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Current status of WIMP searches
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Kong, Di Mauro PRD 113 (2026) 4, 043031

Koechler Di Mauro. PRD 112 (2025) 11, 115016

See also: Arcadi et al., arXiv:2403.15860; Arcadi et 
al., arXiv:1703.07364; Roszkowski et al., 
arXiv:1707.06277; Cirelli et al., arXiv:2406.01705; 
Feng, arXiv:1003.0904; Bertone et al., arXiv:hep-ph/
0404175; Jungman et al., arXiv:hep-ph/9506380.

Complementary searches strongly constrain simple WIMP models, while resonant, 
secluded and suppressed nuclear scattering models preserve viable regions.



LZ high-energy event
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• Exposure: 2.84 tonne-years.

• Recoil candidate: 248 ± 23(stat) ± 23(sys) keV.

• Maximum local significance: 3.4σ; global significance: 2.6σ across the models tested.

A single candidate motivates theoretical interpretations 
but does not establish a dark-matter signal.



Direct detection in a nutshell

4

c          

High recoil energies select heavy or fast incident 
particles, modified interactions, or an additional 
source of energy.



Why conventional elastic scattering struggles
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Di Mauro ArXiv:2609.02608

Normalizing a conventional spin-independent 
spectrum to the high-energy candidate generally 
predicts a much larger low-energy population.



Inelastic dark matter models

6



Endothermic scattering probes the fastest dark matter
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δmax≈500 keV

Adam Smith-Orlik et al JCAP 10 (2023) 070δmax≈370 keV

The high-speed halo population controls the 
accessible splitting and event rate. An LMC-induced 
component can extend the endothermic reach.



Different mechanisms produce different recoil spectra

8

Spectra normalized independently; detector response not included.



Higgsino Interpretation

9Fan, arXiv:2609.01504; Freese, arXiv:2609.01583; Wu, arXiv:2609.01590; Yin, arXiv:2609.01892; Di Mauro, arXiv:2609.02608; Du, 
arXiv:2609.04163; Bisal, arXiv:2609.07811; Cheung, arXiv:2609.08712; Langhoff, arXiv:2609.09385; Frolovsky, arXiv:2609.11241.

• Standard thermal freeze-out selects a nearly pure 
Higgsino mass around 1.1 TeV.


• The LZ spectrum and normalization constrain the 
splitting, with substantial dependence on the halo 
distribution and detector response.

Freese+, arXiv:2609.01583



Solar capture mechanism

10Pospelov, arXiv:2609.02775; Di Mauro, arXiv:2609.06760; Bose, 
arXiv:2609.07807; Nguyen, arXiv:2609.11833; Ghosh, arXiv:2609.15321.



Bounds from Solar capture
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•IceCube limits neutrinos from annihilation of captured 
dark matter; scattering limits follow after specifying 
capture and annihilation assumptions.


•Thermal Higgsinos are strongly constrained. 
Compatibility depends on solar cooling, the halo 
distribution and high-energy sidebands.

Pospelov+

Pospelov, arXiv:2609.02775;

Di Mauro Shaikh, arXiv:2609.06760;

Pospelov, arXiv:2609.02775; Di Mauro, arXiv:2609.06760; Bose, arXiv:2609.07807; Nguyen, arXiv:2609.11833; 
Ghosh, arXiv:2609.15321, Freese and Theodosopoulos, arXiv:2610.03692.



Higgs-Coupled Minimal Dark Matter 
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Di Mauro, arXiv:2609.19174.

HC-MDM extends the electroweak dark sector by introducing a Majorana multiplet M and a vectorlike Dirac multiplet D in adjacent SU(2)L 
representations, allowing a renormalizable interaction with the Higgs field 

Smirnov, arXiv:2609.04144

Denoting the two neutral Dirac-sector Weyl fields by ψ0 and ψe0, 



High-energy sideband
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Rodd+ ArXiv:2609.04175

A successful interpretation must explain the candidate without 
overproducing events in neighbouring energy regions.



