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Cosmological evidence of cold dark matter model

Gravitational lensing

Gas distribution in Bullet cluster

Positions of peaks in power spectrum of CMB

Flat rotation curves of galaxies
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Direct DM detection with atomic recoil/ionization

• DM particle scatters elastically off atomic 

nucleus

• Atom is excited and/or ionized

• Electron and photon signals are detected 

with time projection chamber (TPC)

• Relevant experiments: XENONnT, LUX-

ZEPLIN, PandaX,…
Credit: https://lux.physics.ucdavis.edu/
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Atom ionization by jolt of nucleus
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1. DM scatters with 

atoms

2. Atomic electrons can’t 

immediately follow the recoil 

nucleus. There is relative 

motion between them.

3. Before the electrons to 

catch up nucleus, some 

electrons are excited or 

ionized.
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The Migdal Effect for DM detection

Fully fledged theoretical treatment of the Migdal effect for detection of DM particles was given in:

Subsequent works:
N. Bell, J. Dent, B. Dutta, S. Ghosh, J. Kumar, J. Newstead, Phys. Rev. D 104, 076013, 2021
N. Bell, J. Dent, R. Lang, J. Newstead, A. Ritter, Phys. Rev. D 105, 096015, 2022
J. Aalbers et al 2023 J. Phys. G: Nucl. Part. Phys. 50 013001
N. Bell, P. Cox, M. Dolan, J. Newstead, A. Ritter, Phys. Rev. D 109, L091902, 2024
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M. Ibe, W. Nakano, Y. Shoji, K. Suzuki, JHEP 03 (2018) 194, 1707.07258

The Migdal Effect for DM detection

DM-nucleus scattering cross section
 (to be measured)

 Electronic (atomic) matrix element
  (calculated)

   Dark matter distribution
    (modelled)

https://arxiv.org/abs/1707.07258


H. B. Tran Tan, A. Derevianko, V. Dzuba, V.V. Flambaum,  PRL 127, 081301 (2021) 

Atomic ionization by scalar dark matter and solar scalars

• φ is scalar field DM  (sgoldstino, dilaton, relaxon, 
moduli, Higgs-portal DM, etc.)

• φ is massless relativistic field with energy ε ~ 1-100 
keV. It may be thermally produced in the Sun or in 
cosmic rays.

• Absorption of scalar causes atomic ionization (similar 
to photoelectric effect)→ detectable by current DM 
and solar axion searches.

• Relevant experiments: XENONnT, PandaX-II, 
EDELWEISS-III, DAMA/LIBRA, SABRE, SuperCDMS, 
ArDM, DarkSide-20k, DEAP-3600.
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Cross sections for Na, Ar, Ge, I, Xe, Tl

• With and without 1 
keV cutoff.

• Accuracy a few %, 
up to 10% near 
threshold.

• Accurate scalar and 
axion data, 
relativistic Hartree-
Fock calculations: 
PRL 127, 081301 
(2021) 
arXiv:2105.08296. Check against 

photoelectric 
experimental 

data



Scalar DM and solar scalar limits from Xenon1T data

• Detection rate for scalar DM:

• Detection rate for solar scalar:

• New limits from Xenon1T data:
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Atom ionization by absorption of a scalar particle
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Atom ionization by absorption of a scalar particle

• More generally, scalar field can interact both with electron and nucleon:

nucleon electron

• Two independent channels of atomic excitation or ionization:

• Scalar particle is fully absorbed. Its rest mass is transferred into energy of ionized electrons!
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• Absorption cross section of a scalar DM by an atom:

Initial state of the atom

Final state of the atom

• Consider plane wave scalar field with energy ω and momentum k:

• Operator for atomic transitions in the case when all A nucleons interact coherently:

Scalar-nucleus interaction operator

Scalar-electron interaction operator
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• Matrix element of the atomic transition due to scalar DM absorption:

Suppression factor:

• Nuclear absorption matrix element is dominated by dipole term for 
• This condition is satisfied for DM particles with momenta

• The corresponding absorption cross section is

Ignore further as was calculated before
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Our results  [Phys. Rev. D 109 (2024) 11]

• Ionization cross sections by a massless scalar field through scalar-nucleon interaction 

in Xe and Ar atomic targets



16

• Comparison with photoionization cross section in the dipole approximation:

• Thus, scalar field ionization is related with the photoionization as

• the photoionization cross section in the dipole approximation is applicable for photon 

wavelength greater than the typical size of the 1s atomic orbital,

• for Xe atom, Z = 54, this holds for scalar particle momenta k≪200 keV

• The photoionization cross section may be measured experimentally for the detector 

medium. This allows one to effectively take into account interatomic and molecular 

interactions in the detector medium.
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Our results [Phys. Rev. D 109 (2024) 11]

• The rate of absorption of scalar DM particles with emission of electrons:

• Average DM velocity squared: 

• Reported background in the XENONnT experiment is Rerror=1.3 events/(ton x year x keV)

• Assuming that R<Rerror (non-observation of dark matter) we find the limit

• Taking ρDM=0.3 GeV/cm3, mφ=3 keV, we have: 
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Our results:

• Exclusion plot for scalar-nucleon interaction constant:
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Our results: relation with axion-ionization cross section

• Axio-ionization effect [A. Derevianko, V. A. Dzuba, V. V. Flambaum, M. Pospelov, Phys. Rev. D 82, 065006 (2010)]
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Our results: numerical calculations

• Dipole matrix elements are calculated numerically using relativistic Hartree-Fock method for a 
variety of atoms of interest: Na,Si, Ar, Ge, I, Xe, and Tl for DM particle energy from 0.2 to 50 
keV.



21

Our results: analytic fitting formula

• The ionization cross section is dominated by the contributions from 1s, 2s and 2p shells for DM particle 
energy above 1 keV. In this case, the cross section is well described by the following analytic function:

where
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Summary

• Scalar DM particle with Yukawa interaction to nucleons is considered
• Atom can fully absorb this DM particle through DM-nucleus interaction => 

XENON-like experiments are sensitive to O(keV) scalar DM particles.
• Atomic electrons may be ionized with the kinematics similar to the Migdal effect
• Absorption cross section is dominated by the dipole term for DM particle mass 
m<200 keV.

• This absorption cross section is calculated numerically for atomic targets Na, Si, 
Ar, Ge, I, Xe, and Tl

• The absorption cross section is expressed via photoionization cross section. This 
allows one to effectively take into account interatomic interactions in the 
detector’s medium if the the photoionization cross section is measured 
numerically.

• Limits on the scalar-nucleon interaction are obtained from non-observation of 
DM in the XENONnT experiment.
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