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Light dark matter production

Vector

Scalar/pseudo-scalar

Coherent oscillation

Cosmic strings [Long, Wang (2019), Kitajima, KN (2022)]

Inflationary fluctuation [Graham, Mardon, Rajendran (2015)]

Gravitational production [Ema, KN, Tang (2019)]

Topological defects

[KN (2020), Kitajima, KN (2023)]Coherent oscillation

Figure 5: Evolution of the string-domain wall networks forNDW = 1. The white lines
correspond to the position of strings, while the blue surfaces correspond to the position
of the center of domain walls. ÒtauÓ in each panel is the conformal time which is related
to the cosmic time as tau =

!
t! .

17
Figure 2: Allowed parameter region consistent with the vector coherent DM scenario (yellow-
shaded) inHinf -mA plane for m! = 106 GeV (left panels), 102 GeV (right panels), T! = 10
MeV (top panels), 1 GeV (bottom panels). Instant reheating (! " = m" ) is assumed.

17

[Kitajima, KN (2023)]

[Hiramatsu et al., (2010) ]
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Constraints on axion-photon coupling

[AxionLimits, C.O’Hare ]

QCD ax
ion

Constraints on electron coupling



[AxionLimits, C.O’Hare ]

Constraints on dark photon 
kinetic mixing Constraints on B-L gauge coupling
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m ! 1 eV

Heavy Light

Dark matter as classical field
Typical axion mass:

Small mass large number density behave as classical wave

Axion dark matter:
<latexit sha1_base64="6gxSD7F8szc1sBxK+qdWpVxt5xI="></latexit>

a(t, !x) = a0 cos (m(t ! !v á!x) + " )

This classical field weakly acts on Qubits



Light dark matter search 
with quasi-particles



Search with quasi-particles

98 V. Cherepanovet a!., The saga of YIG
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Fig. 4. Magnonspectrafor thesymmetricdirectionsk 1 [1101, [100] andfor thevaluesof theexchangeconstants(1.28). T = OK [5].

Thespectrum~d1 (k) is not linear andanisotropiconly in the vicinity of the edgeof the Brillouin
zone.This part of the spectrumis not universal,it dependson all the valuesof exchangeintegrals
a
1ad, Jdd, and faa. Nevertheless,the volume of that part of the Brillouin zonewherethe spectrum

deviatesfrom the linear behavior(1.30) is negligibly small for mostquantities.

1.4.2. Ferromagnonand ant~ferromagnonmodes
In an overviewof thespectrait strikesonethattheantiferromagneticWai (k) branchrunsalmost

parallelto the ferromagneticbranchwdl(k) and they both arenot noticeablyperturbedin their
multiple crossingof other branches.In the languageof perturbationtheory this meansthat the
eigenvectorsof the FM and AFM modesare practically unmixed with the othereigenvectors.
Neglectingsuch an intermixing, we can obtain simple analyticalexpressionsfor the frequencies
~~a1(k) and~d1 (k) of the FM and AFM branchesover the entire Brillouin zone.To do this we
assumethat in (1.15) the oscillation amplitudesof all eight a and all twelve d spins are equal
(a

1 = = a8,a9 = = a20) andobtain

da. da*
i-j~=Aiat+Biaf~ Ñi-~-=B 1a,+D1a, i=1,...,8,j=9,...,20. (1.31)

Hence,we obtainfor d1 (k) and a1(k) theexpressions(6) given in the introduction.The notation
usedfor the coefficients is given in eq. (7).

Our assumptionsabouttheequalityof theamplitudesof theoscillationsof thespinsof the a and
d ions is equivalentto thereplacementof the20-sublatticeferrite by atwo-sublatticemodel.Here,

1464 D Strauch and B Dorner 
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Figure 2. Phonon dispersion curves for GaAs. The experimental data at T = 12 K are given 
by the crosses; the experimental uncertainty is typically 0.02 THz (less than the height of the 
crosses). The lines give the results of model calculations using the rigid-ion model  RIM^. The 
letters R on top of the figure gives the notation for the symmetry directions or points, and 
the numbers i refer to the symmetry representations R, of the corresponding branches or  
points. 

roughly equal weight. Since in the X-W direction the symmetries of the different 
branches could not be determined (¤ 4.5), these data have not been used at all in the 
minimisation procedure. (The data for this latter direction will turn out to serve as an 
interesting testing ground for the various models, cf ¤¤ 4.5 and 4.6.) The resulting 
parameters and their variances are listed in tables7-11 along with the originally published 
numbers (see, e.g., chapter 14 of Press etal(1986) for the meaning of the variances in the 
context of non-linear least-squares fitting and non-standard experimental deviations). 

Dispersion curves calculated from these models are shown in figures 2-6 together 
with the experimental data. 

r h X L r A  L X Z W  0 L 
10 , , 

Figure 3. As figure 2, but the model calculations are with the 14-parameter shell model a ( i i ) .  

NQNLQCAL PSEUDQPQTENTIAL CALCULATIQNS FQR THE. . .

where

zãã(k)=zã(k)Ñzã(k)

X) r2s

a' f&~ãk[V[sãk&J'

is the interband oscillator strength. The sum is
over the initial valence-band index nãand the final

conduction-band states n,. 8 is a surface in k
space of constant interband energy. Four valence
bands and six conduction bands were included in
the sum. The Gilat-Raubheimer scheme" was
used to evaluate the integral. The expression for
e,((a) is based upon several assumptions such as
neglecting excitonic effects, but has been quite
satisfactory for the purpose of analyzing reflec-
tivities.

Once an imaginary part of the dielectric function
has been evaluated, the real part and the reflectiv-
ity may be calculated from a Kramers-Kronig
transformation. To compare the theoretical re-
sults to the experimental derivative spectra, the
logarithmic derivative of the reflectivity is
computed by numerical means.

D. Electronic density of states

Ñ10

The density of states is given by

L A r X U,K X

where the sum is over wave vector and ba.nd index.

0-
TABLE II. Eigenvalues for diamond-structure semi-

conductors at I', X, andL. Energies are in eV.

Point Level
Compound

Ge

Local Nonlocal

-12.53 -12.36 -12.66 -11.34

-0.29 -0.80
Ñ10

Ñ12 pC

0.00

4.17

0.00

4.10

0.00

0.90 Ñ0.42

3.43 3.22 2.66

-8.27

-2.99

-7.69

-2.86

-8.65 Ñ7.88

-3.29 Ñ2.75

1.22 1.17 1.16 0.90

Ñ10

r Z X U,K X

WAVE VECTOR k

-10.17

-7.24

2.15

-9.55

-6.96

2.23

-10~ 39 -9.44

-7.61 -6.60

-1.63 -1.68

-1.43 -1.20

0.76

FIG. 1. Band structures for Si, Ge, and e-Sn. In
the caseof silicon two results are presented: nonlocal.
pseudopotential |'solid line) and local pseudopotential
(dashed hne). Spin-orbit corrections not included.

4.16

Electron (Ge) Phonon (GaAs) Magnon (YIG)

Light DM can excite quasi-particles in solids

Various dispersion relations of quasi-particles
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FIG. 1. ELF for Si, calculated using the Lindhard, Mermin and GPAW methods, as described in the text. The blue line
in the left-hand panel indicates the location of plasmon pole, which is a Dirac delta-function in the Lindhard method. Only
the GPAW method (right-hand panel) correctly models the low ! regime, close to the band gap. For halo DM scattering o!
electrons, the accessible phase space is bounded by! < kv , which is indicated by the dashed line with v = 2 .5 ! 10! 3.

means that the plasmon pole is inÞnitely narrow,
an approximation which is badly violated in most
semiconductors. For halo DM, however, scatter-
ing is dominated by the production of electron-hole
pairs far away from the plasmon pole, which can be
modeled qualitatively with the Lindhard ELF. This
is shown in the left-hand panel of Fig.1. The Lind-
hard ELF does not provide an accurate description
of realistic semiconductors at lowk and high ! , and
therefore cannot be used for absorption processes.

¥ The Mermin method is a generalization of the
Lindhard method which includes dissipation and
can also be used for absorption processes. Con-
cretely, a dissipation parameter ! can be added
to the Lindhard model in a self-consistent way by
deÞning the Mermin dielectric function [19]

"Mer (! , k) = 1 +
(1 + i !

! )( "Lin (! + i ! , k) ! 1)

1 + ( i !
! ) " Lin ( ! + i ! ,k ) ! 1

" Lin (0 ,k ) ! 1

. (3)

In the Mermin method, the ELF is modeled as a
superposition of ELFs obtained with the Mermin
dielectric function, where the plasma frequencies,
dissipation parameters and the weights of the dif-
ferent terms are Þtted to experimental data. In
an ad hoc way, this weighted linear combination
accounts for the inhomogeneities in the electron
number density within the unit cell. The Þtted
data typically includes the measured ELF from re-
ßection electron energy loss spectroscopy (REELS)
and/or optical data ( k = 0 limit), and therefore can
reproduce absorption processes. The theoretically
motivated ansatz in (3) provides a way to perform
a controlled extrapolation of the ELF to Þnite k,
while conserving local electron number. Experi-
mental collaborations [51Ð53] moreover occasion-
ally present their results in terms of Þts to models

whose parameters can be reinterpreted in terms of
the Mermin model. This reinterpretation is done
with the chapidif package [20], which builds on
the work in [54Ð56]. For more details about our
procedure we refer to our earlier work in [15].