Pseudo-Dirac Vector model
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A small Majorana mass splits one Dirac fermion into two nearly degenerate Majorana states. The vector interaction 
becomes predominantly off diagonal, enabling inelastic scattering.

Di Mauro ArXiv:2609.02608

A thermal pseudo-Dirac vector model fits LZ 
event with a much smaller nuclear cross 
section wrt the thermal Higgsino 



Relic density, indirect detection and solar capture
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• At freeze-out, both states participate when the splitting is small compared 
with the temperature. 


• Subsequent χ₂ depletion suppresses χ₁χ₂ annihilation today and ID signal.


• Open χ₁χ₁ annihilation channels must still be tested against ID limits.

Relic density and Indirect detection Solar capture

Di Mauro ArXiv:2610.14188 

Di Mauro Shaikh ArXiv:2609.06760

• Track both states after capture, including transitions, decay, cooling 
and annihilation.


• Two-state kinetics after capture, including the suppression of 
annihilation caused by the inelastic transitions. 


• Repeated excitation/de-excitation cycles and orbital cooling inside 
the Sun taking into account elastic scatterings. 



A UV completion: pseudo-Dirac dark matter with gauged baryon number

16Di Mauro ArXiv:2610.14188 

Anomaly-cancelling fermions complete the gauge theory. Symmetry breaking generates 
the mediator and dark-fermion masses, while a residual symmetry stabilizes dark matter.



Particle mixing and dark matter splitting

17Di Mauro ArXiv:2610.14188 



The same model links recoil, relic abundance and collider signals

18Di Mauro ArXiv:2610.14188 



Combined results

19Di Mauro ArXiv:2610.14188 



Dark-photon-mediated endothermic dark matter

20
Yamashita, arXiv:2609.02868; Zhu, arXiv:2609.09015; Ahmed, arXiv:2609.22739; Chakraborti, arXiv:2610.08648.

• The freeze-out process occurs in the secluded regime mA′ ≪ mχ, so the 
dominant annihilation channels are χ₁χ₁ → A′A′ and χ₂χ₂ → A′A′. 


• The mixed process χ₁χ₂ → SM proceeds through s-channel A′ and Z 
exchange and is suppressed by ε. 


• The χ₂ → χ₁ + 3γ channel is allowed, but its lifetime can exceed the age 
of the Universe.

Zhu, arXiv:2609.09015;



Exothermic dark matter

21Dent, arXiv:2609.04673; de Lima, arXiv:2609.05204; Baer, arXiv:2609.06153; Yang, arXiv:2609.06640; Fan, arXiv:2609.10491; 
He, arXiv:2609.15714; Gemmell, arXiv:2609.26570; Oliveira, arXiv:2609.35650; Jho, arXiv:2609.37561.

Dent, arXiv:2609.04673

Down-scattering releases the excited-state mass splitting, allowing 
lighter dark matter to produce a high-energy recoil. The signal 
requires a surviving excited population, determined by decay and 
state conversion. The same model may generate observable 
annihilation signals, including a Galactic Center contribution.

Gemmell, arXiv:2609.26570

δ < 2mₑ closes the electron–positron 
decay channel but does not guarantee 
cosmological stability



Elastic scattering with momentum or velocity suppression

22
Di Mauro, arXiv:2609.02608; Unwin, arXiv:2609.04186; Khan, arXiv:2609.09230; Arcadi, arXiv:2609.17196; Jung, arXiv:2609.25723; Centelles Chuliá, arXiv:2609.32435.

2HD+a model (Arcadi, arXiv:2609.17196;): 

The scalar sector is therefore composed of two SU(2)L doublets, Φ1 and Φ2, together with a pseudoscalar singlet a0. 

In Type-I, all quarks and charged leptons couple to the same doublet, conventionally chosen as Φ2. 

In Type-II, up-type quarks couple to Φ2, while down-type quarks and charged leptons couple to Φ1. 

See also Unwin, arXiv:2609.04186 with pNGB-mediated fermionic dark matter

Relic density + LZ + Collider + Flavour constraints.



