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Wave-like Particle-like Extended object

どうやって検出するか？
初期宇宙での生成方法は？
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ダークマター生成機構

Vector

Scalar/pseudo-scalar
コヒーレント振動

宇宙紐 [Long, Wang (2019), Kitajima, KN (2022)]

インフレーション揺らぎ [Graham, Mardon, Rajendran (2015)]

重力的粒子生成 [Ema, KN, Tang (2019)]

位相欠陥

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

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

√
tη.

17

Figure 2: Allowed parameter region consistent with the vector coherent DM scenario (yellow-
shaded) in Hinf-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) ]

コヒーレント振動
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アクシオン-光子結合に対する制限

[AxionLimits, C.O’Hare ]

QCD ax
ion

アクシオン-電子結合に対する制限



[AxionLimits, C.O’Hare ]

ダークフォトン-光子 

kinetic mixing に対する制限
B-L ゲージ結合に対する制限



軽い暗黒物質
典型的なアクシオン/ダークフォトン暗黒物質：
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a(~x, t) = a0 cos(m(t� ~v · ~x))アクシオン暗黒物質：

このような振動場の下での特徴的な反応を探す
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物性を利用した探査



原子核 電子

暗黒物質（重い場合）
暗黒物質と物質との反応



原子核 電子

暗黒物質（重い場合）
暗黒物質と物質との反応

暗黒物質（軽い場合）
準粒子
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Fig. 4. Magnon spectra for the symmetric directions k 1 [1101, [100] and for the values of the exchange constants (1.28). T = OK [5].

The spectrum ~d1 (k) is not linear and anisotropic only in the vicinity of the edge of the Brillouin
zone. This part of the spectrum is not universal, it depends on all the values of exchange integrals
a1ad, Jdd, and faa. Nevertheless, the volume of that part of the Brillouin zone where the spectrum
deviates from the linear behavior (1.30) is negligibly small for most quantities.

1.4.2. Ferromagnon and ant~ferromagnonmodes
In an overview of the spectra it strikes one that the antiferromagnetic Wai (k) branch runs almost

parallel to the ferromagnetic branch wdl(k) and they both are not noticeably perturbed in their
multiple crossing of other branches. In the language of perturbation theory this means that the
eigenvectors of the FM and AFM modes are practically unmixed with the other eigenvectors.
Neglecting such an intermixing, we can obtain simple analytical expressions for the frequencies
~~a1 (k) and ~d1 (k) of the FM and AFM branches over the entire Brillouin zone. To do this we
assume that in (1.15) the oscillation amplitudes of all eight a and all twelve d spins are equal
(a
1 = = a8,a9 = = a20) and obtain

da. da*i-j~=Aiat+Biaf~ —i-~-=B1a,+D1a, i=1,...,8,j=9,...,20. (1.31)

Hence, we obtain for d1 (k) and a1 (k) the expressions (6) given in the introduction. The notation
used for the coefficients is given in eq. (7).
Our assumptions about the equality of the amplitudes of the oscillations of the spins of the a and

d ions is equivalent to the replacement of the 20-sublattice ferrite by a two-sublattice model. 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

z„„(k)=z„(k)—z„(k)

X) r2s

a' f&~„k[V[s„k&J'

is the interband oscillator strength. The sum is
over the initial valence-band index n„and 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 ref lectivity is
computed by numerical means.

D. Electronic density of states

—10
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

—10

—12 pC

0.00
4.17

0.00
4.10

0.00
0.90 —0.42

3.43 3.22 2.66

-8.27
-2.99

-7.69
-2.86

-8.65 —7.88
-3.29 —2.75

1.22 1.17 1.16 0.90

—10

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 case of silicon two results are presented: nonlocal.
pseudopotential |'solid line) and local pseudopotential
(dashed hne). Spin-orbit corrections not included.

4.16

電子 (Ge)

フォノン
 (GaAs)

マグノン (YIG)

固体中の準粒子の分散関係真空中の粒子の分散関係
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固体中には様々な準粒子が存在
暗黒物質との反応に利用可能



固体電子による暗黒物質の吸収

k

E

荷電子帯

伝導体
暗黒物質

暗黒物質が電子を励起状態に
（光による励起と同じ原理）

典型的な半導体のギャップ
エネルギー ~ 1eV

1eVより重い暗黒物質であれば可能

超伝導体のギャップ ~ 1meV

Dirac 物質のギャップ ~ 10meV

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

[Hochberg, Lin, Zurek (2016)]

[Hochberg et al (2017), Geilhufe, Kahlhoefer, Winkler (2019)]



固体電子による暗黒物質の吸収
物性：外場を加えた時の電流への応答

を線形応答理論で計算 (RPA)

素粒子：自己エネルギーを1-loopで計算

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

Simon Knapen,1, ⇤ Jonathan Kozaczuk,2, † and Tongyan Lin2, ‡

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, Al2O3, 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. [1–4].
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

‡
tongyan@physics.ucsd.edu

Electron excitations may arise from direct DM-electron
scattering [7–9], as shake-o↵ electrons from nuclear re-
coils [10–12] 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 first 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 fitting 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 “shakes-o↵” an
electron during the initial hard recoil [10–12]. This is
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実際にはバンド構造やplasmon共鳴とその幅を取り入れる必要がある
Energy loss function (ELF) の測定値を使う
（誘電率の虚部）

第一原理計算の結果を使う
光子の結果をダークマターに変換する

（注：CP-even スカラーの場合はELFでパラメトライズできない [Mitridate et al. (2021)] ）
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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 infinitely 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 low k 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
defining 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 fitted 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 fitted
data typically includes the measured ELF from re-
flection 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 finite k,
while conserving local electron number. Experi-
mental collaborations [51–53] moreover occasion-
ally present their results in terms of fits 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 [54–56]. 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 fit to the experimental data. Even with a
finite 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 first-
principles TDDFT calculation with the software
package GPAW [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.

[Knapen, Kozaczuk, Lin (2021)]

例：Contour of ELF for Si



固体電子 半導体
超伝導体
Dirac物質
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[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 defined in Eq. (3), assuming 1 kg-yr

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

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

was taken in previous works [14, 15], with which we find 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

Stückelberg 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 hi
0
,k0

| e
iq·x

|i,ki vanishes in the q ! 0 limit: |i
0
,k0

i

and |i,ki are distinct energy eigenstates and therefore orthogonal. At O(q), we have hi
0
,k0

| e
iq·x

|i,ki '

iq · hi
0
,k0

|x |i,ki. 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):

hi
0
,k0

|x |i,ki = �
1

"i0,k0 � "i,k
hi

0
,k0

| [x, H] |i,ki = �
i

me("i0,k0 � "i,k)
hi

0
,k0

|p |i,ki . (63)

Substituting in the wave functions, we find:

hi
0
,k0

| e
iq·x

|i,ki = �k0,k
q

me !i0i,k
·

X

G

(k +G)u⇤i0,k,G ui,k,G + O(q2) . (64)

where !i0i,k ⌘ "i0,k � "i,k.

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

[Mitridate, Trickle, Zhang, Zurek (2021)]
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FIG. 3. Projected 95% C.L. reach (3 events with no background) with semiconductor crystal (Si, Ge) and

superconductor (Al-SC) targets, for the scalar DM model defined in Eq. (3), assuming 1 kg-yr exposure. In

contrast to the vector and pseudoscalar cases shown in Fig. 2, the projections here cannot be derived from the

target’s optical properties. Di↵erences compared to Hochberg et al. [24] and Gelmini et al. [38] in the Al-SC

case are discussed in detail in Sec. V. Also shown are existing constraints from fifth force [88] and red giant

(RG) cooling [89].

enter DM absorption rates (at leading order in q):

f i0i,k ⌘
1

2m2
e

X

G

(k +G)2 u⇤i0,k,G ui,k,G , (65)

fi0i,k ⌘
1

!i0i,k

X

G

(k +G)u⇤i0,k,G ui,k,G . (66)

Note that they di↵er from the crystal form factor used in spin-independent DM scattering [12, 17, 21]:

f[i0k0,ik,G] =
P

G0 u
⇤

i0,k0,G0+G ui,k,G0 . The absorption kinematics simply set the k and G vectors of the

initial and final states to be the same; also, powers of (k + G) appear as follows from the e↵ective

operators.