The middle panel of Fig. 1 shows the ELF for Si, as
obtained with the Mermin method applied to the
experimental data in [52]. The low k region near
the plasmon pole is much more realistic than for
the Lindhard ELF, as this is the regime where the
ansatz is Þt to the experimental data. Even with a
Þnite width, the plasmon region is still well outside
the kinematically allowed regime for DM-electron
scattering, as indicated by the dashed black line.
The Mermin method however does not incorporate
the detailed band structure of the material. In par-
ticular, in the middle panel of Fig. 1 one can see
that it e " ectively predicts a vanishing band gap,
which is of course not realistic for a semiconductor
such as Si.1As we will see, it is also less appropriate
to model the high momentum (k >" 15 keV) regime.

¥ The GPAW method is the most sophisticated of
the three methods we employ, as it relies on a Þrst-
principles TDDFT calculation with the software
packageGPAW[17, 18]. In this method one approxi-
mates the many-body electron wave functions with
a Kohn-Sham (KS) system [60] of e" ective, single
particle wave functions subject to an e" ective po-
tential. This system is then solved numerically on a

1 The band gap can be approximated by the ad hoc addition of
a Heaviside step function ! (" ! Egap ) [57] or with the Mermin-
Levine-Louie ansatz (MLL) [ 58]. See [54, 59] for comparisons
between these various approaches.

Dark matter absorption
Absorption rate of photon is described by energy loss function:

DarkELF: A python package for dark matter scattering in dielectric targets

Simon Knapen,1, ! Jonathan Kozaczuk,2,   and Tongyan Lin2, à

1CERN, Theoretical Physics Department, Geneva, Switzerland
2Department of Physics, University of California, San Diego, CA 92093, USA

(Dated: April 28, 2021)

We present a python package to calculate interaction rates of light dark matter in dielectric
materials, including screening e! ects. The full response of the material is parametrized in the terms
of the energy loss function (ELF) of material, which DarkELF converts into di ! erential scattering
rates for both direct dark matter electron scattering and through the Migdal e ! ect. In addition,
DarkELF can calculate the rate to produce phonons from sub-MeV dark matter scattering via the
dark photon mediator, as well as the absorption rate for dark matter comprised of dark photons.
The package includes precomputed ELFs for Al, Al 2O3, GaAs, GaN, Ge, Si, SiO2, and ZnS, and
allows the user to easily add their own ELF extractions for arbitrary materials.
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I. INTRODUCTION

The search for the direct detection of the dark matter
has progressed to a phase where there are numerous ex-
periments aiming to probe sub-GeV dark matter (DM),
often by leveraging electronic excitations, see e.g. [1Ð4].
In addition the next generation of detectors is aiming for
energy thresholds well below the ionization threshold of
the target [5, 6], thus opening the path to search for in-
dividual phonon excitations. For all such strategies, the
many-body physics of the target material is important
and detailed calculations at the interface with condensed
matter physics are therefore needed to accurately extract
the relevant scattering rates.

! simon.knapen@cern.ch
  jkozaczuk@physics.ucsd.edu
à tongyan@physics.ucsd.edu

Electron excitations may arise from direct DM-electron
scattering [7Ð9], as shake-o! electrons from nuclear re-
coils [10Ð12] or from secondary ionizations as the recoil-
ing nucleus travels through the target material. Solid
state targets are particularly advantageous because they
can have arbitrarily small gaps to produce electron ex-
citations. However, because their electron wavefunctions
are delocalized and highly non-trivial, calculations of the
di! erential scattering rate are often involved and material
dependent. For Si and Ge targets, Essig et al. [9] per-
formed the Þrst calculation of DM-electron scattering us-
ing electronic wavefunctions obtained with density func-
tional theory (DFT). This calculation was subsequently
applied to a broader range of semiconductors [13, 14].

It was recently pointed out that the DM-electron scat-
tering rate can be extracted directly from the energy loss
function (ELF)

Im
!

! 1
! (" , k)

"
(1)

of the target material [15, 16], where ! (" , k) is the mo-
mentum and frequency dependent longitudinal dielectric
function. This approach has two main advantages: (i)
In-medium screening e! ects are automatically included
and were found to reduce the scattering rate by a non-
negligible amount [15] (ii) The ELF is exceptionally well-
studied experimentally and theoretically in the materials
science literature, which means that standard and well
validated tools can be used to extract it for the target of
interest. In [15], we calculated the ELF for Si and Ge us-
ing time-dependent density functional theory (TDDFT)
methods with the GPAW package [17, 18] and compared
this method with an approach Þtting data to a Mermin
oscillator model [19, 20]. We elaborate on these meth-
ods and their advantages and shortcomings in Sec.II .
We found both methods to be in excellent agreement in
the regime most relevant for DM-electron scattering, as
discussed in Sec.III .

Even if the DM couples predominantly to nuclei, it
can still leave an electronic signal in the detector. One
way this could happen is if the nucleus Òshakes-o! Ó an
electron during the initial hard recoil [ 10Ð12]. This is
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(imaginary part of dielectric function)

[Knapen, Kozaczuk, Lin (2021)]

Multiply model-dependent conversion factor for DM absorption.
(For scalar DM, ELF does not cover dominant effect.  [Mitridate et al. (2021)]  )



Electron Semiconductor

Superconductor
Dirac material
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[Hochberg et al (2015), Hochberg, Lin, Zurek (2016)]

[Hochberg, Lin, Zurek (2016), Bloch et al. (2016)]

[Hochberg et al (2017), Geilhufe, Kahlhoefer, Winkler (2019)]
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FIG. 2. Projected 95% C.L. reach (3 events with no background) with semiconductor crystal (Si, Ge) and

superconductor (Al-SC) targets for the vector and pseudoscalar DM models deÞned in Eq. (3), assuming 1 kg-yr

exposure. We compare our theoretically calculated reach (solid) against the data-driven approach utilizing the

target materialÕs measured conductivity/dielectric [83, 84] (dashed). For Si and Ge, the data-driven approach

was taken in previous works [14, 15], with which we Þnd good agreement. For Al-SC, our theoretical calculation

reproduces the results in Ref. [24] (dotted) up to the choice of overall normalization factor. Also shown are

existing direct detection limits from XENON10/100 [ 15], stellar cooling constraints from the Sun (assuming

St¬uckelberg mass for vector DM) [85] and white dwarfs (WD) [ 86], and pseudoscalar couplings corresponding

to the QCD axion in KSVZ and DFSZ (for 0 .28 ! tan ! ! 140) models [87].

For the 1 operator, additional care is needed since"i !, k !| ei qáx |i, k#vanishes in theq $ 0 limit: |i !, k !#

and |i, k#are distinct energy eigenstates and therefore orthogonal. AtO(q), we have"i !, k !| ei qáx |i, k# %

iq á"i !, k !| x |i, k#. A numerically e! cient way to compute this matrix element is to trade the position

operator for the momentum operator via its commutator with the Hamiltonian H = p2

2me
+ V (x ):

"i !, k !| x |i, k#= &
1

" i ! ,k ! & " i, k
"i !, k !| [x , H ] |i, k#= &

i
me(" i ! ,k ! & " i, k )

"i !, k !| p |i, k#. (63)

Substituting in the wave functions, we Þnd:

"i !, k !| ei qáx |i, k#= #k ! ,k
q

me $i ! i, k
á
!

G

(k + G) u"
i ! ,k ,G ui, k ,G + O(q2) . (64)

where $i ! i, k ' " i ! ,k & " i, k .

It is convenient to deÞne the following crystal form factors, via which the Bloch wave functions

1kg-yr exposure

[Mitridate, Trickle, Zhang, Zurek (2021)]

Basis of QUP-Kamioka-DM project (talk by Suerfu Burkhant)
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FIG. 11. A comparison of the reach for absorption of kinetically-mixed dark photon dark matter. The lines shown are the
95% CL cross section reach with kg-yr exposure and zero background. (Left ) For phonon excitations, we show here the reach
obtained using data on the ELF. As noted in the text, a number of these curves are approximate, given that there is limited data
available at zero temperature. ( Right ) We show here the reach for electron excitations using the Mermin oscillator method
for the ELF, and there can be small di ! erences in comparing with DFT methods or direct optical measurements. The grey
shaded regions are limits from XENON10/100 [ 96] and SENSEI [1].

and Þrst-principles calculations. We aim to add more
ELF tables in the future, and our package makes it con-
venient for users to import their own extractions of the
ELF as well.

The currently available dark matter processes, the
regime of validity of the calculations, and possible future
directions are summarized below:

¥ DM-electron scattering is determined by the ELF
above the electron band gap. We provide ELFs
computed in the isotropic limit with a DFT-based
method (GPAW) and a data-driven approach (Mer-
min). Both these approaches start to have large
uncertainties at high momentum transfer (k >! 20
keV) which impacts DM-electron scattering at high
energies (! >! 15 eV) and for scattering via massive
mediators. In this regime, improved theoretical cal-
culations and/or data extractions are needed. For
instance, to increase the reliability of the Mermin
method, a dedicated Þt to highk data from a high
energy synchrotron facility would be desirable. It
is also possible to generalize beyond the isotropic
approximation and obtain directionally-dependent
scattering rates, which would give rise to a daily
modulation in strongly anisotropic materials.

