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The Sun, White Dwarfs and Black Holes as WIMP detectors
The complementarity of direct detection and capture in celestial 
bodies in a model-independent exploration of the WIMP 
parameter space 
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Direct detection money plot: sensitivity to spin-independent cross section* + standard halo model**

Prospect for 200 tons year of Xe

Neutrino floor (irreducible 
background from solar and 
atmospheric neutrinos)

*cross section scaling with (atomic 
mass number)2 - predicted by 
Supersymmetry
**Linden-Bell’s “violent relaxation” 
model of Galaxy formation - partially 
confirmed by numerical simulations

However this plot changes for: i) a different WIMP-nucleus cross section ii) a different WIMP velocity distribution in the Galaxy

What is the most general result? (does it exist???)

Can we combine it with capture in celestial bodies in a model-independent way?



N.B.: theoretical predictions for the WIMP direct detection and capture
rate depend on two main ingredients:

1) a scaling law for the cross section, in order to compare experiments using
different targets

Traditionallyspin-independentcross section(proportionalto (atomicmass 

number)2 ) or spin-dependentcross section(proportionalto the product

SWIMPĀSnucleus) is assumed

2) a model for the velocity distribution of WIMPs

Traditionally a Maxwelliandistributionisassumed

The full WIMP parameter space includes a wider range of possible interactions and  velocity distributions 

The complementarity between Direct Detection in terrestrial laboratories and WIMP 
capture in celestial bodies can play an important role in its exploration  



WIMP direct detection

Incoming WIMP non-relativistic (v  ~ 1-3 c) →  
nuclear recoil energy in the keV range

WIMP capture in celestial bodies
• WIMP scatters off nucleus at distance r 

inside celestial body. If its outgoing speed 
vout  is below the escape velocity vesc(r) 
gets locked into gravitationally bound orbit

• Keeps scattering again and again until it 
settles down in the stellar core  

nucleus

…

…

v>outvesc(r)

Vout<vesc(r)
…

Same WIMP-nucleus interaction probed by both processes, but in different recoil energy ranges

With the exception of a neutron star the incoming 
WIMP is non-relativistic (v  < 1-1 c) → higher nuclear 
recoil energy in the MeV range thanks to gravitational 
acceleration



Complementarity between 
Direct Detection and Capture 

in the Sun:
Interaction-Independent 

bounds

+ nucleus

…

…

v>outvesc(r)

Vout<vesc(r)
…

=



Most general interaction between the WIMP and the nucleus: effective 
theory for WIMP-nucleus scattering

Symmetry of the problem: Galilean boost. All the operators out of the 4 vectors of the problem

Effective Hamiltonian for WIMP-nucleon (proton,neutron) interaction

Isospin projection
(WIMP-proton and WIMP 
neutron coupling in principle 

different)

(momentum transfer+WIMP velocity+nucleon and WIMP spins)

Generalized to a WIMP of arbitrary spin in: P. Gondolo, Sunghyun Kang, S. S. and  G. Tomar, Phys.Rev. D104, 063017(2021)

• at zero order in the velocity: only two operators, the usual Spin-Independent (SI) and Spin-Dependent (SD) couplings
• at first order in v: additional velocity-suppressed and momentum-suppressed operators (12 for spin ½)

THE KEY MESSAGE: v is the relative velocity between the WIMP and the nucleon v-vN. 

If vT is the velocity of the nucleus center of mass:

v=v-vN=     v-vT       -        (vN-vT)

10-3 10-1~10-2suppression in our Galaxy:

milder suppression thanks 
to nucleon motion in the 
nucleus



Generalization to a WIMP of arbitrary spin (P. Gondolo, Sunghyun Kang, S. S. and  G. Tomar, Phys.Rev. D104, 063017(2021):

operators classified in terms of

• X=M, ɋ, Ɇ, ȹ, ū

• s=# of powers of WIMP spin operators
• l=number of powers of q (transferred momentum)

(five fundamental currents)

• Spin 0: 4 operators (only OX,0,0  and OX,0,1)
• Spin ½: 4+10 = 14 operators
• Spin 1: 4+10+10=24 operators
• etc

operators for a WIMP with spin 

For a WIMP of spin J all operators with s≤2 J… can contribute to the scattering process. For each value of s there are 10 new 
irreducible operators. However 6 of them are not defined for S<1. 



Generalized exclusion plots

•Since we are not driven by a specific high-energy scenario it 
becomes crucial to express experimental constraints in a way 
as model-independent as possible.

•However the parameter space of non –relativistic effective 
theory is large, how to present the experimental 
constraints???

