dark matter capture in white dwarfs. Journal of Cosmology 
and Astroparticle Physics, 2021(10), 083.

● Bell, N. F., Busoni, G., Robles, S., & Virgato, M. (2024). Thermalization and 
annihilation of dark matter in neutron stars. Journal of Cosmology and 
Astroparticle Physics, 2024(04), 006.

● Baryakhtar, M., Bramante, J., Li, S. W., Linden, T., & Raj, N. (2017). Dark kinetic 
heating of neutron stars and an infrared window on WIMPs, SIMPs, and pure 
Higgsinos. Physical review letters, 119(13), 131801.

● Garani Ramesh, R., Genolini, Y., & Hambye, T. (2019). New Analysis of Neutron Star 
Constraints on Asymmetric Dark Matter. Journal of Cosmology and Astroparticle 
Physics, 1905, 42.

● Hoefken Zink, J., Hor, S., & Ramirez-Quezada, M. E. (2024). Dark Matter 
Interactions in White Dwarfs: A Multi-Energy Approach to Capture Mechanisms. 
arXiv e-prints, arXiv-2410.



69
Cross sections
Nuclei (NR)

● Fitzpatrick, A. L., Haxton, W., Katz, E., Lubbers, N., & Xu, Y. (2013). The effective 
field theory of dark matter direct detection. Journal of Cosmology and 
Astroparticle Physics, 2013(02), 004.

● Cirelli, M., Del Nobile, E., & Panci, P. (2013). Tools for model-independent bounds in 
direct dark matter searches. Journal of Cosmology and Astroparticle Physics, 
2013(10), 019.

● Catena, R., & Schwabe, B. (2015). Form factors for dark matter capture by the Sun 
in effective theories. Journal of Cosmology and Astroparticle Physics, 2015(04), 
042.

● Del Nobile, E. (2022). The theory of direct dark matter detection. Lecture Notes in 
Physics,(Springer Cham, 2022).

Cross sections
Nuclei (Helm)

● Helm, R. H. (1956). Inelastic and elastic scattering of 187-Mev electrons from 
selected even-even nuclei. Physical Review, 104(5), 1466.

● Lewin, J. D., & Smith, P. F. (1996). Review of mathematics, numerical factors, and 
corrections for dark matter experiments based on elastic nuclear recoil. 
Astroparticle Physics, 6(1), 87-112.

● Vietze, L., Klos, P., Menéndez, J., Haxton, W. C., & Schwenk, A. (2015). Nuclear 
structure aspects of spin-independent WIMP scattering off xenon. Physical Review 
D, 91(4), 043520.

● Kamp, N. W., Hostert, M., Schneider, A., Vergani, S., Argüelles, C. A., Conrad, J. M., 
... & Uchida, M. A. (2023). Dipole-coupled heavy-neutral-lepton explanations of the 
MiniBooNE excess including constraints from MINERvA data. Physical Review D, 
107(5), 055009.



70Cross sections
nucleons

● Hand, L. N., Miller, D. G., & Wilson, R. (1963). Electric and magnetic form factors of 
the nucleon. Reviews of Modern Physics, 35(2), 335.

● Höhler, G., Pietarinen, E., Sabba-Stefanescu, I., Borkowski, F., Simon, G. G., 
Walther, V. H., & Wendling, R. D. (1976). Analysis of electromagnetic nucleon form 
factors. Nuclear Physics B, 114(3), 505-534.

● Kelly, J. J. (2004). Simple parametrization of nucleon form factors. Physical Review 
C—Nuclear Physics, 70(6), 068202.

Cross sections
resonances

● Gell-Mann, M. (1964). A schematic model of baryons and mesons. Physics Letters, 
8(3), 214-215.

● Greenberg, O. W. (1964). Spin and unitary-spin independence in a paraquark model 
of baryons and mesons. Physical Review Letters, 13(20), 598.

● Adler, S. L. (1968). Photo-, electro-, and weak single-pion production in the (3, 3) 
resonance region. Annals of Physics, 50(2), 189-311.

● Feynman, R. P., Kislinger, M., & Ravndal, F. (1971). Current matrix elements from a 
relativistic quark model. Physical Review D, 3(11), 2706.

● Ravndal, F. (1971). Electroproduction of nucleon resonances in a relativistic quark 
model. Physical Review D, 4(5), 1466.

● Rein, D., & Sehgal, L. M. (1981). Neutrino-excitation of baryon resonances and single 
pion production. Annals of Physics, 133(1), 79-153.

● Berger, C., & Sehgal, L. M. (2007). Lepton mass effects in single pion production by 
neutrinos. Physical Review D—Particles, Fields, Gravitation, and Cosmology, 76(11), 
113004.

● Graczyk, K. M., & Sobczyk, J. T. (2008). Lepton mass effects in weak charged 
current single pion production. Physical Review D—Particles, Fields, Gravitation, 
and Cosmology, 77(5), 053003.



71
Cross sections
DIS

● Bjorken, J. D., & Paschos, E. A. (1969). Inelastic electron-proton and γ-proton 
scattering and the structure of the nucleon. Physical Review, 185(5), 1975.

● Altarelli, G., & Parisi, G. (1977). Asymptotic freedom in parton language. Nuclear 
Physics B, 126(2), 298-318.

● Feynman, R. P. (1988). The behavior of hadron collisions at extreme energies. 
Special Relativity and Quantum Theory: A Collection of Papers on the Poincaré 
Group, 289-304.

● Renton, P. (1990). Electroweak interactions: an introduction to the physics of 
quarks and leptons. Cambridge University Press.

● Roberts, R. G. (1993). The Structure of the proton: Deep inelastic scattering. 
Cambridge University Press.

● Giunti, C., & Kim, C. W. (2007). Fundamentals of neutrino physics and astrophysics. 
Oxford university press.