¥ DM-nucleus scattering with Migdal electrons de-
pends on the ELF through the probability for a
recoiling ion to produce Migdal electrons. The rate
to produce Migdal electrons is calculated here for
the mass range 30 MeV<! m!

<! GeV. This restric-
tion in mass is due in part to the impulse approxi-
mation, which treats the recoiling ion wavefunction
as a plane wave. For low nuclear recoil energies that

are comparable to typical acoustic phonon energies,
a calculation of the Migdal e! ect with multiphonon
production is needed. This will be important if we
wish to obtain accurate rates for DM-nucleus scat-
tering via massless mediators and for DM masses
below 30 MeV.

¥ DM-phonon scattering is determined by the ELF in
the phonon regime, below the electron band gap.
Our calculations are valid for DM coupled to a
massless kinetically-mixed dark photon mediator,
since we use ELF data in the optical limit. While
there are already many studies with DFT-based
calculations of this process, using existing measure-
ments or calculations of the ELF gives a fast and
accurate alternate approach. This approach also in-
corporates multiphonon contributions, which dom-
inate for non-polar materials and are more chal-
lenging to calculate.

¥ Absorption of dark photon DM has a rate propor-
tional to the ELF in the optical limit ( k = 0). Ex-
cept for the DFT-based calculations in a few cases,
the ELFs included are generally obtained either by
Þtting to optical data or directly from optical data
itself. As a result, the ELFs included should de-
scribe absorption well in both the phonon and elec-
tron regimes.
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For polar material, typical gap energy of optical phonon is ~ 0.1eV
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FIG. 2. Projected 95% C.L. constraints (3 events) onde = ge! /m e (Eq. (39), ! = M Pl /
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phonon excitations in GaAs (solid red), Al2O3 (solid blue), and SiO2 (solid green) targets, assuming a kgáyr

exposure and no backgrounds. Dashed lines correspond to projected constraints from absorption on electrons

in small band-gap targets, i.e., Al superconductors (ÒAl-SCÓ, purple) [52, 57], and spin-orbit coupled targets

ZrTe5 (turquoise) [67]. Shaded regions correspond to constraints from Þfth force experiments (teal) [121, 122]

and stellar cooling bounds from red giants (ÒRGÓ, pink) [92] and white dwarfs (ÒWDÓ, orange) [123].

B. Scalar DM

The Þrst model we consider is scalar DM," , whose couplings to electrons and nucleons are

given by the Lagrangian,

L "
!

! ! { e,p,n}

g! " ø"" #$ L NR =
!

!

g! #   # + O(1/m 2
! ) . (39)

Using Table I the relevant self-energies are easily computed,
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D#($)
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, (40)
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!

j !

Qj ! T i
j #q

$

%

"

#
ge

e
$qi (1 # %# ) , (41)

and # el
" A = # el

A" . Since only the imaginary component of# "" enters in the absorption rate given in

Eq. (7), we have ignored the electron contribution to # "" as it is purely real. This will also apply

to the self-energies discussed in Secs.III C - III E . The electron contribution to # " A was derived

[Mitridate, Pardo, Trickle, Zurek (2023)]
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Magnon

Figure 1: Sensitivity plot for SNR = 3 under Ttotal = 10 years. Left : Sensitivity of the
magnon detector on the axion-electron couplinggaee as a function of the axion massma.
The green and blue regions show the sensitivity for an ideal setup. The colors and styles of
regions represent di! erent setups; the observation time for each scan is set to beTobs = 103 s
(green) or 104 s (blue), and the cavity temperature isTcav = 1 K (dark-meshed) or 0.1 K
(light). The orange dashed lines show the sensitivity for a realistic setup withTobs = 103 s
and Tcav ! ma. Throughout the Þgure, the setup ofMtarget = 1 kg, ! = 2 µs, va = 10! 3,
and sin2 " = 0.5 is assumed. Besides, the gray regions show the parameter region already
excluded by other searches and the yellow region and the black solid line correspond to
the prediction of the DFSZ model with 0.28 ! tan # ! 140 and that of the KSVZ model,
respectively. Right: Sensitivity of the cavity detector on the axion-photon couplingga!! as a
function of ma. Similar to the left panel, the green and blue regions and orange lines show the
sensitivities with B0 = 1 T, VcavGcav = 100 cm3, and ! cav = 2 µs. The other shaded regions
show the region excluded by other searches and the black dashed (solid) line corresponds to
the prediction of the DFSZ (KSVZ) model.

va = 10! 3, and sin2 " = 0.5. Gray regions correspond to the parameter space excluded by
other searches using the bremsstrahlung from white dwarfs [70], the brightness of the tip of
the red-giant branch in globular clusters [71], and the direct detection of solar axions at the
EDELWEISS-II [72], the XENON100 [73], and the LUX [74] collaborations. Besides, the
yellow region and the black solid line show the prediction for the DFSZ and KSVZ models,
respectively. To obtain the DFSZ prediction, we variate tan#, which is the ratio between
vacuum expectation values of the two Higgs doublets, within 0.28 ! tan # ! 140 as required
by the perturbative unitarity of Yukawa couplings [75]. By comparing with the right panel
we will explain below, we can see that the axion search using the cavity mode has a better
sensitivity than that using magnon excitation for the DFSZ and KSVZ models. At the
same time, however, the sensitivity of the magnon detector reaches the DFSZ prediction
for a relatively heavy mass due to the Boltzmann suppression of the noise rate according to
Eq. (44). Thus, the Þgure shows the potential to probe the axion-electron coupling depending
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Figure 2: Sensitivity of the magnon (left) and cavity (right) detectors in themH vs. ! plane.
We useMtarget = 1 kg and Ttotal = 10 years. The other parameters are chosen asvH = 10! 3,
" = 2 µs, and sin2 # = sin2 $ = 1/ 2. The green and blue colors correspond to an ideal setup
case with (SNR) = 3 andTobs = 103 s and 104 s, respectively, and the dark-meshed and the
light regions show those withTcav = 1 K and 0.1 K, respectively. The orange dashed lines
correspond to a realistic setup withTobs = 103 s andTcav ! ma. The gray region corresponds
to the parameter space already excluded by other experiments. Magenta region shows the
expected sensitivity of polar materials, while purple and light green lines show that of Dirac
materials.

photon DM. Conversely, if the DM signal is discovered in a cavity without magnetic material
and the sizable spin-induced signal is also present, one can rule out the hidden photon DM.

Let us estimate the experimental sensitivity as done in Sec.3.2. In Fig. 2, we show the
sensitivity of the magnon (left) and the cavity (right) detectors on the hidden photon with
Mtarget = 1 kg and Ttotal = 10 years. The center of the scan is Þxed to bemH = 200 µeV.
To derive the sensitivity, we use the parameter choicesvH = 10! 3, " = 2 µs, and sin2 # =
sin2 $ = 1/ 2. For an ideal setup, we again use two di! erent choices of the observation time
Tobs = 103 s (green) and 104 s (blue), while the dark-meshed and light regions show the
sensitivities with Tcav = 1 K and Tcav = 0.1 K, respectively. The orange dashed lines show
the sensitivities of a realistic setup withTobs = 103 s and Tcav ! ma. Also shown in gray
color is the parameter region already excluded [79]; this includes constraints from spectral
distortions [2], modiÞcations toNe! [2], and stellar cooling [80Ð82]. The magenta region
shows the expected sensitivity using polar materials with phonon excitation by the hidden
photon absorption [47]. The purple (light green) solid line shows the expected sensitivity
using Dirac materials with a band gap of" = 2.5 meV (" = 0) [ 48], while the light green
dotted line is an extrapolation of the sensitivity assuming that the electron excitation with
energy ofO(10! 4) eV can be detected. From the Þgure, we can see the strong potential of
this setup on the hidden photon search. Even if we use a much shorter value ofTobs than
the canonical value adopted in the QUAX proposal, a much stronger bound on the kinetic
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transformation of the total spin operator as
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Here, s is the size of the total spin of electrons inside a magnetic unit cell. With Fourier
expanding"c! and "c 

! as Eq. (7), we can see that the quadratic part ofHe! , which we call free
Hamiltonian, is given by

H0 =
%
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%
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c 
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%

"k

" "kc 
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where" L ! gµB B 0
z is the Larmor frequency withB 0

z being thez component of the magnetic
Þeld #B 0, and #ap (p = 1, 2, 3) are fundamental translation vectors that generate magnetic
unit cells. For the YIG, we can uses = 10 and J = 0.35 meV, and the magnetic unit cell is
a cube with L ! |#a1| = |#a2| = |#a3| = 12.56ûA [54].