The crystal form factors defined above allow us to write the self-energies in a concise form. For

the operators 1 and v̄
2, the spin trace is trivial and simply yields a factor of two. Each pair of

valence/conduction states between which a transition can happen contributes to two terms in the sum

over electronic states, because either i,k or i0,k0 can be a valence or conduction state. Combining the
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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 first-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 fit to high k 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
fitting 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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[Knapen, Kozaczuk, Lin (2021)]

Polar material では、optical phonon の典型的なエネルギーは ~0.1eV
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FIG. 2. Projected 95% C.L. constraints (3 events) on de = ge⇤/me (Eq. (39), ⇤ = MPl/
p
4⇡), utilizing single

phonon excitations in GaAs (solid red), Al2O3 (solid blue), and SiO2 (solid green) targets, assuming a kg ·yr

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

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

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

and stellar cooling bounds from red giants (“RG”, pink) [92] and white dwarfs (“WD”, orange) [123].

B. Scalar DM

The first model we consider is scalar DM, �, whose couplings to electrons and nucleons are

given by the Lagrangian,

L �

X

 2{e,p,n}

g �  ̄ �! LNR =
X

 

g  
†
 + O(1/m2

 ) . (39)

Using Table I the relevant self-energies are easily computed,

⇧�� = �i
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@
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, (40)
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i (1 � "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)]

Vector DM Scalar DM

軽い領域をカバー可能
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Figure 1: Sensitivity plot for SNR = 3 under Ttotal = 10 years. Left : Sensitivity of the
magnon detector on the axion-electron coupling gaee as a function of the axion mass ma.
The green and blue regions show the sensitivity for an ideal setup. The colors and styles of
regions represent different setups; the observation time for each scan is set to be Tobs = 103 s
(green) or 104 s (blue), and the cavity temperature is Tcav = 1K (dark-meshed) or 0.1K
(light). The orange dashed lines show the sensitivity for a realistic setup with Tobs = 103 s
and Tcav ! ma. Throughout the figure, the setup of Mtarget = 1kg, τ = 2µs, va = 10−3,
and sin2 θ = 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 β ! 140 and that of the KSVZ model,
respectively. Right : Sensitivity of the cavity detector on the axion-photon coupling gaγγ as a
function ofma. Similar to the left panel, the green and blue regions and orange lines show the
sensitivities with B0 = 1T, VcavGcav = 100 cm3, and τcav = 2µs. 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 θ = 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 β, which is the ratio between
vacuum expectation values of the two Higgs doublets, within 0.28 ! tan β ! 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 figure shows the potential to probe the axion-electron coupling depending

11

Figure 2: Sensitivity of the magnon (left) and cavity (right) detectors in the mH vs. ✏ plane.
We use Mtarget = 1kg and Ttotal = 10 years. The other parameters are chosen as vH = 10�3,
⌧ = 2µs, and sin2

✓ = sin2
' = 1/2. The green and blue colors correspond to an ideal setup

case with (SNR) = 3 and Tobs = 103 s and 104 s, respectively, and the dark-meshed and the
light regions show those with Tcav = 1K and 0.1K, respectively. The orange dashed lines
correspond to a realistic setup with Tobs = 103 s and Tcav ⌧ 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 = 1kg and Ttotal = 10 years. The center of the scan is fixed to be mH = 200µeV.
To derive the sensitivity, we use the parameter choices vH = 10�3, ⌧ = 2µs, 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 = 1K and Tcav = 0.1K, respectively. The orange dashed lines show
the sensitivities of a realistic setup with Tobs = 103 s and Tcav ⌧ ma. Also shown in gray
color is the parameter region already excluded [79]; this includes constraints from spectral
distortions [2], modifications to Ne↵ [2], and stellar cooling [80–82]. 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 � = 2.5meV (� = 0) [48], while the light green
dotted line is an extrapolation of the sensitivity assuming that the electron excitation with
energy of O(10�4) eV can be detected. From the figure, we can see the strong potential of
this setup on the hidden photon search. Even if we use a much shorter value of Tobs than
the canonical value adopted in the QUAX proposal, a much stronger bound on the kinetic
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[Chigusa, Moroi, KN (2020)]
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Here, s is the size of the total spin of electrons inside a magnetic unit cell. With Fourier
expanding ec` and ec†

`
as Eq. (7), we can see that the quadratic part of He↵ , which we call free

Hamiltonian, is given by
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where !L ⌘ gµBB
0
z
is the Larmor frequency with B

0
z
being the z component of the magnetic

field ~B
0, and ~ap (p = 1, 2, 3) are fundamental translation vectors that generate magnetic

unit cells. For the YIG, we can use s = 10 and J = 0.35meV, and the magnetic unit cell is
a cube with L ⌘ |~a1| = |~a2| = |~a3| = 12.56 Å [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
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with k ⌘ |~k|. The k = 0 mode corresponds to the homogeneously rotating mode around
the external magnetic field 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 ⇠ 3.5MeV for the YIG. The Larmor frequency is evaluated as
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0
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me

' 1.2⇥ 10�4 eV
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0
z

1T

◆
. (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 field to control the gap of the magnon dispersion relation.
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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 field to control the gap of the magnon dispersion relation.
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磁性体でのマグノンのギャップエネルギー：
アクシオンは電子スピンと結合するのでマグノンを励起する



R. K. Romani

SPICE/HeRALD*: A New Light DM Collaboration

Different direct detection mediums unified by a Transition Edge Sensor based readout

4

HeRALD

*also called 
TESSERACT

Low-background + Low-temperature + Multi-target

- even though background is reduced by using small sensors, the dark matter 
search is background limited as long as more than 1 event is observed

- this indicates all the precautions for traditional WIMP search still applies to 
low-mass dark matter

- Kamioka LDM Project:

- a new underground low-background cryogenic facility 
in Kamioka

- passive lead + PE shielding for background suppression

- collaboration with Spice/HeRALD experiment for phase 1

- QUP payload for phase 2 (see Kaori’s talk)

Kamioka LDM

[From talk slide by R.K. Romani (2023)] [From talk slide by
S. Burkhant (2025)]



検出器自体を吸収体として利用
検出器やセンサー自体がダークマターを吸収する
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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 DM–
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; see e.g. Refs. [75–
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% confidence 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 �̄e = 1
⇡µ

2
e�g

2
eg

2
�

⇥
(↵EMme)2 +m2

�

⇤�2
, where

µe� is the reduced mass of the DM–electron system; ge
and g� are the couplings of the mediator to the elec-
tron and DM, respectively; and ↵EM ⇡ 1/137 is the
fine structure constant. Absorption results are shown
in terms of the size of the kinetic mixing  of a dark
photon—essentially 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 0.3GeV/cm3 with velocities distributed according
to the Standard Halo Model, i.e., with probability den-
sity f�(v) / ⇥(vesc � |v|) exp

⇥
�(v + vE)2/v20

⇤
. 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
124meV, which would extend the experimental reach
to DM masses of order 50–100 keV. Indeed, sensitiv-
ity at the 10µm-wavelength scale—corresponding to a
124meV threshold—has already been demonstrated in
SNSPDs [56]. We also show the projected reach for a
superconducting Al detector with a 10meV threshold.
Such a detector would be capable of detecting DM with
mass of order ⇠keV, below which structure formation
considerations rule out fermionic DM [79–81].

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 configuration, 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 quantified experimentally. De-
liberate optimization of the target geometry may enable
even more significant enhancements, particularly in the
absorption rate.

