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• ≈	85% of the matter in the universe
• Does not interact via the electromagnetic force
• But can exert gravitational influence

Evidence for Dark Matter

NASA's Goddard Space Flight Center



Evidence for Dark Matter

Astronomer Vera Rubin (1928-2016)
 Pioneered work on galaxy rotation curves



Evidence for Dark Matter



Evidence for Dark Matter

NASA, ESA, CSA, STScI, Christopher Willott (NRC-Canada), Lamiya Mowla (Wellesley College), Kartheik Iyer (Columbia)



Evidence for Dark Matter

X-ray: NASA/CXC/CfA/M.Markevitch, Optical and lensing map: NASA/STScI, Magellan/U.Arizona/D.Clowe, Lensing map: ESO WFI



Evidence for Dark Matter

ESA and the Planck Collaboration, Centre for Cosmological Phjysics, U. Chicago

CMB





WIMP detection



Direct Detection
Dark Matter-Nucleus scattering  

Nuclear recoil



Direct Detection

Stawell
• SABRE



LZ anomaly

ArXiv:2609.02823(prompt scintillation)
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WIMP-nucleus elastic scattering rate
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Standard approach

Spin-independent (SI) Spin-dependent (SD)

Takes into account 
all nucleons

Sensitive to unpaired 
nucleon spin

Standard (momentum independent interaction) responses

10-3 c



Could the interaction depend on momentum?
o Possible scenarios where standard SI and SD suppressed:

• Kinetic mixing ℒ!"# = #$$%$′$% (Dark photon &!’) and Majorana WIMP ( 

è  Charge interaction )′(*$(&′$ forbidden 

è  Anapole interaction +)′(*$*&(&′$ allowed (if &!’ gauge symmetry broken)

è 4-fermion operator after integrating out &!’: '()*+!
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Fitzpatrick et al, JCAP 004, 1302 (2013)



Could the interaction depend on momentum?
o Possible scenarios where standard SI and SD suppressed:

• Kinetic mixing ℒ!"# = #$$%$′$% (Dark photon &!’) and Majorana WIMP ( 

• Dirac DM neutral and composite, size 2, constituents with charge 3’ under &!’
è Magnetic dipole moment ℒ./~))3)2 (5$%($′$%
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Could the interaction depend on momentum?
o Possible scenarios where standard SI and SD suppressed:

• Kinetic mixing ℒ!"# = #$$%$′$% (Dark photon &!’) and Majorana WIMP ( 

• Dirac DM neutral and composite, size 2, constituents with charge 3’ under &!’
o WIMPs are slow but nucleons are not at rest! 

10-3 c

10-1 c
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Could the interaction depend on momentum?
o Possible scenarios where standard SI and SD suppressed:

• Kinetic mixing ℒ!"# = #$$%$′$% (Dark photon &!’) and Majorana WIMP ( 

• Dirac DM neutral and composite, size 2, constituents with charge 3’ under &!’
o WIMPs are slow but nucleons are not at rest! 

o LZ anomaly could be explained by momentum dependent interaction

Fitzpatrick et al, JCAP 004, 1302 (2013)



Standard and momentum suppressed responses

Spin-
independent (SI)

Standard

!!" 	 Σ!"# , Σ!"##
Spin-

dependent (SD)

Momentum suppressed

orbital angular 
momentum 

Spin-orbit Tensor

Δ!" &Φ#!"Φ!"##

Nuclear response function (~ form factor) $ 6 "2
3,3#  decomposed into

Fitzpatrick et al, JCAP 004, 1302 (2013)



Shell Model approach



Shell Model approach

Nuclear core – 
completely filled. 
Spin-parity ,! = 0"

Shells above 
valence space – 
completely 
empty



Isotopes relevant for direct detection

	/0-, 1#./, 12,10,#301, 4323, 53,51,5#,54,5645

	/156, /12,/10,/#3,/#/,/#1,/#4,/#675



Form factors for 127I – Standard response
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TensorSpin-orbit
Orbital angular 

momentum

Form factors for 127I – momentum dependent

proton

neutron



Spin 
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Spin dep.
Orbital
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Tensor
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127I integrated form factorsproton neutron



Spin 
indep.

Spin dep.
Orbital

Spin-orbit

Tensor

Spin indep.

Spin dep.

Spin-orbit

Orbital

Tensor

proton neutron

Majorana or 

Composite DM

127I integrated form factors
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Mean field approach
Shell model Hartree-Fock-Bogoliubov
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Mean field approach
Shell model Beyond Mean-field
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Proof of principle: 40Ar

arXiv:2606.11668

Technical details:
• HFBTHO solver

• Same spherical HO basis as shell model 

• SLy4 Skyrme functional

• DDDI pairing, 60 MeV cutoff, adjusted on 120Sn pairing gap

• Particle number projection (after variation)

• No angular momentum projection (spherical ground-state)



Proof of principle: 40Ar

Spin independent Spin-orbit

SLy4



Proof of principle: 40Ar

Shell model
…

…
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Hartree-Fock-
Bogoliubov
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Conclusions and Perspectives
• Direct detection of WIMP-nucleus elastic scattering

• Momentum dependent interactions for Majorana or composite DM

• Spin-orbit responses (larger in heavy nuclei)

• Uncertainties from interaction and nuclear model

• Future works: 

o More EDF (Skyrme, Gogny) and nuclei

o Angular momentum projection for odd and deformed nuclei