Let us focus on the material with the cubic unit cell for simplicity. In the long wavelength
limit |#k|L $ 1, the dispersion relation is given by

" "k % " L + JsL2k2 ! " L +
k2

2M
, (19)

with k ! |#k|. The k = 0 mode corresponds to the homogeneously rotating mode around
the external magnetic Þeld with Larmor frequency, which is called the Kittel mode. In a
typical material, M & O(1) MeV; for example, using the values shown above, we obtain
M & 3.5 MeV for the YIG. The Larmor frequency is evaluated as

" L =
eB0

z

me
% 1.2 ' 10! 4 eV

(
B 0

z

1 T

)
. (20)

For the purpose of DM detection discussed below, the DM detection rate is enhanced if the
Larmor frequency is close to the DM mass, and hence we are interested in the DM mass of
meV range.#2

#2 Ref. [55] considered DM scattering with an electron as an excitation process of magnon. It may be
interpreted as the magnon emission by DM. On the other hand, we consider DM absorption by the electron,
which may be regarded as the DM conversion into a magnon. In the latter case, it is essential to apply the
magnetic Þeld to control the gap of the magnon dispersion relation.

5

transformation of the total spin operator as

S+
! ! Sx

! + iSy
! =

"
2s

!

1 #
"c 

! "c!

2s
"c! , (14)

S!
! ! Sx

! # iSy
! =

"
2s"c 

!

!

1 #
"c 

! "c!

2s
, (15)

Sz
! = s # "c 

! "c! , (16)

with
#
"c! , "c 

! !

$
= ! !! ! . (17)

Here, s is the size of the total spin of electrons inside a magnetic unit cell. With Fourier
expanding"c! and "c 

! as Eq. (7), we can see that the quadratic part ofHe! , which we call free
Hamiltonian, is given by

H0 =
%

"k

&

" L + 2Js
%

p

(1 # cos(#k á#ap))

'

c 
"k
c"k !

%

"k

" "kc 
"k
c"k , (18)

where" L ! gµB B 0
z is the Larmor frequency withB 0

z being thez component of the magnetic
Þeld #B 0, and #ap (p = 1, 2, 3) are fundamental translation vectors that generate magnetic
unit cells. For the YIG, we can uses = 10 and J = 0.35 meV, and the magnetic unit cell is
a cube with L ! |#a1| = |#a2| = |#a3| = 12.56ûA [54].

Let us focus on the material with the cubic unit cell for simplicity. In the long wavelength
limit |#k|L $ 1, the dispersion relation is given by

" "k % " L + JsL2k2 ! " L +
k2

2M
, (19)

with k ! |#k|. The k = 0 mode corresponds to the homogeneously rotating mode around
the external magnetic Þeld with Larmor frequency, which is called the Kittel mode. In a
typical material, M & O(1) MeV; for example, using the values shown above, we obtain
M & 3.5 MeV for the YIG. The Larmor frequency is evaluated as

" L =
eB0

z

me
% 1.2 ' 10! 4 eV

(
B 0

z

1 T

)
. (20)

For the purpose of DM detection discussed below, the DM detection rate is enhanced if the
Larmor frequency is close to the DM mass, and hence we are interested in the DM mass of
meV range.#2

#2 Ref. [55] considered DM scattering with an electron as an excitation process of magnon. It may be
interpreted as the magnon emission by DM. On the other hand, we consider DM absorption by the electron,
which may be regarded as the DM conversion into a magnon. In the latter case, it is essential to apply the
magnetic Þeld to control the gap of the magnon dispersion relation.
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For magnetic material, gap energy of magnon is



Detector itself as absorber
One can use exactly the same formalism to calculate DM 

absorption rate by detector/sensor itself
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FIG. 5. New constraints and updated expected reach for
DM absorption in SNSPDs as a function of DM mass, for a
relic kinetically mixed dark photon. As in Fig. 4, the shaded
blue region indicates the new bound at 95% C.L., and other
solid curves indicate projections for future experiments, ne-
glecting possible geometric e! ects. The shaded gray region
shows existing terrestrial constraints from Xenon data [ 71],
SuperCDMS [42], DAMIC [ 47], EDELWEISS [ 50], FUNK [ 72]
and SENSEI [49], while the yellow region indicates model-
dependent stellar bounds [71, 73, 74].

and place limits on the kinetic mixing parameter ! . (See
Appendix A for model details.)

IV. RESULTS

Our new constraints are summarized in Fig.4 for DMÐ
electron scattering with light and heavy mediators (left
and right panels, respectively), and in Fig. 5 for DM
absorption. Existing terrestrial constraints are shown
in shaded gray, and model-dependent stellar constraints
are shown in yellow. (Other model-dependent cosmo-
logical constraints may also apply; seee.g. Refs. [75Ð
77].) Our previous nanowire bounds [24], updated to
incorporate in-medium e! ects via the dielectric formal-
ism, are indicated by dot-dashed blue curves. Notably,
our prototype detector already provides the strongest
constraints to date on the electronic interactions of sub-
MeV (sub-eV) DM via scattering (absorption) processes,
with an exposure of only 4.3 ng ! 180 h or equivalently
8.8 ! 10! 14 kg yr. We also show projections for future
SNSPD experiments with larger exposures in NbN and
Al detectors. All bounds and projections are given at
95% conÞdence level (C.L.) for one-sided Poisson statis-
tics and computed using the Lindhard model for the di-
electric function [78], which agrees well with available
measurements at zero momentum transfer.

Scattering results are shown in terms of a reference

cross section ø" e = 1
! µ2

e" g2
eg2

"

!
(#EM me)2 + m2

#

"! 2
, where

µe" is the reduced mass of the DMÐelectron system;ge
and g" are the couplings of the mediator to the elec-
tron and DM, respectively; and #EM " 1/ 137 is the
Þne structure constant. Absorption results are shown
in terms of the size of the kinetic mixing ! of a dark
photonÑessentially its coupling to the electromagnetic
current. We take the Fermi energy EF to be 7 eV in
both WSi and NbN, and we take the densities to be
9.3 g/ cm3 and 8.4 g/ cm3, respectively. The Fermi en-
ergy and density of Al are taken to be 11.7 eV and
2.7 g/ cm3, respectively. We assume a local DM den-
sity of 0.3 GeV/ cm3 with velocities distributed according
to the Standard Halo Model, i.e., with probability den-
sity f " (v ) # " (vesc $ |v |) exp

!
$ (v + v E )2/v 2

0

"
. We take

v0 = 220 km/ s, vE = 232 km/ s, and vesc = 550 km/ s.
The impressive reach for scattering and absorption at

the smallest masses is due to the low device thresh-
old of 0.73 eV, assisted by its low dark count rate.
Future realizations of this experiment may be able
to achieve substantially lower thresholds, sensitive to
much lower masses. The projections for the reach of
future NbN detectors assume thresholds of 248 and
124 meV, which would extend the experimental reach
to DM masses of order 50Ð100 keV. Indeed, sensitiv-
ity at the 10 µm-wavelength scaleÑcorresponding to a
124 meV thresholdÑhas already been demonstrated in
SNSPDs [56]. We also show the projected reach for a
superconducting Al detector with a 10 meV threshold.
Such a detector would be capable of detecting DM with
mass of order%keV, below which structure formation
considerations rule out fermionic DM [79Ð81].

Solid curves are computed neglecting thin-layer e! ects,
i.e., treating the detector as a bulk volume. Dashed and
dotted curves show the projections including these ef-
fects: dashed curves neglect dissipation in the other lay-
ers, following Ref. [68], while dotted lines incorporate
this dissipation in the most conservative form. (See Ap-
pendix B for details.) Geometric e! ects do not signif-
icantly a! ect the reach of the constraints for the cur-
rent experimental conÞguration, but these e! ects are an
important consideration for future experimental design:
thin-layer e! ects were not exploited in the original design
of the prototype, and have arisen incidentally from the
necessarily low-dimensional structure of SNSPDs. Sensi-
tivity of the WSi detector layer to deposits in other layers
of the device may allow for enhanced reach even at high
DM masses, e! ectively increasing the detector volume.
Such sensitivity may be possible for deposits far above
threshold, and could be quantiÞed experimentally. De-
liberate optimization of the target geometry may enable
even more signiÞcant enhancements, particularly in the
absorption rate.

The geometric e! ects included in this work are esti-
mated in a simpliÞed framework. We do not quantify
the geometric e! ects on the absorption rate here, and in
the case of scattering, additional corrections may arise
from the lower layers of the geometry in Fig. 2 or from
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FIG. 4. Left: New bound and projections for DM scattering with electrons via a light mediator. The shaded gray region
shows existing bounds from terrestrial experiments [32Ð37], with recent SNSPD results outlined in dashed purple. The orange
and green curves show projected constraints for year-long exposures of multiplexed KIDs with 104 and 107 pixels, respectively,
each of the same size as our single-pixel prototype. In the projected curves, we assume that the high-energy dark counts in
Fig. 3 are mitigated, such that background counts are produced only by the Gaussian white noise associated with the 0-photon
peak. The width of this peak is reduced for the projected curves, corresponding to an increased energy resolving power and a
decreased threshold. The resolving power for the orange curve is increased by a factor of 8, matching demonstrated resolving
power in comparable devices. The green curve assumes the maximum resolving power in a low-gap absorber material with
TC = 100 mK ( R = 136.2). Right: New bound and projections for absorption of kinetically mixed dark photon DM. The
shaded gray region shows existing bounds from terrestrial experiments [32, 34, 38Ð41], and the shaded yellow region shows
model-dependent bounds from stellar cooling [38, 42, 43].

tering via a light mediator ( left panel) and for absorption
of a kinetically mixed dark photon ( right panel). Results
for DM scattering via a heavy mediator are shown in
the SM. We also show projections for the reach of future
KID-based experiments, assuming improvements in both
exposure and threshold. In particular, the orange curves
in Fig. 4 assume that the energy resolving power is in-
creased by a uniform factor toR = 19 at 0.8 eV, as has
been demonstrated by Ref. [45]. This is a factor of ! 8
higher than R in our conÞguration, but still well below
Rmax " 60. The green curves assume maximum resolving
power in a material with a smaller gap, corresponding to
a critical temperature of TC = 100 mK, or Rmax = 136.2.
A critical temperature of this order could be achieved
in a future experiment using e.g. Hf or a proximitized
bilayer for the absorber. The data from our prototype
experiment already probes new parameter space for DM
scattering due to the extremely low e! ective threshold.
It also extends direct detection constraints for dark pho-
ton absorption into parameter space that is probed by
stellar physics in a complementary manner.