The geometric e↵ects included in this work are esti-
mated in a simplified 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 [32–37], 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, 38–41], 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 to R = 19 at 0.8 eV, as has
been demonstrated by Ref. [45]. This is a factor of ⇠ 8
higher than R in our configuration, 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 = 100mK, 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 fluctuations in its resonance frequency. Thus, the
main hurdle to overcome is noise rejection, and we have
shown here that simple filtering 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. Significantly 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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量子技術を利用した探査



Qubit

IBM, 20 superconducting qubits
[figure from wikipedia 

“Quantum computing”]

量子コンピュータ/量子センシング
の基礎要素

Qubit : 量子力学的な 2 準位系

ダークマターもqubitと反応する

色んな種類のqubitがある

ダークマターやqubitの種類によって
反応の仕方は様々



[G.Popkin, Science 354, 1090 (2016)]
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I. INTRODUCTION AND BACKGROUND

A. NV-diamond magnetometry overview

Quantum sensors encompass a diverse class of devices
that exploit quantum coherence to detect weak or nanoscale
signals. As their behavior is tied to physical constants,
quantum devices can achieve accuracy, repeatability, and
precision approaching fundamental limits (Budker and Ro-
malis, 2007). As a result, these sensors have shown utility in
a wide range of applications spanning both pure and applied
science (Degen et al., 2017). A rapidly emerging quantum
sensing platform employs atomic-scale defects in crystals.
In particular, magnetometry using nitrogen vacancy (NV)
color centers in diamond has garnered increasing interest.

The use of NV centers as magnetic field sensors was first
proposed (Degen, 2008; Taylor et al., 2008) and demon-
strated with single NVs (Balasubramanian et al., 2008;

Maze et al., 2008) and NV ensembles (Acosta et al.,
2009) circa 2008. In the decade following, both single-
and ensemble-NV-diamond magnetometers (Doherty et al.,
2013; Rondin et al., 2014) have found use for applications
in condensed matter physics (Casola et al., 2018), neuro-
science and living systems biology (Schirhagl et al., 2014;
Wu et al., 2016), nuclear magnetic resonance (NMR) (Wu
et al., 2016), Earth and planetary science (Glenn et al.,
2017), and industrial vector magnetometry (Grosz et al.,
2017).
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FIG. 1 Overview of the nitrogen-vacancy (NV) center quantum
system. a) Diagram of diamond lattice containing an NV cen-
ter, which consists of a substitutional nitrogen adjacent to a
lattice vacancy. The green arrow marks the NV symmetry axis,
oriented along the [11̄1̄] diamond crystallographic axis for the
particular NV center shown here. From Ref. (Pham, 2013). b)
Energy level diagram for the negatively charged NV- center in
diamond, with zero-field splitting D between the ground-state
electronic spin levels ms=0 and ms=±1. The ms=±1 energy
levels experience a Zeeman shift in the presence of a magnetic
field ~B, which forms the basis for NV- magnetometry. Adapted
from Ref. (Schloss et al., 2018).

Solid-state defects such as NV centers exhibit quantum
properties similar to traditional atomic systems yet confer
technical and logistical advantages for sensing applications.
NVs are point defects composed of a substitutional nitro-
gen fixed adjacent to a vacancy within the rigid carbon lat-
tice (see Fig. 1a). Each NV center’s symmetry axis is con-
strained to lie along one of the four [111] crystallographic
directions. While NVs are observed to exist in three charge
states (NV-, NV0 and NV+), the negatively charged NV-

center is favored for quantum sensing and quantum infor-
mation applications (Doherty et al., 2013). The NV- defect
exhibits a spin-1 triplet electronic ground state with long
spin lifetimes at room temperature; longitudinal relaxation
times T1 ⇡ 6 ms (Jarmola et al., 2012; Rosskopf et al.,
2014) are typical, and coherence times T2 up to a few ms
are achievable (Balasubramanian et al., 2009). The defect’s
spin energy levels are sensitive to magnetic fields, electric
fields, strain, and temperature variations (Doherty et al.,
2013), allowing NV- to operate as a multi-modal sensor.
Coherent spin control is achieved by application of resonant
microwaves (MWs) near 2.87 GHz. Upon optical excitation,
nonradiative decay through a spin-state-dependent inter-
system crossing (Goldman et al., 2015a,b) produces both
spin-state-dependent fluorescence contrast and optical spin
initialization into the NV- center’s ms = 0 ground state

NV中心の電子はspin tripletを形成
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where N is the number of NV centers, tmin ¥ min(tobs,øDM)
with tobs and øDM being the total observation time and the
coherence time of dark matter, respectively, and ø is the free
precession time. This is for an ensemble of independent NV
centers, thus the resource of quantum entanglement is not
utilised yet. When the spin projection noise is the dominant
noise source, the Ramsey sequence is sensitive to a mag-
netic field as weak as6

¢Bsp ' eø/T §
2

∞e
p

Nøtmin
' 13fT

µ
1012

N

∂1/2 µ
0.5µs
ø

∂1/2 µ
1s

tmin

∂1/2

,

(41)

The exponential factor represents the sensitivity loss ac-
cording to the spin dephasing with a relaxation time T §

2 .
This factor makes øª T §

2 /2 to be the optimal choice to max-
imize the sensitivity [36], which is assumed on the right-
hand side.

If tobs > øDM, repeated measurements allow us to extract
the possible dark matter signal as broadening of the width of
the observed signal distribution.

≠
S2Æ calculated in Eq. (37)

can be used as the dark matter contribution to the width,
which is the ensemble average of the dark matter signal
squared. Accordingly, the sensitivity on dark matter mod-
els is estimated by solving

q≠
S2

Æ
e°2ø/T §

2 + (¢Ssp)2 °¢Ssp &
¢Sspp

2tmax/øDM
, (42)

with tmax ¥ max(tobs,øDM). In the above inequality, the left-
hand side represents the dark matter effect on the width of
the signal distribution, while the right-hand side the esti-
mation uncertainty associated with the unbiased estima-
tion of standard deviation when we repeat the measure-
ment tmax/øDM times. Combined with Eq. (40), this gives
us the sensitivity

q≠
S2

Æ
e°ø/T §

2 & 1

23/4

1
p

N (tmin/ø)

1

(tmax/øDM)1/4
. (43)

To take into account the randomness of the direction and
amplitude of ~Beff given by Eq. (32), we replace

°
B eff

z
¢2

by
B 2

eff/3 and use a typical dark matter velocity vDM = 10°3.
The resulting sensitivities on the axion-electron cou-

pling gaee and the kinetic mixing parameter of the
dark photon ≤ are shown in Fig. 1. We draw three
solid lines for three experimental setups: (N , tobs) =
(1012,1s), (1012,1year), (1020,1year) with ø = 0.5µs. The
number of NVs N = 1012 for the first two sets is attainable

6 In this expression, we neglect the possible sensitivity loss from the imper-
fect readout, overhead time, and shot noise (see, e.g., [16]) for simplicity
of the expression. For a typical size of overhead time to ª O(T§

2 ), this
could affect the sensitivity by O(1) through the replacement ø! ø+ to in
Eq. (40). In the sensitivity plots, we plot the spin-projection noise limited
sensitivities, and as comparison for the magenta dashed lines also the
sensitivities of the current state-of-the-art experimental sensor, which
thus includes all sensitivity losses.

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. The colored solid (dash-
dotted) lines correspond to the case with (without) the magnetic
shielding. Note that the dc magnetometry (lighter region) and
the resonance search (GHz/heavier region) require different se-
quences and cannot be performed simultaneously; see the text for
details. The black dashed lines show tangent lines of the sensitivity
curves to guide the eye.

given previous experiments [37]. Obtaining N = 1020 re-
quires a volume of approximately 103 cm3 for a NV con-
centration of 1.6£ 1017cm°3 in diamonds with high sensi-
tivity [19, 37]. The large volume can be obtained using a
synthesis technique for a large diamond [38], in which case
a laser power of 5£ 102 kW would be required in the cur-
rent technique [39], and sufficient microwave homogene-
ity might be challenging to attain. Alternatively, the same
sensitivity can be obtained by combining smaller individ-
ual sensors, which decreases the laser power and the mi-
crowave inhomogeneity in the individual sensors. For ex-
ample, with similar growth as for the high-sensitivity dia-
mond with a thickness of 70µm [37], using large diamond
wafers [38], in the order of 103 wafers are required to reach
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operate with either a single NV center or an ensemble
of NV centers. In this paper, we focus on the latter
choice with which a large number of NV centers, N � 1,
helps improve the sensitivity by accumulation of large
statistics.

B. Dc magnetometry

Now, we describe the so-called Ramsey sequence [38]
used for dc magnetometry. Throughout this and the
next subsections, we focus on the evolution of a qubit
state |'(t)i, which can be either the electron or nu-
clear spin state. In the matrix representation, we use
the basis {|Sz

i = |�i , |0i} for the electron spin and
{|Izi = |0i , |+i} for the nuclear spin.