Boosted dark matter
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• Dark-sector production: Annihilation or decay of a heavier dark-matter component can 
produce boosted light particles energetic enough to generate the 248-keV recoil.


• Cosmic-ray acceleration: cosmic rays transfer energy to initially slow dark matter. Momentum-
dependent interactions, such as O6 and O10, can produce a recoil spectrum concentrated near 
the LZ candidate.

Liang, arXiv:2609.06756; Alhazmi, arXiv:2609.06890; Kannike, arXiv:2609.07742; Heikinheimo, arXiv:2609.11600; Mahapatra, arXiv:2609.14799

mχ = 1 GeV

Heikinheimo+

Mahapatra+

Wilson coef. for N=1



Fermionic DM absorption
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• Fermionic DM absorption: χ + (A,Z) → ν + (A,Z) 
converts the DM rest-mass energy into a 
nuclear recoil. mχ ≃ 247 MeV naturally gives ER 
≃ 248 keV.


• Fitting the LZ event requires an EFT scale of 
about Λ ≃ 11.5 TeV.


• KamLAND provides a bound of ΛV ≳ 80 TeV for 
the vector operator and ΛS ≳ 73 TeV for the 
scalar operator at mχ ≃ 247 MeV.


• The absorption operators also induce mono-𝑋 

signatures at hadron colliders via associated 𝜒𝜈  ̄
production with initial-state radiation 

Lou, arXiv:2609.01592; Jeesun, arXiv:2609.04185; Aghaie, arXiv:2609.09037; Lee, arXiv:2609.12045; Uttayarat, arXiv:2609.15933.

Lou, arXiv:2609.01592

For the operators shown, the LZ-required interaction 
is strongly constrained by the KamLAND comparison.



Other interpretations
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• Atmospheric-neutrino up-scattering: An atmospheric 
neutrino converts into a massive dark particle through a new 
mediator, transferring energy to the nucleus νN → χN. The 
signal depends on the neutrino flux and must satisfy 
accelerator and neutrino-scattering constraints. 


• Invisible neutron conversion: One or two bound neutrons 
convert into invisible dark-sector particles, potentially 
producing narrow, isotope-dependent recoil lines and nuclear 
de-excitation signals. Viable models must satisfy nucleon-
stability and rare-nuclear-process bounds. 


• Composite dark matter: A neutral bound state of dark 
quarks scatters through a dark-photon mediator. Screening 
among constituent charges suppresses the interaction at 
small momentum transfer. The internal form factor can 
produce a harder recoil spectrum without a mass splitting or 
boosted particles.

Jeesun, arXiv:2609.04185

Aghaie, arXiv:2609.09037

Jung, arXiv:2609.25723

Asadi, arXiv:2609.09107; Sheng, arXiv:2609.23477; Sannino, arXiv:2609.24988; Jung, arXiv:2609.25723; Chanda, arXiv:2609.36814.

Aghaie, arXiv:2609.09037; Lee, arXiv:2609.12045; Uttayarat, arXiv:2609.15933.



What’s next?
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• More LZ exposure: 1,000 live days, low-energy 
data and searches above 300 keV can test 
predicted spectra.


• XENONnT: Extended-energy data can 
independently test the LZ interpretations.


• LHC Run 3: ATLAS and CMS dijet searches can 
probe viable mediators.


• IceCube: Improved solar-neutrino and mediator-
cascade searches can test surviving models.


• Other targets: Argon, germanium and tungsten 
can distinguish interactions and inelastic 
kinematics.


• Spectra and modulation: More events can reveal 
recoil structures and annual variation.


• Indirect detection: Gamma rays and charged 
cosmic particles can test annihilation channels 
(exothermic).

Su+ ArXiv: 2609.01475



Backup slides
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Beyond the simplest elastic WIMP benchmark
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•Secluded Dark Matter: Annihilation into dark-sector particles, with suppressed 
couplings to the Standard Model.


•Inelastic Dark Matter (Endothermic/Exothermic): Scattering involving transitions 
between different dark matter mass states.