DISCUSSION

In this work, we have demonstrated the use of KIDs
as DM detectors as simultaneous targets and sensors,

and we have shown that our prototype device is sensi-
tive to lower thresholds than any existing DM experi-
ment, including those based on SNSPDs. The remark-
ably low threshold of the KID experiment originates from
the detection concept: rather than identifying events by
sharp transitions out of the superconducting phase, the
KID registers even very small deposits as correspondingly
small ßuctuations in its resonance frequency. Thus, the
main hurdle to overcome is noise rejection, and we have
shown here that simple Þltering techniques are su" cient
to achieve a threshold of 0.2 eV.

Additionally, our prototype device demonstrates ex-
cellent energy resolution for candidate events, as com-
pared with other DM detection platforms. In calibration
data, the energy ! of an incident pulse can be resolved
with a full width at half maximum of ! 0.3! . In future
large-scale experiments, this spectral information can be
used to discriminate between a putative DM signal and
known backgrounds. Moreover, our current results cor-
respond to an energy resolving power more than an order
of magnitude below the upper limit of Eq. (1), indicating
considerable room for improvement by reduction of noise
sources. SigniÞcantly higher energy resolving power has
already been demonstrated in other KID devices.

Despite the extremely small size of our prototype de-
vice, it has already set novel constraints on DM interac-
tions due to the extremely low e! ective threshold. The

[Hochberg et al. (2021)] [Gao et al. (2024)]
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Light dark matter search 

with qubits



Quantum computer
Utilize “quantum nature” of state

IBM, 20 superconducting qubits

[figure from wikipedia 


“Quantum computing”]

Key ingredients : quantum Qubits

Qubit : 2 level system

Dark matter interact with Qubits!

various type of qubits are considered

interaction depends on properties 

of dark matter and qubits



[G.Popkin, Science 354, 1090 (2016)]
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Qubit interaction
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Qubit interaction
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Qubit interaction
Interaction of the type:
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Qubit for dark matter detection
Superconducting qubit

[Chen, Fukuda, Inada, Moroi, Nitta, Sichanugrist (2022)]

5

FIG. 1. Contours of constant p! ! pge (! ) on mX vs. "
plane (10" 1, 10" 3, 10" 5, and 10" 7, from the top). Param-
eters of C = 0 .1 pF, d = 100 µm, Q = 10 6, # = 1 and
$DM = 0 .45 GeV/ cm3 are assumed. The gray-shaded region
is excluded by the cosmological and astrophysical constraints
[51] (dark gray) and the existing hidden-photon search ex-
periments [6Ð10, 12Ð32] (light gray) based on the summary
in Ref. [52]. The blue-shaded regions indicate the sensitiv-
ity with the 1-year scan over the frequency range for nq = 1
(dark blue) and 100 (light blue) (more details in the main
text) assuming the thermal noise of T = 1 mK. The dashed
lines show the sensitivity with T = 30 mK with the top (bot-
tom) line corresponding to nq = 1 (100) respectively. A ßat
readout error of 0.1 % is assumed.

While the depth of the sensitivity is generally
weaker than the haloscope experiments using the cavity-
resonance, the proposed method is advantageous for the
easier frequency tunability. This is important feature
for a fast Òshallow searchÓ targeting! ! 10! 13 " 10! 12,
which is motivated by the fact that most of the cosmo-
logically allowed frequencies have not yet been probed
by direct search experiments. The proposed method
also has no less sensitivity compared with the other
wide-band searches using horn antennas [14] or proposals
utilizing the condensed-matter excitations (e.g., electric
excitations [53Ð57], phonon [58, 59], magnon [60], and
condensed-matter axion [61Ð63]).

There are a few considerations left for future studies
that can further extend the sensitivity. (1) Qubit de-
sign optimization maximizing the electric dipole moment,
where more aggressive transmon parameters and complex
circuit design can be sought. (2) Extend the frequency
range beyond that typically explored by superconduct-
ing qubit experiments. 0.2Ð20 GHz can be achieved with
more dedicated RF setups. (3) The" enhancement by
the cavity resonance discussed in Appendix can be fur-
ther investigated, particularly in the context of being in-
corporated into the haloscope experiments. The setup
would be similar to the experiment performed by A. Dixit
et al. [10] however our scheme has signiÞcant potential
to provide complementary and unique sensitivity at the

high-frequency regime thanks to the insensitivity of the
qubit excitation rate on the cavity volume.

The search scheme can be also directly beneÞted from
the exponential advancement of the large-scale NISQ
computers led by, e.g., IBM [64] or Google [47]. Since
the requirements and the experimental setup are almost
identical, the improved qubit multiplicity and coherence
in the NISQ machines will scale the typical sensitivity
of this experiment as well. Technically, it might be even
possible to perform the experiment within the existing
NISQ machines in a parasitic manner by executing the
circuits consisting only of readout.

Finally, we point out that the physics cases of the
search can be widely extended beyond the hidden photon
DM, such as the axion DM or other non-DM transient
energy density such as dark radiation.
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Appendix: In this Appendix, we discuss the e! ects of
cavity-like metallic package surrounding the qubit.

The e! ect of the qubit packaging on the electric Þeld
requires careful consideration. As it is often a metal-
lic container electrically covering the qubit chip, it e! ec-
tively becomes a microwave cavity. The e! ective electric
Þeld #E (e! ) projected onto the cavity wall would vanish
at the cavity wall, since the secondary Þeld (#E (EM) ) is
provoked by the electrons in the metal reacting to the
DM-included Þeld #E (X) . Importantly, however, since the
phases of #E (EM) and #E (X ) have di! erent spatial evolu-
tion, the Þeld cancellation becomes imperfect o! the wall.
While #E (X ) can be regarded as spatially homogeneous
since the interaction of hidden photon is extremely weak
and the e! ects of the cavity on the dynamics of hidden
photon can be safely ignored,#E (EM) is dependent on the
position #x = ( x, y, z). The Þeld conÞguration of #E (EM)

inside the cavity is obtained by solving ! #E (EM) = 0 and
## #E (EM) = 0 simultaneously, with the boundary condi-
tion at the cavity wall, [ #E (EM)

" + #E (X )
" ]wall = 0, where the

subscript Ò$Ó indicates vectors projected onto the cavity
wall.

Consider, e.g., a case where a transmon is placed inside
a cylinder-shaped cavity with its conductor plate perpen-
dicular to the cylinder axis (deÞned asz-axis). As only
the z-component of the Þelds are relevant, we Þnd

E (EM)
z (#x) = "

J0(mX r )
J0(mX R)

E (X )
z , (A.1)

qubit = ground & excited state of circuit

Josephson

junction

dark photon interacts with capacitor
<latexit sha1_base64="jiwTCqEqK5l3LT+tfb/TSm2URd4="></latexit>

H1 = ! cos(" t)#x

2

A transmon qubit is modeled as a closed circuit loop
consisting of a capacitor element and a non-linear induc-
tance realized by a Josephson junction or a SQUID. The
Hamiltonian for the system is described by

H 0 =
1
2

CV 2 ! J cosö! , (1)

where ö! is the phase di! erence across the Josephson junc-
tion, and C is the capacitance.J is positive-valued. This
is constant when a Josephson junction is considered as
the inductance element, while it is tunable for a SQUID
through the magnetic ßux bias applied. The voltage dif-
ferenceV between the Josephson junction is related toö!
as

V = (2 e)! 1 úö! , (2)

where e is the electric charge of the electron. The conju-
gate momentum of ö! , denoted as ön, is introduced for the
canonical quantization, namely

ön " Z úö! , (3)

with

Z " (2e)! 2C. (4)

Notice that ön = CV/2e can be regarded as the total
charge in units of 2e, and ö! and ön satisfy the commutation
relation [ö! , ön] = i . The Hamiltonian is then written as

H 0 =
1

2Z
ön2 ! J cosö! =

1
2C

(2eön)2 ! J cosö! . (5)

The energy levels of this system are unequally spaced; the
ground and the Þrst excited states, denoted as|g#and |e#,
respectively, are used for the transmon qubit. The exci-
tation energy from |g# to |e# is denoted as" . Then, the
Hamiltonian of the system is reduced to approximately

H 0 = " |e#$e|. (6)

For convenience of the later discussion, we also deÞne

öa "
1

%
2" Z

!
ön ! i " Z ö!

"
, öa  "

1
%

2" Z

!
ön + i " Z ö!