The Ramsey sequence is sensitive to a dc-like mag-
netic field Bs(t)ẑ along the z-axis.2 Let H̃int(t) be the
corresponding interaction Hamiltonian in the interaction
picture defined as

H̃int(t) =
1

2
�Bs(t)�

z, (10)

where � = �e or �N is the suitable choice of the gyromag-
netic ratio. Starting from the lower level |'(0)i = (0, 1)|,
the qubit state evolution under the Ramsey sequence is
given by3

|'(⌧)i = R⇡/2
x

exp

✓
�i

Z
⌧

0
dt H̃int(t)

◆
R⇡/2

y

✓
0
1

◆
, (11)

where ⌧ is the time duration of free precession, while R✓

↵

(↵ = x, y) denotes the corresponding R↵ gate operation
represented in matrices as

R✓

x
=

✓
cos ✓

2 �i sin ✓

2
�i sin ✓

2 cos ✓

2

◆
, (12)

R✓

y
=

✓
cos ✓

2 � sin ✓

2
sin ✓

2 cos ✓

2

◆
. (13)

If the signal magnetic field oscillates slowly as Bs(t) =
B0

s
cos(✏t+ �), the signal strength of the fluorescence

measurement for the state |'(t)i is explicitly calculated
as

F '
�B0

s

2✏
[sin(✏⌧ + �)� sin�] , (14)

under the assumption of F ⌧ 1. It takes a constant value
F ! �B0

s
⌧ cos�/2 at ✏ ! 0, while the cancellation of

fast oscillations leads to an asymptotic behavior F / ✏�1

2
The magnetic field in the xy-plane can be neglected as long as

its oscillation frequency is far from the energy gap of the qubit

system. See the calculation of the Rabi cycle.
3
In this expression and the later discussion, we neglect the time

spent on gate operations for simplicity. It is a reasonable ap-

proximation when the amplitude of the magnetic pulse used for

spin operations is large enough as can be seen from Eq. (8).

|ei

|Ni Ry(⇡/2) Rz(�⌧ ) Rx(⇡/2)

FIG. 2. The protocol of dc magnetometry using nuclear spins.

when ✏⌧ & 1. Thus, this approach is e↵ective for a dc-like
signal with an angular frequency ✏ ⌧ 1/⌧ .
When considering an ordinary magnetic field, electron

spins are more useful than nuclear spins to obtain a siz-
able e↵ect within a fixed time duration ⌧ due to the hier-
archy �e � �N . However, this is not the case for the ax-
ion dark matter detection, because, as we will see below,
the axion interaction strength with electron and nuclear
spins have completely di↵erent, and model dependent,
relationships. Therefore, it is worthwhile to perform the
dc magnetometry experiment based on nuclear spins in
addition to the one based on electron spins [29]. In Fig. 2,
we show the protocol for dc magnetometry using nuclear
spins. Both of the qubits should be initialized to (0, 1)|

through laser cooling and an appropriate operation of the
CNOT gates before starting the protocol, preparing the
|00i state. '⌧ ' F is the relative phase factor generated
during the free precession.
We have not taken account of the e↵ects of relaxation

in the above expression. There are two di↵erent relax-
ation time scales for each spin species, the longitudinal
relaxation time T1 and the transverse relaxation, or de-
phasing, time T ⇤

2 . T1 characterizes the spin flip associ-
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p
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⇤
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Accordingly, the optimistic choice of ⌧ to maximize the

4
Although the measured value of T

⇤
2N ⇠ 7.25ms is for a single

NV center, we use this value as a reasonable estimate of T
⇤
2N for

an ensemble of NV centers, since for a ⇠ 1 ppm concentration of

NV centers, T1e is still in the order of milliseconds [44].
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I. INTRODUCTION AND BACKGROUND

A. NV-diamond magnetometry overview

Quantum sensors encompass a diverse class of devices
that exploit quantum coherence to detect weak or nanoscale
signals. As their behavior is tied to physical constants,
quantum devices can achieve accuracy, repeatability, and
precision approaching fundamental limits (Budker and Ro-
malis, 2007). As a result, these sensors have shown utility in
a wide range of applications spanning both pure and applied
science (Degen et al., 2017). A rapidly emerging quantum
sensing platform employs atomic-scale defects in crystals.
In particular, magnetometry using nitrogen vacancy (NV)
color centers in diamond has garnered increasing interest.

The use of NV centers as magnetic field sensors was first
proposed (Degen, 2008; Taylor et al., 2008) and demon-
strated with single NVs (Balasubramanian et al., 2008;

Maze et al., 2008) and NV ensembles (Acosta et al.,
2009) circa 2008. In the decade following, both single-
and ensemble-NV-diamond magnetometers (Doherty et al.,
2013; Rondin et al., 2014) have found use for applications
in condensed matter physics (Casola et al., 2018), neuro-
science and living systems biology (Schirhagl et al., 2014;
Wu et al., 2016), nuclear magnetic resonance (NMR) (Wu
et al., 2016), Earth and planetary science (Glenn et al.,
2017), and industrial vector magnetometry (Grosz et al.,
2017).
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FIG. 1 Overview of the nitrogen-vacancy (NV) center quantum
system. a) Diagram of diamond lattice containing an NV cen-
ter, which consists of a substitutional nitrogen adjacent to a
lattice vacancy. The green arrow marks the NV symmetry axis,
oriented along the [11̄1̄] diamond crystallographic axis for the
particular NV center shown here. From Ref. (Pham, 2013). b)
Energy level diagram for the negatively charged NV- center in
diamond, with zero-field splitting D between the ground-state
electronic spin levels ms=0 and ms=±1. The ms=±1 energy
levels experience a Zeeman shift in the presence of a magnetic
field ~B, which forms the basis for NV- magnetometry. Adapted
from Ref. (Schloss et al., 2018).

Solid-state defects such as NV centers exhibit quantum
properties similar to traditional atomic systems yet confer
technical and logistical advantages for sensing applications.
NVs are point defects composed of a substitutional nitro-
gen fixed adjacent to a vacancy within the rigid carbon lat-
tice (see Fig. 1a). Each NV center’s symmetry axis is con-
strained to lie along one of the four [111] crystallographic
directions. While NVs are observed to exist in three charge
states (NV-, NV0 and NV+), the negatively charged NV-

center is favored for quantum sensing and quantum infor-
mation applications (Doherty et al., 2013). The NV- defect
exhibits a spin-1 triplet electronic ground state with long
spin lifetimes at room temperature; longitudinal relaxation
times T1 ⇡ 6 ms (Jarmola et al., 2012; Rosskopf et al.,
2014) are typical, and coherence times T2 up to a few ms
are achievable (Balasubramanian et al., 2009). The defect’s
spin energy levels are sensitive to magnetic fields, electric
fields, strain, and temperature variations (Doherty et al.,
2013), allowing NV- to operate as a multi-modal sensor.
Coherent spin control is achieved by application of resonant
microwaves (MWs) near 2.87 GHz. Upon optical excitation,
nonradiative decay through a spin-state-dependent inter-
system crossing (Goldman et al., 2015a,b) produces both
spin-state-dependent fluorescence contrast and optical spin
initialization into the NV- center’s ms = 0 ground state

N
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particles, which represent a broader set of pseudoscalar
particles often predicted in low-energy e↵ective theo-
ries emerging from the string theory [20–28]. Generally,
the axion interacts with SM gauge bosons and fermions,
each interaction controlled by a model-dependent cou-
pling constant. Therefore, developing various strategies
to investigate di↵erent couplings is essential to discover
axions and di↵erentiate between axion models.

In this paper, we explore the nitrogen-vacancy (NV)
center in diamond, a well-studied multimodal quantum
sensing device, as an apparatus for axion DM searches.
Unlike a previous study [29], where some of the authors
used NV center metrology based on electron spins to de-
tect DM signals, we utilize the nuclear spin of the 14N
atom to search for signals induced by axion-nucleus cou-
plings. This approach provides new constraints on the
axion-neutron coupling gann and the axion-proton cou-
pling gapp, which are independent of the constraint on
the axion-electron coupling gaee obtained in [29]. Our
method can be viewed as magnetometry based on nu-
clear spins. Although this procedure is not well-suited for
detecting ordinary magnetic fields due to their weak cou-
pling to nuclear spins, it is crucial for axion DM searches
because gann, gapp, and gaee are independent parameters.
We emphasize that our approach, illustrated in Fig. 2 and
Fig. 3, is completely new and specifically aimed at axion
searches.