•Considering one effective operator at a time does not appear 
satisfactory, in most situations the effective Hamiltonian is 
driven by several operators that can interfere.

•A possible strategy: bracket the full variation of the exclusion 
plot on each operator determined by interferences 

•Of course, this can be useful only if the variation is not too 
large…



• In non-relativistic effective theory at fixed mɢ and  ŭ all signals are quadratic forms in the couplings: 

                                  cT M c            c=(c1,c2,…,cn) 

• For instance, for a particle of spin ½ with contact interaction 28-dim parameter space
• Bound on the signal → ellipsoid

Alllowed parameter space from 
experiment 1: cT M c< Rmax,1 

Allowed parameter space 
from experiment 2: : cT M c< Rmax,2 

Bound on cɻfrom experiment 1 
assuming cɻ  is the only non-vanishing 
coupling (“one operator at a time 
limit”)

Full scope of cɻif the interference 
with cɼis considered

Combined limit on c♪from experiment 
1 and 2 if the interference with c♫ is 
considered

A. Brenner, A. Ibarra and A. Rappelt, JCAP07(2021)012 
A. Brenner, G. Herrera, A. Ibarra, S. Kang, S. Scopel and G. Tomar, JCAP 06 (2022) 06, 026



Consider the following effective Hamiltonian for a particle of spin 1/2:

contact interaction long range

Very general parameterization of the DM scattering process that 
captures almost all conceivable particle physics scenarios for the 
interaction of DM with nucleons. Depends on 56 independent 
Wilson coefficients.

S. Kang, I. Jeong, S.S.,  Astropart.Phys. 151 (2023), 102854



exclusion bands instead of exclusion plots

This point is excluded irrespective of the 
other couplings and no matter what the 
specific ultraviolet completion

S. Kang, I. Jeong, S.S.,  Astropart.Phys. 151 (2023), 102854

(allow to assess your preferred model without re-analizing the experimental data)

most stringent bound: the coupling you 
want to constrain is the only non-vanishing 
one
most conservative bound: the coupling you 
want to constrain has the maximal possible 
destructive interference with the other 
couplings (worst-case scenario)



Exclusion “bands” for each of the 14 contact effective couplings for a WIMP of spin 1/2 

Spin-independent Spin-dependent Not-interfering

S. Kang, I. Jeong, S.S.,  Astropart.Phys. 151 (2023), 102854



S. Kang, I. Jeong, S.S. , 2209.03646[hep-ph]

Exclusion “bands” for each of the 14 long-range effective couplings for a WIMP of spin ½
 

Spin-independent Spin-dependent Not-interfering



Relaxing factors (i.e. ratio between strongest and weakest bound)

protonneutronproton neutron

m…=20 GeV m…=100 GeV

S. Kang, I. Jeong, S.S.,  Astropart.Phys. 151 (2023), 102854
Large for some operators due to flat directions



• Almost flat directions in parameter space. the ellipticity can be very large when the matrix is close to singular for the 
bound on a single target → bound from single experiment strongly weakened  when interferences are included

• SOLUTION: combine different targets. WIMP capture in the Sun involves the combination of ~ 20 different targets 

One complication: close to singular matrices

The squared amplitude for WIMP scattering off a single target at fixed momentum transfer is given by the sum of squares 
of polinomials linear in the couplings  Oalways singular quadratic form! Same for the differential rate. 

S. Kang, I. Jeong, S.S.,  Astropart.Phys. 151 (2023), 102854

with  A[…] linear polynomials in the couplings.

The event rate is not singular because of energy integration and contribution of several targets/isotopes. However 
a large hierarchy among the eigenvalues ‗i  persists, with ‗i→0 for  some of them 



Complementarity between direct detection and capture in the Sun

• “Flat directions” in the DD 
exclusion plot for some effective 
operators

• No flat directions for capture in 
the Sun → combination of 
different targets, including some 
not used in DD 

A. Brenner, G. Herrera, A. Ibarra, S. Kang, S.S. and G. Tomar, "Complementarity of experiments in probing the non-relativistic 
effective theory of dark matter-nucleon interactions", JCAP 06 (2022) 06, 026 (2203.04210 [hep-ph])

N.B. in a model-independent approach, 
rather than improving the existing bounds 
the game changer is to add new nuclear 
targets, with different flat directions



Complementarity between 
Direct Detection and Capture 

in the Sun:
 Halo-Independent bounds

+ nucleus

…

…

v>outvesc(r)