"
,

(7)

which satisÞes [öa, öa  ] = 1. These correspond to the anni-
hilation and creation operators when approximating the
potential as a parabolic one, whereJ and " are related
as J & Z " 2.

If there exists the hidden photon DM, an e! ective elec-
tric Þeld is induced by the hidden photon oscillation. In
the mass-eigenstate basis, the interaction terms of the
electron Þeld" e with the electromagnetic (EM) photon
Aµ and hidden photon X µ are given by

L int = eø" e#µ (Aµ + $X µ ) " e, (8)

where $ is the kinetic-mixing parameter. Assuming that
the DM consists only of the oscillating hidden photon,
we denote the hidden photon Þeld around the Earth as

%X = øX %nX cosmX t, (9)

wheremX is the hidden photon mass, øX is the amplitude
of the oscillation and %nX is the unit vector pointing to
the direction of %X . The amplitude is related to the local
density of the DM as

&DM =
1
2

m2
X

øX 2. (10)

The e! ective electric Þeld which a qubit would sense is
given by

%E (e! ) = %E (EM) + %E (X ) , (11)

where %E (X ) is the Þeld induced by the DM, and %E (EM) is
the reactive ordinary electric Þeld induced by the metallic
package surrounding the qubit that senses%E (X ) (see the
Appendix for the detailed discussion). Using Eqs. (9)
and (10) one obtains:

%E (X ) = ! $ ú%X = øE (X )%nX sinmX t, (12)

with

øE (X ) " $mX øX = $
#

2&DM . (13)

Hereafter, we consider the case that%E (EM) and %E (X )

have the same time dependence; this is the case in par-
ticular when considering a qubit located in a cavity-like
metallic package. We parameterize the total e! ective
electric Þeld as

%E (e! ) = øE (e! )%nE sinmX t, (14)

where %nE is the unit vector pointing to the direction of
%E (e! ) . The Òpackage coe# cientÓ' is introduced:

' "
øE (e! )

øE (X )
, (15)

which is typically O(1) or larger if the package size is
! m! 1

X (see the Appendix for the details).
With the e ! ective electric Þeld, the voltage di! erence

of the capacitor becomesV + d øE (e! ) cos$ sinmX t, with
$ being the angle between%nE and the normal vector
of the conductor plate. Concentrating on the terms up
to the linear order in $, the Hamiltonian is modiÞed as
H = H 0 + %H such that

%H = CV døE (e! ) cos$ sinmX t = 2 ( sinmX t(öa + öa  ),
(16)

where d is the e! ective distance between two conductor
plates, and

( "
1

2
%

2
d øE (e! )

%
C" cos$ =

1
2

$' d
#

C"&DM cos$ .

(17)
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Qubit for dark matter detection
Ion trap

Figure 2: Sensitivities at 95% C.L. to the axion-photon coupling ga! as a function of the
axion massma are shown. The pink line represents the sensitivity using a single ion. The
red and orange lines represent the sensitivities using unentangled and entangled twenty ions,
respectively. The total observation time is set to 1 day and the frequency! z is set as 10 neV
in the estimation. The pink, red, and orange dashed lines show the expected sensitivities for
the scan of axion masses by adjusting! z. For comparison, limits by laboratory experiments
are shown; The black, dark green, blue, and purple regions are excluded by CAST [47],
SHAFT [ 48], ABRACADABRA [ 49], and BASE [50], respectively  .

Note that this state is composed of the eigenstates of" 2
vib . In our situation the averages of

the real and imaginary parts of signal are expected to be the same, i.e.,#2
r = #2

i = |$X |2T2/ 2.

The signal enhancement with entangled ions relies on the assumption that light dark

matter excites the vibrational qubits spatially coherently. This assumption is valid because

light dark matter, whose coherence length is (mX vDM )! 1 ! 100 km for mX = 10 neV,

homogeneously interact with the ions. However, whether the heating noise, discussed in

Appendix A, disturbs ions coherently or not depends on the speciÞc conÞguration of a Paul

ion trap system. If the heating noise excites ions incoherently, the excitation rate is merely

  While there also exists astrophysical constraints on the axion-photon coupling [ 51Ð55], they are not shown
in the Þgure because the results might be a! ected by astrophysical uncertainties.

13

[Ito, Kitano, Nakano, Takai (2023)]

qubit = vibration mode of ion

in trapping potential (phonon)

[Gilmore et al. (2021)]

dark photon interacts with phonon
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Qubit for dark matter detection
NV center in diamonds

[Chigusa, Hazumi, Herbschleb, Mizuochi, KN (2023)]

qubit = two of spin triplet state

at NV center

axion interacts with electron spin
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FIG. 1: The reach of diamond NV-center magnetometry on dark
matter models. (Top) The case of axion dark matter coupling with
electron. (Bottom) The case of dark photon dark matter with ki-
netic mixing with the ordinary photon. Note that the dc magne-
tometry (lighter region) and the resonance search (GHz/heavier
region) require different sequences and cannot be performed si-
multaneously; see the text for details. Together shown by colored
lines are constraints from red giant stars [ 24], solar axion search in
XENONnT [25], cosmological bounds on dark photon [ 26, 27], and
dark photon dark matter search constraints [ 10, 28Ð36]. The yellow
band shows the DFSZ axion model [ 37, 38] under the constraint of
0.28< tan ! < 140 [39]. The black dashed lines show tangent lines
of the sensitivity curves to guide the eye.

where N is the number of NV centers and tobs is the total ob-
servation time. When the spin projection noise is the dom-
inant noise source, the Ramsey sequence is sensitive to a

magnetic Þeld as weak as4

! Bsp !
e" / T "

2

#e
!

N " tobs
! 13fT

"
1012

N

#1/2 "
0.5µs

"

#1/2 "
1s

tobs

#1/2

,

(14)

where the exponential factor represents the sensitivity loss
according to the spin dephasing with a relaxation time T "

2 .
This factor makes " # T "

2 /2 to be the optimal choice to max-
imize the sensitivity [ 40], which is assumed on the right-
hand side.

The sensitivity on dark matter models is estimated

by solving
$ %

S2
&
e$ " / T "

2 = ! Ssp. We replace
'
Beff

z

(2
by

B2
eff /3 to take into account the randomness of the direc-

tion of "Beff . The resulting sensitivities on gaee for ax-
ion and $ for dark photon are shown in Fig. 1. We
draw three lines for three experimental setups: ( N , tobs) =
(1012,1s), (1012,1year), (1020,1year) with " = 0.5µs. The
Þrst choice is close to the current experimental conditions.
Obtaining N = 1020 requires a volume of approximately
103 cm3 for a NV concentration of 1.6 %1017cm$ 3 in dia-
monds with high sensitivity [ 17]. The large volume can
be obtained using a synthesis technique for a large dia-
mond [ 41] or combining smaller diamonds. The sensitiv-
ities of the dc magnetometry drastically oscillate for heav-
ier masses, so we do not plot them for m > 10$ 7 eV and
show their tangent lines instead. Together shown are con-
straints from red giant stars [ 24], solar axion search in
XENONnT [25] and cosmological bounds on the dark pho-
ton [ 26, 27]. See Ref. [12] for a summary of existing con-
straints on the axion and the dark photon. Although the
currently reported ! SÕs are worse than! Ssp, it can approach
! Ssp in principle by optimizing the experimental setup, for
example, improving read-out Þdelity such as photon col-
lection efÞciency and suppression of noises from equip-
ment [ 14].

If " DM & tobs, many different values of "Beff and %are sam-
pled during the measurement, and the observation result of
each Ramsey sequence distributes with an average ' S( = 0

and a standard deviation
$ %

S2
&
. On the other hand, if

" DM ) tobs, both "Beff and %are Þxed during the whole mea-
surement duration. Even in this case, the directional depen-
dence on "Beff of the sensitivity can be averaged by, e.g., using
different sets of NV centers with different axis directions. 5

Also, if 1/ m & tobs & " DM , the overall factor cos (mt + %) os-
cillates over successive Ramsey sequences, resulting in the
same distribution of SÞn. However, when 1/ m ) tobs, which
is shown by dash-dotted lines, a randomly sampled value

4 In this expression, we neglect the possible sensitivity loss from the imper-
fect readout, overhead time, and shot noise (see, e.g., [ 14]) for simplicity.

5 The orientation of NV centers in the diamond sample can be aligned [ 42Ð
45].

talk by A. Umemoto
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Entanglement enhancement

Rabi oscillation for entangled N qubits:

Rabi oscillation for 1 qubit:
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Entanglement enhancement !

Transition probability:
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Quantum circuit for entangled state preparation
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H : Hadamard gate

: CNOT gate
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Obstacle to enhancement
Decoherence prevent entanglement enhancement

Decoherence rate for each qubit:
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! 1

Decoherence rate for GHZ state:
<latexit sha1_base64="O0q0o3R+Bn99tRb5ZuruqVqZOG4="></latexit>

N ! 1

Transition probability within coherence time

Non-entangled state:

GHZ state:
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! ! ! 1/N

For fixed total observation time, N times 
more measurement for GHZ case.

Same sensitivity

as non-GHZ case!



Advantage of entangled state
[Sichanugrist, Fukuda, Moroi, KN, Chigusa, Hazumi, Mizuochi, Matsuzaki (2024)]

No advantage of use of GHZ state? Actually there is!