The rest of the paper is organized as follows. In
Sec. II, we review NV center metrology, starting with an
overview of the NV center system (Sec. IIA) and explain-
ing the protocols used for dc (Sec. II B) and ac (Sec. II C)
magnetometry. Sec. III reviews axion properties, where
we derive the axion interaction Hamiltonian with elemen-
tary particles (Sec. III A) and the 14N spin (Sec. III B).
We discuss our detection limit estimation in Sec. IV and
present constraints on the axion coupling constants in
Sec. V. Finally, we provide concluding remarks in Sec. VI.

II. NV CENTER METROLOGY

A. NV center in diamonds

The NV center is a complex composed of a substitutional
nitrogen and an adjacent vacancy. Among the various
possible charge states, NV� is often used for quantum
sensing, where two remnant electrons are localized to the
position of the vacancy. These two electrons form the
orbital-singlet, spin-triplet system at the lowest energy
levels. The other possible combinations of angular mo-
menta, which include the orbital triplet and/or the spin-
singlet states, correspond to excited states. The electron
system is excited to an orbital-triplet state by injecting
532 nm green light, which can relax either directly with
emitting 600–800 nm red light or through spin-singlet
states with emitting infrared light. Since the probabil-
ity of direct relaxation depends on whether the initial
state of the two-electron spin ~S is |Sz = 0i or |Sz = ±i,
we can read out the spin state information through the

|SzIz� = |0+�

| � + �
| � 0�

|00�
� � A�

|Q | � �(MHz)

|Q | + A�

� � �(GHz)

FIG. 1. Energy levels of the two-qubit subsystem, with �
and Q described in the text, and Ak the size of the hyperfine
splitting.

fluorescence measurement. When relaxing through the
spin-singlet states, the electron spin usually ends up in
the lowest energy state |Sz = 0i, thus making the whole
procedure work also as laser cooling.
In addition to the electrons at the NV center, the sub-

stitutional nitrogen also possesses a (nuclear) spin degree
of freedom, ~I. Since ⇠ 99.6% of the nitrogens in nature
are 14N with spin I = 1, we focus on this isotope. In-
cluding the hyperfine interaction between the electron
and nuclear spins, the dynamics of the NV center spin
system is governed by the Hamiltonian

H = Hk +H?, (1)

where the first (second) term corresponds to the interac-
tions parallel to (perpendicular to) the z-axis, which is
defined by the NV axis.1 They are given by [34]

Hk = �0S
z2 +Q0I

z2 +Bz(�eS
z + �NIz) +AkS

zIz,
(2)

H? = �e ~B? · ~S? + �N ~B? · ~I? +A?~S? · ~I?, (3)

where ~B is an external magnetic field, while the subscript
? of a vector denotes components perpendicular to the
z-axis. �0 ' 2⇡ ⇥ 2.87GHz and Q0 ' �2⇡ ⇥ 4.95MHz
are the zero-field splitting of electron spins and the
nuclear quadrupole interaction parameter, respectively.
The gyromagnetic ratios for electron and nuclear spins
are given respectively by �e ' 2⇡ ⇥ 28GHz/T, �N =
2⇡ ⇥ 3.08MHz/T [35]. The size of the hyperfine in-
teraction is measured as Ak ' �2⇡ ⇥ 2.16MHz and
A? = �2⇡ ⇥ 2.62MHz.

1
According to this definition of the z-axis, four di↵erent config-

urations of the NV center in the diamond lattice are e↵ectively

distinguished by choosing four di↵erent sets of local coordinates,

resulting in di↵erent e↵ective magnetic fields. This a↵ects the

resonance frequency of the Rabi cycle we will discuss below, thus

the succeeding spin operation is e↵ective only for a part of four

configurations. However, note that the orientation can be aligned

with a specific fabrication process [30–33].
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!k = ma. The peak height is evaluated as
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(43)

where the resonance condition for these setups can be
described as tobs�!k ⌧ 1 and ⌧a�!k ⌧ 1, respectively.
When tobs ⌧ ⌧a, the signal peak height grows linearly
with tobs, while only a single bin enjoys resonance since
tobs(!k+1 � !k) = 2⇡. Then, we can approximate the
test statistic as

q ' 2

 
1�
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k0
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1 +
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B
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!
, (44)

with k0 being the label of the resonance bin. Since the
above expression only depends on the ratio S

k0
/B

k0
, the

detection limit is solely determined by solving q = �2.71
for this ratio, resulting in S

k0
/B

k0
' 8.48. Since S

k0
/B

k0

is proportional to NtobsB
2
N
, the detection limit to BN

grows as N1/2t1/2obs as expected for a coherently oscillating
signal. On the other hand, when tobs � ⌧a, the peak
height is saturated to ⇠ A⌧a, but the number of bins
involved in the peak grows as tobs/⌧a. In this limit, our
setup can be sensitive to small signals with S

k
⌧ B

k
,

where we can expand the expression of the test statistic
as

q ' �

X

k

S
2
k

B2
k

. (45)

Since the number of terms with dominant contributions
grow as tobs and the fraction in the summation is pro-
portional to N2B4

N
, we obtain the detection limit scaling

/ N1/2t1/4obs . Again, this scaling behavior is common for
the signal with randomized direction and phase.

To summarize, the sensitivity to the axion coupling is
roughly estimated from

p
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◆1/4
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(46)

where A is defined in Eq. (B7).
The analysis explained so far uses the full data set with

j = 1, . . . , Nobs and their Fourier transformation to look
for a signal. However, this should be interpreted as a way
to estimate the best achievable detection limit curves. In
realistic experimental setups, on the other hand, there
are several challenges to performing such an analysis in-
cluding memory constraints and limitations on compu-
tational power. Given these constraints and limitations,
an alternative analysis procedure is the one based on the
standard deviation [66]. We can show that, by setting an
appropriate data collection time duration, the sensitivi-
ties of this procedure to the target frequencies have the
same scaling behavior with tobs and N as shown above.

FIG. 4. The 95% exclusion limits on f̃a as a function
of ma for T ⇤

2 = 2⌧ = 7.25ms. The total detector volumes
of (N, tobs) = (1012, 1 s) (magenta), (1012, 1 yr) (green), and
(1020, 1 yr) (cyan) are assumed. The black dash-dotted line
represents the combination of the current best constraints
on |gapp| and |gann|, including constraints on |gann| from
neutron star cooling [67], K–3He comagnetometer [68], and
ChangE [69] and ChangE NMR [70] experiments, and a con-
straint on |gapp| from SN1987A [71]. The black dotted line
represents the prospect of constraints, including constraints
on |gann| from future comagnetometers [72], the electrostatic
storage ring [73], the CASPEr-gradient experiment [74], and
the homogeneous precession domain of the superfluid 3He [75],
and constraints on |gapp| from the proton storage ring [76], the
CASPEr-gradient experiment [74], and the nuclear magnon in
MnCO3 [77]. The limit data is adopted from [57].

V. RESULTS

The 95% exclusion limits on f̃a defined in Eq. (31)
from the Ramsey sequence are shown in Fig. 4 with the
assumed relaxation time and the free precession time
T ⇤
2N = 7.25ms, choosing ⌧ = T ⇤

2N/2.7 Three colored
lines correspond to the most conservative setup with an
already-achieved number of NV centers N = 1012 [63]
and tobs = 1 s (magenta), the same N = 1012 but with
tobs = 1yr (green), and a rather optimistic choice of
N = 1020 with tobs = 1yr (cyan). Given the available NV
concentration of 1.6⇥1017 cm�3 [49], N = 1020 is achiev-
able with a total volume of ⇠ 103 cm3, which can be real-
ized by a synthesis technique for a large diamond [78] or
by preparing multiple measurement setups. Also shown
by the black lines are the combined constraints on f̃a

7
Precisely speaking, there are periodic O(1) fluctuations of the

sensitivity due to the discrete binning of the frequency with the

bin width 2⇡/tobs. In Fig. 4, we smooth out these fluctuations to

focus on the larger-scale frequency dependence of the sensitivity.