Vout<vesc(r)
…

=



The standard lore for the WIMP velocity distribution

άǾƛƻƭŜƴǘ ǊŜƭŀȄŀǘƛƻƴέ paradigm, Lynden-Bell, Mon. Not. Roy. 
Astron. Soc. 136 (1967 (101): WIMPs  are frozen in the largest 
entropy configuration by collapse of collisional (baryon) 
component 
-> Compatible to a Maxwellian in the galactic halo rest frame

However:
• numerical simulations of Galaxy formation can only shed light on statistical average properties of 

galactic halos
• our lack of information about the specific merger history of the Milky Way prevents us to rule out the 

possibility that the f(u) has sizeable non-thermal components

For instance, the study of nearby stars in the Sloan Digital Sky Survey–Gaia DR2 suggest that a 
nontrivial fraction of the dark matter halo is in substructure and thus may not be in thermal 
equilibrium

L. Necib, M. Lisanti, V. Belokurov, AP874:3(2019)

Halo-independent approach?



Halo-independent bounds

Direct Detection

Capture 
in the 
Sun

Direct detection and capture in the Sun are sensitive to different speed ranges



Halo-independent bounds

Due to the energy threshold WIMP direct detection alone does not probe the full velocity range of the velocity 
distribution → combine with capture in the Sun (F. Ferrer, A. Ibarra, S. Wild, JCAP 09 (2015), 052, [1506.03386]) 
Also in this case:

The WIMP direct detection signal can be written in the form: 

velocity distribution response function

if: 

is it possible to get a bound on the coupling for any velocity distribution f(u) with the only condition:

?

The velocity range probed by capture is complementary to direct detection

NO

N.B. u is in the Sun’s rest frame



writing:

an experimental upper bound implies:

with:

one gets the upper bound on ci
2:

F. Ferrer, A. Ibarra, S. Wild, JCAP 09 (2015), 052, [1506.03386] 

ci
max(u)~1/H(ci=1,u)



ci max(u) is a function of u that can be bounded combining DD and Capture in the sun:

now c* can be pulled out from the rate formula:
with 

u<ό : only bound by capture I the Sun
u>ό : only bound by direct detectionN.B.:

DD

Capture



‏

‏/1
(‏-1)/1

max(1 /(‏-1)/1 ,‏)=2

c  2c*



The method works only when the rate is proportional to a single coupling → assume a coupling of the NREFT for 
WIMP-nucleus scattering at a time



The method works only when the rate is proportional to a single coupling 
→ assume one non-vanishing coupling of the NREFT at a time

S. Kang, A. Kar and S.S, JCAP 03 (2023), 011, [2212.05774]



Relaxing factor (ratio between halo-independent bound and Maxwellian)

• within one order of magnitude at small and large WIMP masses
• much larger at intermediate masses

S. Kang, A. Kar and S.S, JCAP 03 (2023), 011, [2212.05774]

• extension of the method to inelastic scattering: S. Kang, A. Arpan, S.S., JCAP 11 (2023), 077 (2308.13203) [2308.13203]
• extension to massless mediator: K. Choi, I. Jeong, S.Kang, A. Kar and S.S., JCAP 01 (2025) 007, 2408.09658 



Extension to celestial bodies other than the Sun

• targets with a vanishing spin only sensitive to a subset of EFT operators:

• hydrogen abundant in stars, but only sensitive to WIMP-proton coupling, small WIMP mass and  misses the 
Φ,s,s operator (sensitive to 4+18j… operators instead of 4+20j… )

• in neutron stars NREFT does not apply
• exoplanets?

operators for a WIMP with spin 

Interaction-Independent bounds

Halo-Independent bounds

• need celestial bodies close to the solar system to probe the same local velocity distribution



WimPyDD:  an object–oriented and customizable Python code to calculate accurate 
predictions expected rates for WIMP-nucleus scattering in WIMP directςdetection 
experiments within the framework of Galilean–invariant non–relativistic effective theory. 

coming soon:

WimPyC: extension of WimPyDD to calculate WIMP capture in celestial bodies



https:// wimpydd.hepforge.org/



Main features of WimPyDD:
object-oriented

customizable

portable (Python)

What WimPyDD can do:
calculates accurate predictions for the expected rates in WIMP direct–detection experiments in virtually any scenario:
 Galilean-invariant non-relativistic effective theory

 an arbitrary WIMP spin

 inelastic scattering

 generic WIMP velocity distribution in the Galactic halo

including the detector’s response

 

How WimPyDD does it:
calculates the three main components that enter the calculation of direct detection signals:

 the Wilson coefficients of the effective theory

 the detector response functions (containing acceptance, energy resolution, response to nuclear recoils, binning, etc)

 the halo function

and stores them for later interpolation, using a parameterization that does not depend on the WIMP mass