One measurement time is N times shorter for GHZ state 

N times broader band width in each measurement
(cf. uncertainty principle)
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frequency range.

Suitable for dark matter search!



FIG. 2. The ratio !" (GHZ) / !" (indv) as a function of number of qubits L using Eqs. (64) and (60).

The decoherence due to the parallel noise is applied and the numerically-optimized times are chosen

for the given values of signal frequencym. The decoherence rate is Þxed as! X / # = 10! 6.

for the presentation. Our conclusions are unchanged irrespective of the value of! X and

hold for a larger or smaller value of! X . Instead of the approximated analytical formula,

we use the numerically optimized time for each case. From the Þgures, we can see that the

performance of the GHZ state is limited when the detuning|! ! m| is not much larger than

the decoherence rate! X , as previously known. However, as the detuning becomes larger,

the GHZ state outperforms the uncorrelated qubits with an increasing number of qubitsL

because the optimized evolution time is determined by the detuning. With largeL such that

L! X ! |! ! m|, the decoherence e" ect becomes dominant again for the GHZ state, and the

performance of the GHZ state is saturated.

B. Depolarizing noise

1. Sensors in the separable state

With the number of data Nr = LT/t and the observablepY given by Eq. (56), the

uncertainty is the same as the case of parallel noise with the replacement! X " ! DP :

"#(indv) =

!
t

LT
1/ 2

e! ! DP t t
1

|W(t)|
. (66)
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[Sichanugrist, Fukuda, Moroi, KN, Chigusa, Hazumi, Mizuochi, Matsuzaki (2024)]

Lindblad equation including noise

The observable is the probability of the projection, which is given by

pY ! tr[ ! PY ]. (17)

For the observation using the GHZ state, we Þrst prepare the state of the qubits|" GHZ " in

|" GHZ (0)" =
|+ "! L + |#" ! L

$
2

(18)

as the initial state. Second, we let the qubits evolve for a timet according to the Lindblad

equation, Eq. (11). Finally, we perform the projection measurement with the projection

operator

PGHZ ,Y = |GHZY "%GHZY | (19)

with

|GHZY " !
|+ "! L + i |#" ! L

$
2

. (20)

Again, the observable is the probability of the projection and is given by

pGHZ ,Y ! tr[ ! PGHZ ,Y ]. (21)

Note that, in these setups, settingL = 1 in the GHZ case reproduces the result of one

individual qubit in the case of uncorrelated qubits.

A. Qubit system with parallel noise

Let us solve the Lindblad equation for the qubit system with the parallel noise. The

interaction Hamiltonian, Eq. (4), as well as the parallel noise, Eq. (12), act on each qubit

independently. In such a case, i.e., when both the interaction Hamiltonian and the noise are

uncorrelated, single-body operations, we can solve the Lindblad equation using the following

idea. First, let us rewrite the Lindblad equation in the following form

d! (t)
dt

=
L!

j =1

"
# i [H j

I , ! ] + Dj [! ]
#
, (22)

where Dj is the noise superoperator acting on thej -th qubit; e.g., for the parallel noise

above,

Dj [! ] =
! X

2

$
#j

X !# j
X #

1
2

!
%

.
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have its density matrix at a later time t as

! indv (t) =
!

1
2

! "
" t

0
dt! 2 cosmt! sin#t!e" ! X t !

#
|+ "#+ |

+ e" ! X t

!
1
2

+ i "
" t

0
dt! 2 cosmt! cos#t!

#
|+ "#! |

+ e" ! X t

!
1
2

! i "
" t

0
dt! 2 cosmt! cos#t!

#
|!"# + |

+
!

1
2

+ "
" t

0
dt! 2 cosmt! sin#t!e" ! X t !

#
|!"#! |. (33)

The projection probability, Eq. (17), is then given by

pY =
1
2

! "te" ! X tW(t), (34)

where

W(t) $
1
t

" t

0
dt! 2 cosmt! cos#t!

=
sin [(# + m)t]

(# + m)t
+

sin [(# ! m)t]
(# ! m)t

. (35)

The function W(t) is a window function governing the e! ective signal strength interacting

with the sensor. The window functionW is approximately given by

W(t) %

$
%%%%&

%%%%'

2 for t ! |# + m|" 1

1 for |# + m|" 1 ! t ! |# ! m|" 1

1
|# ! m|t

for |# ! m|" 1 ! t

. (36)

Note that the rotating wave approximation corresponds to the second case above, where the

evolution time is much longer than|# + m|" 1, but much shorter than |# ! m|" 1, as # is

close enough tom.

In the case where we use the GHZ state, the initial condition for the density matrix! GHZ

is given by

! GHZ (0) =
1
2

|+ "# L #+ |# L +
1
2

|+ "# L #! |# L +
1
2

|!" # L #+ |# L +
1
2

|!" # L #! |# L . (37)

The density matrix at a later time t is then given by, according to Eq. (32),

! GHZ (t) =
1
2

|+ "# L #+ |# L +
1
2

|!" # L #! |# L

+
1
2

e" L ! X t (1 + 2iL "tW (t)) |+ "# L #! |# L

+
1
2

e" L ! X t (1 ! 2iL "tW (t)) |!" # L #+ |# L + O("2) + O("L0). (38)
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Summary

Quantum sensing & quantum computing techniques are

useful for dark matter search.

Various types of qubit have various ways of

interaction with dark matter.

Various types of materials have various ways of

interaction with dark matter.
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FIG. 5. Projected reach on gaee from axion-to-magnon conversion, compared with DFSZ (assuming 0.28 !

tan ! ! 140) and KSVZ model predictions, as well as white dwarf (WD) constraints from Ref. [64]. The

suppression of axion-magnon couplings is alleviated by using the three strategies discussed in the main text:

lifting gapless magnon modes by an external magnetic Þeld (YIG target in a 1 T magnetic Þeld, compared to

the scanning scheme of Ref. [49]), anisotropic interactions (NiPS3 target), and using targets with nondegenerate

g-factors (hypothetical toy models based on YIG, referred to as YIGo and YIGt ). For all the cases considered

we assume 3 events per kilogram-year exposure, and take the magnon width to frequency ratio" / # to be 10! 2

(solid) or 10! 5 (dashed).

c. Nondegenerateg-factors. Finally, we consider coupling the axion to gapped magnon modes in

the presence of nondegenerateg-factors. We are not aware of a well-characterized material with non-

degenerateg-factors so, as a proof of principle, we entertain a few toy models, where a nondegenerate

$ component is added to the e! ective spinsS in YIG. In reality, all the magnetic ions Fe 3+ in YIG

have ($, s, S) = (0 , 5/ 2, 5/ 2); the orbital angular momenta of 3d electrons are quenched. In Fig.5, we

show the reach for two toy models, with either the octahedral sites or the tetrahedral sites modiÞed

to have ($, s, S) = (1 , 5/ 2, 7/ 2). In each case, only one of the 19 gapped magnon modes, at 7 meV

[Mitridate, Trickle, Zhang, Zurek (2020)]

Use of optical magnons for broadband search
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FIG. 3. Projected reach onga!! from axion absorption onto phonon polaritons in Al2O3, CaWO4, GaAs and

SiO2, in an external 10 T magnetic Þeld, averaged over the magnetic Þeld directions, assuming 3 events per

kilogram-year. Also shown are predictions of the KSVZ and DFSZ QCD axion models, and horizontal branch

(HB) star cooling constraints [63].

for a sapphire target, whenöb is parallel (perpendicular) to the crystal c-axis, chosen to coincide with

the z-axis here, only 2 (4) out of the 6 resonances appear. This observation provides a useful handle

to conÞrm a discovery by running the same experiment with the magnetic Þeld applied in di! erent

directions.

B. Magnon excitation via the axion wind coupling

To compute the magnon excitation rate, we substitute the couplingf j in Eq. (35), into the rate

formula Eq. (27). In Sec. III , we discussed three strategies to alleviate the suppression of axion-magnon

couplings due to selection rules: external magnetic Þelds, anisotropic interactions, and nondegenerate

g-factors. In this subsection, we show the projected reach for each of these strategies. The results are

[Mitridate,  Trickle, Zhang, Zurek (2020)]
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FIG. 2. Sensitivity. Expected 95% exclusion limit on the axion photon coupling from phonon resonances for some materials
considered in [27, 28]. For comparison we show the current limit set by stellar cooling [ 46, 47] (gray block), and the CAST
experiment [48] (dashed pink). We also show projections for a dish antenna (black) of equivalent area. The QCD model
band deÞned by Ref. [49] is shown in orange. Solid and dashed lines respectively indicate conservative and improved scenarios
detailed in the main text.
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where we have deÞned" " 1 + 2
%

d
dopt

&3
.

In order to make projections, we Þrst performed a Þt
around each resonance (15) in which (as discussed in
sec.II C ) photon losses are neglected (#" = 0). We took
data from Ref. [28] (which is collated in [56]). The associ-
ated experimental references and measurement tempera-
tures are displayed in tableI. Projections for the sensitiv-
ity to the axion-photon coupling are shown in Fig. 2 (note
to avoid cluttering the plot, we only display the material
sensitivities around the resonances where they exceed the
dish). Integration time was set at # = 1 month for each
resonance withB0 = 14T and A = (0 .1m)2. In all cases
we also chose the optimal thickness of the material ac-
cording to Eq. (33), giving boost factors & = O(1 # 100)
depending on the assumed material properties.