Furthermore, the small step of the magenta line at ⇠ 1Hz is due

to the di↵erence between Eqs. (B12) and (B13).
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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 = 106,  = 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 [6–10, 12–32] (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 flat
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 “shallow search” 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 [53–57], phonon [58, 59], magnon [60], and
condensed-matter axion [61–63]).

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. 0.2–20 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 significant 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 benefited 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 field

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
field ~E

(e↵) projected onto the cavity wall would vanish
at the cavity wall, since the secondary field ( ~E(EM)) is
provoked by the electrons in the metal reacting to the
DM-included field ~E

(X). Importantly, however, since the
phases of ~E

(EM) and ~E
(X) have di↵erent spatial evolu-

tion, the field 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 field configuration of ~E

(EM)

inside the cavity is obtained by solving ⇤ ~E
(EM) = 0 and

~r ~E
(EM) = 0 simultaneously, with the boundary condi-

tion at the cavity wall, [ ~E(EM)
k + ~E

(X)
k ]wall = 0, where the

subscript “k” 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 (defined as z-axis). As only
the z-component of the fields are relevant, we find

E
(EM)
z (~x) = �

J0(mXr)

J0(mXR)
E

(X)
z , (A.1)

qubit = 回路の基底状態と励起状態

Josephson
junction

ダークフォトンは
キャパシタに作用

<latexit sha1_base64="jiwTCqEqK5l3LT+tfb/TSm2URd4="></latexit>

H1 = ⌘ cos(!t)�x
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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

H0 =
1

2
CV

2
� J cos ✓̂, (1)

where ✓̂ 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 flux bias applied. The voltage dif-
ference V between the Josephson junction is related to ✓̂

as

V = (2e)�1 ˙̂
✓, (2)

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

n̂ ⌘ Z
˙̂
✓, (3)

with

Z ⌘ (2e)�2
C. (4)

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

H0 =
1

2Z
n̂
2
� J cos ✓̂ =

1

2C
(2en̂)2 � J cos ✓̂. (5)

The energy levels of this system are unequally spaced; the
ground and the first excited states, denoted as |gi and |ei,
respectively, are used for the transmon qubit. The exci-
tation energy from |gi to |ei is denoted as !. Then, the
Hamiltonian of the system is reduced to approximately

H0 = !|eihe|. (6)

For convenience of the later discussion, we also define

â ⌘
1

p
2!Z

⇣
n̂� i!Z ✓̂

⌘
, â

†
⌘

1
p
2!Z

⇣
n̂+ i!Z ✓̂

⌘
,

(7)

which satisfies [â, â†] = 1. These correspond to the anni-
hilation and creation operators when approximating the
potential as a parabolic one, where J and ! are related
as J ' Z!

2.
If there exists the hidden photon DM, an e↵ective elec-

tric field is induced by the hidden photon oscillation. In
the mass-eigenstate basis, the interaction terms of the
electron field  e with the electromagnetic (EM) photon
Aµ and hidden photon Xµ are given by

Lint = e ̄e�
µ (Aµ + ✏Xµ) e, (8)

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

~X = X̄~nX cosmXt, (9)

where mX is the hidden photon mass, X̄ 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
m

2
XX̄

2
. (10)

The e↵ective electric field which a qubit would sense is
given by

~E
(e↵) = ~E

(EM) + ~E
(X)

, (11)

where ~E
(X) is the field induced by the DM, and ~E

(EM) is
the reactive ordinary electric field 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) = �✏ ~̇X = Ē

(X)
~nX sinmXt, (12)

with

Ē
(X)

⌘ ✏mXX̄ = ✏
p

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 field as

~E
(e↵) = Ē

(e↵)
~nE sinmXt, (14)

where ~nE is the unit vector pointing to the direction of
~E
(e↵). The “package coe�cient”  is introduced:

 ⌘
Ē

(e↵)

Ē(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 field, the voltage di↵erence
of the capacitor becomes V + dĒ

(e↵) cos⇥ sinmXt, 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 modified as
H = H0 +�H such that

�H = CV dĒ
(e↵) cos⇥ sinmXt = 2⌘ sinmXt(â+ â

†),
(16)

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

⌘ ⌘
1

2
p
2
dĒ

(e↵)
p

C! cos⇥ =
1

2
✏d

p
C!⇢DM cos⇥.

(17)
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イオントラップ

Figure 2: Sensitivities at 95% C.L. to the axion-photon coupling ga� as a function of the
axion mass ma 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 |

2
T
2
/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 (mXvDM)�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 specific configuration 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 [51–55], they are not shown
in the figure because the results might be a↵ected by astrophysical uncertainties.
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qubit = イオンの振動モード

ダークフォトンは
イオンに作用
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検出器としてのqubit

4.746 4.748 4.750
Frequency (GHz)

0.0

0.5

1.0
Qubit Excited State Probability

Readout

Transmon Dark Matter

Storage

n=2 n=1 n=0

FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2

[Dixit et al. (2020)]

理論家も、検出器を含めた全体のセットアップがダークマターと
どのように反応するかを考える必要が出てきている
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Figure 1: Schematic of the axion search setup: (a) The haloscope cavity, located in a 2T mag-
net, connects to the detector via a fixed antenna port and features cryogenic frequency tuning
through three sapphire rods attached to a nano-positioner. (b) The SMPD, a superconducting
circuit with �/2 coplanar waveguide resonators linked to a transmon qubit, is positioned ap-
proximately 50 cm above the magnet and connects via standard coaxial cables. Its frequency
is adjustable by threading the flux through a SQUID embedded in the buffer resonator. Upon
activating the four-wave mixing process, the qubit cycles through photon detection phases. (c)
The detector center frequency alternates between resonance (red) and off-resonance (grey) set-
tings relative to the haloscope’s frequency (blue) in differential mode. (d) Measurement records
from the photon counter display clicks over time, with color indicating the detector’s frequency
setting.
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（エンタングルしていない N qubitの場合：                   )
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P ' N(✏t)2

Entanglement enhancement

エンタングルした N qubit のRabi振動：

１つのqubitのRabi振動：
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|�i ! e�i✏t |�i
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1p
2

⇣
|+i⌦N + |�i⌦N

⌘
! 1p

2

⇣
eiN✏t |+i⌦N + e�iN✏t |�i⌦N

⌘

Entanglement enhancement !

遷移確率：
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Quantum circuit for entangled state preparation
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H : Hadamard gate

: CNOT gate
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:  Greenberger-Horne-Zelinger 

(GHZ) state
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Decoherenceの効果
エンタングル状態は decoherence に弱い
１つのqubitのdecoherence rate :
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�1

GHZ状態のdecoherence rate :
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N�1

Coherence時間内の遷移確率：
独立なN qubit :

GHZ状態 :
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⌧ ⇠ ⌧1/N

総観測時間を固定すると、
GHZ状態ではN倍の測定が可能

結局、独立なN qubit

と同程度の感度



エンタングル状態の優位性
[Sichanugrist, Fukuda, Moroi, KN, Chigusa, Hazumi, Mizuochi, Matsuzaki (2024)]

ではGHZ状態のメリットはないのか？ 超あります！

一回の測定自体は GHZ 状態の方が N 倍短い
一回の測定の バンド幅 はN倍広い (cf. 不確定性原理)
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広い周波数領域をスキャン
したい場合にとても有利！

ダークマター探査に使える！



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 frequency m. The decoherence rate is fixed 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 figures, 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 qubits L

because the optimized evolution time is determined by the detuning. With large L 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 observable pY given by Eq. (56), the

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

�✏(indv) =

r
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e��DPtt

1

|W (t)|
. (66)
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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 first prepare the state of the qubits | GHZi in

| GHZ(0)i =
|+i

⌦L + |�i
⌦L

p
2

(18)

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

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

operator

PGHZ,Y = |GHZY ihGHZY | (19)

with

|GHZY i ⌘
|+i

⌦L + i|�i
⌦L

p
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, setting L = 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
=

LX

j=1

�
�i[Hj

I
, ⇢] +Dj[⇢]

�
, (22)

where Dj is the noise superoperator acting on the j-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
� ✏

Z
t

0

dt0 2 cosmt0 sin!t0e��X t
0
◆
|+ih+|

+ e��X t

✓
1

2
+ i✏

Z
t

0

dt0 2 cosmt0 cos!t0
◆
|+ih�|

+ e��X t

✓
1

2
� i✏

Z
t

0

dt0 2 cosmt0 cos!t0
◆
|�ih+|

+

✓
1

2
+ ✏

Z
t

0

dt0 2 cosmt0 sin!t0e��X t
0
◆
|�ih�|. (33)

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

pY =
1

2
� ✏te��X tW (t), (34)

where

W (t) ⌘
1

t

Z
t

0

dt0 2 cosmt0 cos!t0

=
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 function W is approximately given by

W (t) '

8
>>>><

>>>>:

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 to m.