I. Jeong, S. Kang, S. Scopel, G. Tomar, Comput.Phys.Commun. 276 (2022) 108342, [arXiv:2106.06207] 30

Transparent and fast, suitable for WIMP parameter space of large dimensionality



Coming soon: WimPyC,  extension module of WimPyDD to calculate 
WIMP capture in celestial bodies

Three main new routines

1)  wimp_capture                                                                                                  calculates the capture rate in s-1 

2) wimp_capture-matrix                                                                                   calculates the matrix for the capture rate

3) load_response_functions_capture (isotope,Hamiltonian)                                   loads the response functions
                     without including the response of the detector.
    

two new classes

1) isotope
2) celestial_body

+ routine to check the validity of the optically-thin approximation
+ routine to calculate the geometrical capture rate

N.B. WimPyC cannot be used when the speed of the WIMP is relativistic (neutron stars) and in the case of multiple scattering

S. Kang, S.S., G. Tomar, in preparation

N.B.2. Additional effects: thermalization, equilibration, evaporation (model- and celestial-body dependent, they all 
require the capture rate)



set-up a new celestial body 

The input string is the name of the directory 
WimPyDD/WIMP_Capture/Celestial_bodies/Sun
containing the celestial body information

Folder content

list of targets

S. Kang, S.S., G. Tomar, in preparation



As in the case of WimPyDD for DD WimPyCapture exploits the factorization of the three main components that enter in 
the calculation of the capture rate: 
i) the Wilson coefficients that encode the dependence of the signals on the ultraviolet completion of the effective 

theory; 
ii) a response function that depends on the nuclear physics and on the main features of the celestial body; 
iii) the halo function that depends on the WIMP velocity distribution. 

• In WimPyCapture these three components are calculated and stored separately for later interpolation and combined 
together only as the last step of the signal evaluation procedure. 

• Fast when the parameter space of the WIMP model has a large dimensionality.

recoil energy

N.B. for a given nuclear 
target the same response 
function can be sampled in 
different energy ranges for 
different celestial bodies

S. Kang, S.S., G. Tomar, in preparation

tabulated response functions



Conclusions

• The complementarity between WIMP direct detection and WIMP capture in the Sun allows to obtain bounds 
that do not depend on the WIMP velocity distribution or the WIMP-nucleus interaction

• WimPyC is the extension of WimPyDD that allows to calculate WIMP capture in celestial bodies (optically thin 
limit) in virtually any scenario: Galilean-invariant non-relativistic effective theory, an arbitrary WIMP spin, 
inelastic scattering, a generic WIMP velocity distribution in the Galactic halo 

+ nucleus

…

…

v>outvesc(r)

Vout<vesc(r)
…

+



Back-up



Most general interaction between the WIMP and the nucleus: effective 
theory for WIMP-nucleus scattering

Spin 0: 4 operators ; Spin ½: 14 operators A. L. Fitzpatrick, W. 
Haxton, E. Katz, N. Lubbers and Y. Xu, JCAP 1302 (2013) 004, 
[1203.3542]; N. Anand, A. L. Fitzpatrick and W. C. Haxton, 
Phys. Rev. C89 (2014) 065501, [1308.6288].
Some operators for spin 1: 8 operators J. B. Dent, L. M. 
Krauss, J. L. Newstead and S. Sabharwal, Phys. Rev. D92 (2015) 
063515, [1505.03117]; R. Catena, K. Fridell and M. B. Krauss, 
JHEP 08 (2019) 030, [1907.02910].

Symmetry of the problem: Galilean boost. All the 
operators out of the 4 vectors of the problem

Effective Hamiltonian for WIMP-nucleon (proton,neutron) interaction

Isospin projection
(WIMP-proton and WIMP 
neutron coupling in principle 
different)

(momentum transfer+WIMP velocity+ 
nucleon and WIMP spins)

Generalized to a WIMP of arbitrary spin in: P. Gondolo, Sunghyun Kang, S. S. and  G. Tomar, Phys.Rev. D104, 063017(2021)



Nuclear response functions

Assuming one-body dark matter-nucleon interactions, the Hamiltonian density for dark 
matter-nucleus interactions is:

So the WIMP-nucleus Hamiltonian has the general form:

With:

A.L.Fitzpatrick, W.Haxton, E.Katz, N.Lubbers and Y.Xu, JCAP1302, 004 (2013),1203.3542; 
N.Anand, A.L.Fitzpatrick and W.C.Haxton, Phys.Rev.C89, 065501 (2014),1308.6288.



which depends on the expectations of six distinct nuclear response functions, defined as:

A.L.Fitzpatrick, W.Haxton, E.Katz, N.Lubbers and Y.Xu, JCAP1302, 004 (2013),1203.3542; 
N.Anand, A.L.Fitzpatrick and W.C.Haxton, Phys.Rev.C89, 065501 (2014),1308.6288.

with  MJM =jJ YJM Bessel spherical harmonics and  MM
JL =jJ YJM  vector spherical harmonics.