For the QCD model band, we show the 68% CL (or-
ange) for the values ofCa!! wherega!! = ' / (2%f a)Ca!! .

The KSVZ [57, 58] and DFSZ [59, 60] QCD axion models
are shown in yellow bands.

The left and right regions of the plot with a discon-
tinuous break correspond to QCDet [61, 62] and SNSPD
[63, 64] single photon counters considered in [10]. These
operate in the frequency ranges 2# 125 meV and 124# 830
meV, respectively. Their respective dark count rates are
" d = 4 and " d = 10! 4.

Solid lines indicate pessimistic projections from mate-
rial measurements done at temperatures well above those
encountered in an axion experiment (see tableI). Mean-
while, dashed lines display sensitivities achievable at low
temperatures when only impurities dominate, leading to
lower phonon losses. In that case, in the Þtting function
we replace# $ #0 with values given by those in Ta-
ble I in accordance with the discussion in Sec.II C . The
dashed lines also correspond to a less-conservative dark

[Marsh, McDonald, Millar, Schutte-Engel (2022)]

B=14T, A=(0.1m)^2, 1 month

Axion conversion to phonon-polariton under magnetic field



Use of nuclear magnons

Figure 7: The sensitivity to the axion-proton couplinggapp of an experimental setup using
a 1 kg canted antiferromagnet MnCO3. Two hybridized oscillation modes of nuclear and
electron spins are considered with each total observation timeTtotal = 1 year. Green (pale
green) projection (derived in Sec. 4.1): the nuclear-dominated mode! zy

n (" ÷n,+) is used with
" ÷n,+! 2# = 500Ð600 MHz,T2n = 1(10) µs. The macroscopic magnetization signal is assumed
to be detected by the inductive pick-up loop associated with theLC resonant circuit, of
which the quality factor Qr = 105 is expected. Each scan step at a Þxed frequency takes
! t ! 1.7 ! 103 s. Red (orange) projection (derived in Sec. 4.2.2): electron-dominated mode
resonance! zy

n (" ÷e,+) is used with " ÷e,+! 2# = 45Ð55 GHz,T2e = 1(10) ns and ! t = 5 ! 105(5 !
104) s. In this case, the cavity photons excited in cavity by spin systems are the expected
signal. For both projections, the angular average cos2 $ ! 1!3 is assumed to account for the
unknown polarization of DM-induced magnetic Þeld. The gray area represents constraints
from astrophysical consideration: SN1987A [122Ð124], neutron star cooling [125]. The blue
band shows the theoretical prediction from the DFSZ axion model, with 0.28 < tan %< 140
[73].

the microwave cavity strongly coupled to the magnetization of the material, half of the
energy of the magnetic resonance is transferred to the excitation of cavity photons which
can be detected as the signal. The readout can be done by a linear ampliÞer or photon
counter, which are discussed in Secs. 4.2.1 and 4.2.2, respectively. However, our aim is to
utilize the latter, a photon counter, to avoid the quantum limit that signiÞcantly suppresses
the sensitivity at the frequency of interest when we use a linear ampliÞer [132].

The microwave cavity frequency should be tuned to the electron precession frequency,
realizing a strong coupling between the magnet and the cavity. The overall relaxation time

29

Figure 8: The sensitivity to the axion-electron couplinggaee of an experimental setup using
a 1 kg canted antiferromagnet MnCO3. Two hybridized oscillation modes of nuclear and
electron spins are considered with each total observation timeTtotal = 1 year. Green (pale
green) projection (derived in Sec. 4.1): the nuclear-dominated mode! zz

e (" ÷n,+) is used with
" ÷n,+! 2# = 500Ð600 MHz,T2n = 1 (10) µs. The macroscopic magnetization signal is assumed
to be detected by the inductive pick-up loop associated with theLC resonant circuit, of
which the quality factor Qr = 105 is expected. Each scan step at a Þxed frequency takes time
! t ! 1.7 ! 103 s. Red (orange) projection (derived in Sec. 4.2.2): electron-dominated mode
resonance! zz,zy

e (" ÷e,+) is used with " ÷e,+! 2# = 45Ð55 GHz,T2e = 1(10) ns and! t = 5 ! 105(5 !
104) s. In this case, the cavity photons excited by spin systems are the expected signal.
The angular average cos2 $ ! 1!3 and 2!3 are assumed for the former and latter projections,
respectively. The gray area represents constraints from astrophysical consideration: the
tip of red giants [126], luminosity function of white dwarfs [127, 128], and the constraints
from underground detectors searching for solar axions [129Ð131]. The blue band shows the
theoretical prediction from the DFSZ axion model, with 0.28< tan %< 140 [73].

of a single mode of this coupled system is given by

Tcoupled = 2"
1

T2e
+

1
&cav

#
! 1

! 2T2e = 2 ns, (4.13)

where&cav is the cavity lifetime, which we assume to beO(1) µs as in Ref. [21]. The strong
coupling between the magnet and the cavity a" ects the signal calculation discussed in Sec. 3.3
in several ways. Firstly, the relaxation timescaleT2e should be replaced by the coupled scale:
T2e ! Tcoupled. Secondly, the interaction strength between a coupled mode and the DM Þeld

30

[Chigusa, Moroi, KN, Sichanugrist (2023)]



Topological ferromagnet

Figure 1: Sensitivity of the magnon to the ALP DM in thema vs. ga!! plane. The orange
(green) region corresponds to the sensitivity of the! -mode (" -mode) with u"0 ! v"0 = 10,
while the dot-dashed line in each region shows the sensitivity of the corresponding mode
with u"0 ! v"0 = 1. We postulate the target volumeV = (10 cm)3 and the magnetic Þeld
scanned over 1 T< B 0 < 7 T (1 T < B 0 < 10 T) for the ! -mode (" -mode). For each step
of the scan, we use! t = 102 s for an observation, which requires" 1 yr for the whole scan.
See the text for more details of the material properties. Also shown as colored regions are
existing constraints, while the black solid (dashed) line shows the prediction for the KSVZ
(DFSZ) model.

for a single photon detector in the THz regime at the temperatureT = 0.05 K [52]. We
estimate the sensitivity by requiring the signal-to-noise ratio (SNR)

(SNR) #
(dNsignal/dt ) ! tscan!

(dNnoise/dt ) ! tscan

, (5.18)

to be larger than 3 for each scan step.
In the Þgure, the orange and green regions correspond to the sensitivity using! - and

" -modes, respectively, withu"0 ! v"0 = 10, while the dot-dashed line in each region shows
the sensitivity of the corresponding mode withu"0 ! v"0 = 1. The other colored regions
show existing constraints from the Light-Shining-through-Walls (LSW) experiments such as
the OSQAR [53] (yellow), the measurement of the vacuum magnetic birefringence at the
PVLAS [54] (pink), and the observation of the ALP ßux from the sun using the helioscope
CAST [55] (blue). We also show the predictions of the KSVZ and DFSZ axion models with
black solid and dashed lines, respectively. We can see that the use of both" - and ! -modes
gives a detectability over a broad mass range of 10! 3Ð10! 2 eV and the sensitivity may reach
both the KSVZ and DFSZ model predictions for some mass range. It is also notable that
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Figure 23 : The projected TOORAD sensitivity for Material 1 [(Bi 1! xFex )2Se3-inspired]
and Material 2 (Mn 2Bi2Te5-inspired) for di ! erent losses (" m = " = " ! ) and detector
sensitivities. See Table8 for all other benchmark parameter values. We show limits and
forecasts [171] for CAST [172, 173], IAXO [ 174], and various haloscopes [31, 37, 170, 175Ð
182] (for ! loc = 0 .3 GeV/ cm3) as well as the bounds from hot dark matter con-
straints [183], energy loss arguments in SN1987A [13]. The preferred regions cold dark
matter [184] in the realignment scenario, and with the latest cosmic string decay calcu-
lations [185] are also indicated as horizontal arrows. The QCD axion band encompasses
all ÒpreferredÓ KSVZ-type axion models as deÞned in ref. [29], in addition to the original
KSVZ and DFSZ models.

Model of Axion Quasiparticles: We Þrst presented in some detail the symmetry
criteria for the existence of axion quasiparticles, and the Dirac model for their realisation
in topological magnetic insulators. While already known in the literature (e.g. refs. [42,
43, 50, 51]), these have not been shown in detail in relation to axion DM, and provide
important background to the subsequent results. We laid out carefully the symmetry
criteria necessary for a material to posses an AQ. Our exploration of the model sheds
light on the nature of the AQ as a longitudinal magnon, i.e. a spatially and temporally
varying AF spin ßuctuation. It is non-linearly related to the transverse magnons of
ordinary AFMR.

In order to estimate the parameters f ! and m! of the model, we used the result
of the ab initio calculation given in ref. [42] for (Bi 1! xFex )2Se3 on a cubic lattice. We
rescaled the results to use updated values of the material parameters of (Bi1! xFex )2Se3,
and Mn2Bi2Te5, for which there is not a result available in the literature. More accurate
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