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

is given by

⇢GHZ(0) =
1

2
|+i

⌦L
h+|

⌦L +
1

2
|+i

⌦L
h�|

⌦L +
1

2
|�i

⌦L
h+|

⌦L +
1

2
|�i

⌦L
h�|

⌦L. (37)

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

⇢GHZ(t) =
1

2
|+i

⌦L
h+|

⌦L +
1

2
|�i

⌦L
h�|

⌦L

+
1

2
e�L�X t (1 + 2iL✏tW (t)) |+i

⌦L
h�|

⌦L

+
1

2
e�L�X t (1� 2iL✏tW (t)) |�i

⌦L
h+|

⌦L +O(✏2) +O(✏L0). (38)
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まとめ

量子センシングや量子コンピューティングなどの
色々な技術が応用可能

様々な 物質 が様々なダークマターと反応する

様々な qubit が様々なダークマターと反応する

やれることはたぶんたくさんある



Appendix



n

c1

c3

c2

a1

ex, ey

a1!

!2 c1 " c2 " c3",
!c2 " c3"

!c1 # c2 # c3"# Λn

n" Λ!!c1 # c2 # c3"

Valence Band

Conduction Band

Figure 12: The simple molecular model used by Loubser and van Wyk to
interpret their EPR measurements of NV−. Loubser and van Wyk [44, 45]
explained the existence of an 3A spin triplet state by the depicted occupation
(arrows indicating electron spin-up/down) of the defect levels (a′1, a1, e)
by six electrons. They also provided simple expressions (to right of defect
levels) for the defect orbitals in terms of the sp3 orbitals (c1, c2, c3, n) of
the nearest neighbour nitrogen and carbon atoms to the vacancy (depicted
below the defect levels) by applying the linear combinations of atomic orbitals
technique.

Loubser and van Wyk did, however, make the incorrect conclusion that
the 3A triplet state was an excited metastable state that existed between
optically active 1A and 1E singlets. This conclusion was understandably
based upon their observation that the EPR signal existed only under optical
illumination and increased when the ZPL and phonon peaks were excited.
Indeed, their incorrect conclusion persisted as a source of contention for over
a decade and, as will be discussed in the next section, was ultimately re-
solved by the observation of the EPR signal in the absence of illumination
[146, 147]. The triplet state is now accepted as the ground state of the NV−

centre [48, 78, 146, 147, 148] and the dependence of the EPR signal strength
on optical excitation is now understood as being due to the process of optical
spin-polarisation [48]. Notably, Loubser and van Wyk did recognise that the
triplet spin sub-levels were being selectively populated under optical excita-
tion as the high field lines in their EPR spectra were in emission.

The optical band of NV0 was initially only observed in cathodolumines-
cence (note that NV− is not generally cathodoluminescent) due to its weak
photoabsorption signal [76]. The NV0 optical band was eventually observed
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I. INTRODUCTION AND BACKGROUND

A. NV-diamond magnetometry overview

Quantum sensors encompass a diverse class of devices
that exploit quantum coherence to detect weak or nanoscale
signals. As their behavior is tied to physical constants,
quantum devices can achieve accuracy, repeatability, and
precision approaching fundamental limits (Budker and Ro-
malis, 2007). As a result, these sensors have shown utility in
a wide range of applications spanning both pure and applied
science (Degen et al., 2017). A rapidly emerging quantum
sensing platform employs atomic-scale defects in crystals.
In particular, magnetometry using nitrogen vacancy (NV)
color centers in diamond has garnered increasing interest.

The use of NV centers as magnetic field sensors was first
proposed (Degen, 2008; Taylor et al., 2008) and demon-
strated with single NVs (Balasubramanian et al., 2008;

Maze et al., 2008) and NV ensembles (Acosta et al.,
2009) circa 2008. In the decade following, both single-
and ensemble-NV-diamond magnetometers (Doherty et al.,
2013; Rondin et al., 2014) have found use for applications
in condensed matter physics (Casola et al., 2018), neuro-
science and living systems biology (Schirhagl et al., 2014;
Wu et al., 2016), nuclear magnetic resonance (NMR) (Wu
et al., 2016), Earth and planetary science (Glenn et al.,
2017), and industrial vector magnetometry (Grosz et al.,
2017).
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FIG. 1 Overview of the nitrogen-vacancy (NV) center quantum
system. a) Diagram of diamond lattice containing an NV cen-
ter, which consists of a substitutional nitrogen adjacent to a
lattice vacancy. The green arrow marks the NV symmetry axis,
oriented along the [11̄1̄] diamond crystallographic axis for the
particular NV center shown here. From Ref. (Pham, 2013). b)
Energy level diagram for the negatively charged NV- center in
diamond, with zero-field splitting D between the ground-state
electronic spin levels ms=0 and ms=±1. The ms=±1 energy
levels experience a Zeeman shift in the presence of a magnetic
field ~B, which forms the basis for NV- magnetometry. Adapted
from Ref. (Schloss et al., 2018).

Solid-state defects such as NV centers exhibit quantum
properties similar to traditional atomic systems yet confer
technical and logistical advantages for sensing applications.
NVs are point defects composed of a substitutional nitro-
gen fixed adjacent to a vacancy within the rigid carbon lat-
tice (see Fig. 1a). Each NV center’s symmetry axis is con-
strained to lie along one of the four [111] crystallographic
directions. While NVs are observed to exist in three charge
states (NV-, NV0 and NV+), the negatively charged NV-

center is favored for quantum sensing and quantum infor-
mation applications (Doherty et al., 2013). The NV- defect
exhibits a spin-1 triplet electronic ground state with long
spin lifetimes at room temperature; longitudinal relaxation
times T1 ⇡ 6 ms (Jarmola et al., 2012; Rosskopf et al.,
2014) are typical, and coherence times T2 up to a few ms
are achievable (Balasubramanian et al., 2009). The defect’s
spin energy levels are sensitive to magnetic fields, electric
fields, strain, and temperature variations (Doherty et al.,
2013), allowing NV- to operate as a multi-modal sensor.
Coherent spin control is achieved by application of resonant
microwaves (MWs) near 2.87 GHz. Upon optical excitation,
nonradiative decay through a spin-state-dependent inter-
system crossing (Goldman et al., 2015a,b) produces both
spin-state-dependent fluorescence contrast and optical spin
initialization into the NV- center’s ms = 0 ground state

2

particles, which represent a broader set of pseudoscalar
particles often predicted in low-energy e↵ective theo-
ries emerging from the string theory [20–28]. Generally,
the axion interacts with SM gauge bosons and fermions,
each interaction controlled by a model-dependent cou-
pling constant. Therefore, developing various strategies
to investigate di↵erent couplings is essential to discover
axions and di↵erentiate between axion models.

In this paper, we explore the nitrogen-vacancy (NV)
center in diamond, a well-studied multimodal quantum
sensing device, as an apparatus for axion DM searches.
Unlike a previous study [29], where some of the authors
used NV center metrology based on electron spins to de-
tect DM signals, we utilize the nuclear spin of the 14N
atom to search for signals induced by axion-nucleus cou-
plings. This approach provides new constraints on the
axion-neutron coupling gann and the axion-proton cou-
pling gapp, which are independent of the constraint on
the axion-electron coupling gaee obtained in [29]. Our
method can be viewed as magnetometry based on nu-
clear spins. Although this procedure is not well-suited for
detecting ordinary magnetic fields due to their weak cou-
pling to nuclear spins, it is crucial for axion DM searches
because gann, gapp, and gaee are independent parameters.
We emphasize that our approach, illustrated in Fig. 2 and
Fig. 3, is completely new and specifically aimed at axion
searches.