→ →

•M= vector-charge (scalar, usualspin-independentpart, non-vanishing for all nuclei)
•ʊΩΩ=vector-longitudinal, related to spin-orpit coupling♬Āl(alsospin-independent, non-

vanishingfor all nuclei)

•Ɇôand Ɇôô = associatedto longitudinaland transversecomponentsof nuclearspin, their sum is

the usual spin-dependentinteraction, requirenuclearspinj>0

•ɲ=associated to the orbital angular momentum operator l, also requires j>0
•ʊΩ= related to a vector-longitudinal operator that transforms as a tensor under rotations, 
requires j>1/2

~



Coupling – nuclear response function correspondence



Nuclear response functions at zero momentum transfer: more scaling laws besides SI and SD

Normalization of W’s chosen so that:

N.B. different scalings of the WIMP-nucleus cross section with the target nuclei



Wilson
Coeffici

ents

Experimen

tal

Auxilary 

Files

output

output

Nuclear 
Form 
Factor

Element 
Files

Target

target

Differential Cross 
Section

dsigma_der

Differential Rate

diff_rate

Hamiltonian

eft_hamiltonian

Element

element

Experiment

experiment

DD response Functions

load_response_functions

DD Count Rate

wimp_dd_rate
wimp_dd_matrix

Model 
Parameters

Halo Function
streamed_halo_function

output 

Celestial 

body

Auxilary 

Files

Celestial body

celestial_body

Capture  Response Functions

load_response_functions_capture
WIMP Capture Rate

wimp_capture
wimp_capture_matrix

output

Isotope

isotope

additional components of WimPyC

S. Kang, S.S., G. Tomar, in preparation



As in the case of WimPyDD for DD WimPyCapture exploits the factorization of the three main components that enter in 
the calculation of the capture rate: 
i) the Wilson coefficients that encode the dependence of the signals on the ultraviolet completion of the effective 

theory; 
ii) a response function that depends on the nuclear physics and on the main features of the celestial body; 
iii) the halo function that depends on the WIMP velocity distribution. 

In WimPyCapture these three components are calculated and stored separately for later interpolation and combined 
together only as the last step of the signal evaluation procedure. This makes the phenomenological study of the capture 
rate with WimPyCapture transparent and fast also when the parameter space of the WIMP model has a large
dimensionality.

velocity distribution

Coefficients that depend on the 
WIMP mass and velocity + mass 
splitting for IDM

Target response functions that, for a given combination of effective 
operators Ol, Om depend only on the recoil energy → stored for later 
interpolation

recoil energy

N.B. the same 
response function can 
be sampled in 
different energy 
ranges for different 
celestial bodies

target densities

Wilson coefficients that depend on the parameters of the model

S. Kang, S.S., G. Tomar, in preparation



From:  R. K. Leane, J. Tong, JCAP 12 (2024), 031

The implementation of a wide 
class of celestial bodies is 
straighforward in WimPyC
(several will be included in
the distribution)

Extensive tests of WimPyC against published results

Sun, inelastic

Sun, elastic



Jupiter White Dwarf

Main-sequence star

geometric

of WimPyC against published results

S. Kang, S.S., G. Tomar, in preparation



WimPyC vs. other codes

WimPyC calculates only the capture rate: does not take into account additional effect, such as thermalization, evaporation, 
equilibration (but a simple routine provided to estimate the equilibration time if the annihilation rate is provided)



WimPyC can be used only if the optical-thin assumption is true

WimPyC includes the routine 

check_optically_thin_condition 

that returns a matrix Mij
opt-thin  to check the validity of the 

optically thin approximation for a generic effective 
Hamiltonian. The Wilson coefficients must fall in the 
ellipsoid:

for the full range of the asymptotic incoming WIMP u.  

For the single coupling c7 , |c7|<1/sqrt(M77)

with:

WimPyC calculates only the capture rate: does not take into account additional effect, such as thermalization, evaporation, 
equilibration (but simple routine provided to estimate the equilibration time if the annihilation rate is provided)

S. Kang, S.S., G. Tomar, in preparation
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