•Non-Thermal Dark Matter (Freeze-in): Dark matter produced through feeble 
interactions rather than thermal freeze-out.


•Direct-Detection-Suppressed Dark Matter: Models with loop-induced, momentum-
suppressed, or velocity-suppressed scattering.


•Coannihilating Dark Matter: Relic abundance controlled by interactions involving nearly 
degenerate dark-sector particles.


•Resonant Dark Matter: Efficient annihilation near a mediator resonance, allowing 
suppressed direct-detection couplings.



Number of paper submitted so far on ArXiv
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The freeze-out mechanism and WIMP’s miracle

30
Mattia Di Mauro INFN



Dark matter searches
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Mattia Di Mauro INFN



Dark matter: gravitational evidence
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Comprises majority of mass in Galaxies

Missing mass on Galaxy Cluster scale 
(Zwicky (1937))

Large halos around Galaxies

Rotation Curves

Rubin+(1980)

Almost collisionless

Bullet Cluster 
Clowe+(2006)

Non-Baryonic

Big-Bang Nucleosynthesis,

CMB Acoustic Oscillations

WMAP(2010), Planck(2015)

Mattia Di Mauro INFN



Dark matter particles
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Mattia Di Mauro INFN

KATRIN analysis of tritium β-decay results in an 

upper limit of mν<0.45 eV.

•No Standard Model particle matches the known properties of dark matter

•Weakly interacting massive particle, or WIMP, among the most popular 

candidate



Neutrino flux from dark matter Solar capture
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For a one-species population, the most general one-zone evolution equation relevant here is 



LZ detection/efficiency/backgrounds
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2HD+a model (Arcadi+)

36
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UV Complete model: Pseudo-dirac DM in U(1)B



LZ model interpretation
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PQ origin of inelastic electroweak dark matter

39

We consider the Standard Model (SM) Higgs doublet H, a complex SM-singlet scalar S that spontaneously breaks the PQ 
symmetry, two left-handed Weyl doublets D,Dc, a neutral singlet fermion N, and a vectorlike colored KSVZ pair Q, Qc . 

The QCD anomaly is generated by the KSVZ fermions through 

Visinelli, arXiv:2609.02807

Yuan, arXiv:2609.08893, and An, arXiv:2609.17412 provides a distinctive distinct category from PQ-generated electroweak dark matter



40Bramante+ Phys.Rev.D 94 (2016) 11, 115026

Inelastic frontier: Discovering dark matter at high recoil energy

Su+ ArXiv: 2609.01475



Annual modulation
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• Annual modulation can be strongly enhanced: endothermic scattering near threshold probes the fastest halo particles.


• Large seasonal variations are possible: some LZ-compatible benchmarks predict modulation above 50%, with the 
signal disappearing during part of the year.


• The time dependence can distinguish models: the studied elastic scenarios typically predict smaller variations.


• Predictions depend on the halo distribution: the high-speed tail and possible LMC contribution affect the modulation.


• Additional events are essential: the single LZ candidate cannot establish an annual-modulation signal.

McCabe, arXiv:2609.04181; Khan, arXiv:2609.09230; An, arXiv:2609.17412; Khan, arXiv:2609.25114; Chanda, arXiv:2609.36814.

McCabe, arXiv:2609.04181

Di Mauro ArXiv:2609.02608



Composite dark matter

42
Asadi, arXiv:2609.09107; Sheng, arXiv:2609.23477; Sannino, arXiv:2609.24988; Jung, arXiv:2609.25723; Chanda, arXiv:2609.36814.

• Composite dark matter: A neutral bound state of dark quarks scatters through a dark-photon mediator.

• Suppressed low-energy recoils: Screening among constituent charges suppresses the interaction at 

small momentum transfer.

• Enhanced high-energy response: The internal form factor can produce a harder recoil spectrum 

without a mass splitting or boosted particles.

• Distinctive tests: Diffraction features shift between target nuclei, and additional recoils are predicted 

above the current LZ energy window.

Jung, arXiv:2609.25723
Asadi, arXiv:2609.09107