The rest of the paper is organized as follows. In
Sec. II, we review NV center metrology, starting with an
overview of the NV center system (Sec. IIA) and explain-
ing the protocols used for dc (Sec. II B) and ac (Sec. II C)
magnetometry. Sec. III reviews axion properties, where
we derive the axion interaction Hamiltonian with elemen-
tary particles (Sec. III A) and the 14N spin (Sec. III B).
We discuss our detection limit estimation in Sec. IV and
present constraints on the axion coupling constants in
Sec. V. Finally, we provide concluding remarks in Sec. VI.

II. NV CENTER METROLOGY

A. NV center in diamonds

The NV center is a complex composed of a substitutional
nitrogen and an adjacent vacancy. Among the various
possible charge states, NV� is often used for quantum
sensing, where two remnant electrons are localized to the
position of the vacancy. These two electrons form the
orbital-singlet, spin-triplet system at the lowest energy
levels. The other possible combinations of angular mo-
menta, which include the orbital triplet and/or the spin-
singlet states, correspond to excited states. The electron
system is excited to an orbital-triplet state by injecting
532 nm green light, which can relax either directly with
emitting 600–800 nm red light or through spin-singlet
states with emitting infrared light. Since the probabil-
ity of direct relaxation depends on whether the initial
state of the two-electron spin ~S is |Sz = 0i or |Sz = ±i,
we can read out the spin state information through the

|SzIz� = |0+�

| � + �
| � 0�

|00�
� � A�

|Q | � �(MHz)

|Q | + A�

� � �(GHz)

FIG. 1. Energy levels of the two-qubit subsystem, with �
and Q described in the text, and Ak the size of the hyperfine
splitting.

fluorescence measurement. When relaxing through the
spin-singlet states, the electron spin usually ends up in
the lowest energy state |Sz = 0i, thus making the whole
procedure work also as laser cooling.
In addition to the electrons at the NV center, the sub-

stitutional nitrogen also possesses a (nuclear) spin degree
of freedom, ~I. Since ⇠ 99.6% of the nitrogens in nature
are 14N with spin I = 1, we focus on this isotope. In-
cluding the hyperfine interaction between the electron
and nuclear spins, the dynamics of the NV center spin
system is governed by the Hamiltonian

H = Hk +H?, (1)

where the first (second) term corresponds to the interac-
tions parallel to (perpendicular to) the z-axis, which is
defined by the NV axis.1 They are given by [34]

Hk = �0S
z2 +Q0I

z2 +Bz(�eS
z + �NIz) +AkS

zIz,
(2)

H? = �e ~B? · ~S? + �N ~B? · ~I? +A?~S? · ~I?, (3)

where ~B is an external magnetic field, while the subscript
? of a vector denotes components perpendicular to the
z-axis. �0 ' 2⇡ ⇥ 2.87GHz and Q0 ' �2⇡ ⇥ 4.95MHz
are the zero-field splitting of electron spins and the
nuclear quadrupole interaction parameter, respectively.
The gyromagnetic ratios for electron and nuclear spins
are given respectively by �e ' 2⇡ ⇥ 28GHz/T, �N =
2⇡ ⇥ 3.08MHz/T [35]. The size of the hyperfine in-
teraction is measured as Ak ' �2⇡ ⇥ 2.16MHz and
A? = �2⇡ ⇥ 2.62MHz.

1
According to this definition of the z-axis, four di↵erent config-

urations of the NV center in the diamond lattice are e↵ectively

distinguished by choosing four di↵erent sets of local coordinates,

resulting in di↵erent e↵ective magnetic fields. This a↵ects the

resonance frequency of the Rabi cycle we will discuss below, thus

the succeeding spin operation is e↵ective only for a part of four

configurations. However, note that the orientation can be aligned

with a specific fabrication process [30–33].
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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 field (YIG target in a 1T magnetic field, 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. Nondegenerate g-factors. Finally, we consider coupling the axion to gapped magnon modes in

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

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

` component is added to the e↵ective spins S in YIG. In reality, all the magnetic ions Fe3+ 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 modified

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

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

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

SiO2, in an external 10T magnetic field, averaged over the magnetic field 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, when b̂ 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 confirm a discovery by running the same experiment with the magnetic field applied in di↵erent

directions.

B. Magnon excitation via the axion wind coupling

To compute the magnon excitation rate, we substitute the coupling f 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 fields, 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 defined 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 defined ⌃ ⌘ 1 + 2
⇣

d
dopt

⌘3
.

In order to make projections, we first performed a fit

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 table I. 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 with B0 = 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 of Ca�� where ga�� = ↵/(2⇡fa)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 table I). Mean-

while, dashed lines display sensitivities achievable at low

temperatures when only impurities dominate, leading to

lower phonon losses. In that case, in the fitting 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 coupling gapp of an experimental setup using
a 1kg canted antiferromagnet MnCO3. Two hybridized oscillation modes of nuclear and
electron spins are considered with each total observation time Ttotal = 1year. Green (pale
green) projection (derived in Sec. 4.1): the nuclear-dominated mode �zy

n (!ñ,+) is used with
!ñ,+�2⇡ = 500–600MHz, T2n = 1(10)µs. The macroscopic magnetization signal is assumed
to be detected by the inductive pick-up loop associated with the LC resonant circuit, of
which the quality factor Qr = 105 is expected. Each scan step at a fixed frequency takes
�t ≈ 1.7 × 103 s. Red (orange) projection (derived in Sec. 4.2.2): electron-dominated mode
resonance �zy

n (!ẽ,+) is used with !ẽ,+�2⇡ = 45–55GHz, 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 field. The gray area represents constraints
from astrophysical consideration: SN1987A [122–124], 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 amplifier 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 significantly suppresses
the sensitivity at the frequency of interest when we use a linear amplifier [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 coupling gaee of an experimental setup using
a 1kg canted antiferromagnet MnCO3. Two hybridized oscillation modes of nuclear and
electron spins are considered with each total observation time Ttotal = 1year. Green (pale
green) projection (derived in Sec. 4.1): the nuclear-dominated mode �zz

e
(!ñ,+) is used with

!ñ,+�2⇡ = 500–600MHz, T2n = 1 (10)µs. The macroscopic magnetization signal is assumed
to be detected by the inductive pick-up loop associated with the LC resonant circuit, of
which the quality factor Qr = 105 is expected. Each scan step at a fixed frequency takes time
�t ≈ 1.7 × 103 s. Red (orange) projection (derived in Sec. 4.2.2): electron-dominated mode
resonance �zz,zy

e (!ẽ,+) is used with !ẽ,+�2⇡ = 45–55GHz, 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 [129–131]. 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 = 2ns, (4.13)

where ⌧cav is the cavity lifetime, which we assume to be O(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 timescale T2e should be replaced by the coupled scale:
T2e → Tcoupled. Secondly, the interaction strength between a coupled mode and the DM field

30

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



Topological ferromagnet

Figure 1: Sensitivity of the magnon to the ALP DM in the ma 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 volume V = (10 cm)3 and the magnetic field
scanned over 1T < B0 < 7T (1T < B0 < 10T) 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 temperature T = 0.05K [52]. We
estimate the sensitivity by requiring the signal-to-noise ratio (SNR)

(SNR) ⌘ (dNsignal/dt)�tscanp
(dNnoise/dt)�tscan

, (5.18)

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

↵-modes, respectively, 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. 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 flux 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�3–10�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 [(Bi1≠xFex)2Se3-inspired]
and Material 2 (Mn2Bi2Te5-inspired) for di�erent losses (�m = � = �fl) and detector
sensitivities. See Table 8 for all other benchmark parameter values. We show limits and
forecasts [171] for CAST [172, 173], IAXO [174], and various haloscopes [31, 37, 170, 175–
182] (for flloc = 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 “preferred” KSVZ-type axion models as defined in ref. [29], in addition to the original
KSVZ and DFSZ models.

Model of Axion Quasiparticles: We first 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 fluctuation. 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 (Bi1≠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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[Chigusa, Moroi, KN (2021)] [Schutte-Engel et al. (2021)]


